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Foreword

Foreword To The Workshops on Prevention and Early Detection of
Lung Cancer — Clinical Aspects and Biological Basis of Lung Cancer
Prevention Sponsored by the International Association for the Study of
Lung Cancer (IASLC)

In 1996, the IASLC sponsored two workshops on lung cancer prevention.
One focused on clinical studies and was held at Elsinore (Denmark) from
June 22-25, 1996 and the other focused on basic studies and was held in
Nancy (France) from October 20—22, 1996. Although it is not the most
common cancer in developed countries, lung cancer is the leading cause of
cancer deaths in these countries. Active tobacco smoking is responsible for
85—-87% of cases and passive tobacco exposure accounts for another
2-3% of cases. Despite this knowledge, attempts to decrease tobacco
usage have largely failed and lung cancer mortality continues to rise.

The cure rate for lung cancer is very low, ranging from 5% in many
countries to 14% in the United States. The primary reason for the low cure
rate is the fact that there are no known effective screening or early detec-
tion measures and in about 85% of cases the disease has already metas-
tasized by the time of diagnosis. Systemic therapies cannot cure metastatic
disease. Thus, the focus of these workshops was to present the latest basic
and clinical studies on prevention and early detection.

The development of new screening and prevention strategies was dif-
ficult in the past when there were no known differences between normal,
malignant and dysplastic bronchial epithelial cells. Recent studies have
demonstrated a variety of genetic and biologic differences which will lead
to new strategies in the near future. The large number of genetic changes
which have been found to occur in premalignant lesion is surprising. There
are mutations and deletions of many tumor suppressor genes. In other
instances, such tumor suppressor genes are silenced by DNA methylation.
Growth factors and the signal pathways by which they cause proliferation
are being described and offer new potential prevention targets. The cell
cycle is usually deregulated in lung cancer cells either by loss of the
retinoblastoma (Rb) protein (SCLC) or by functional loss of Rb by overex-
pression of cyclin D1 and loss of P16. New avenues for developing
prevention and screening strategies are being opened up by the delineation
of these abnormalities.

Lung cancer invades and metastasizes readily and tumor angiogenesis
develops universally. MMP inhibitors and anti-angiogenesis agents are a
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logical extension of this knowledge. Abnormalities in retinoic acid recep-
tor expression may account for the effect of retinoids on lung cancer pre-
vention.

Premalignant precursors of cells destined to become malignant are being
detected at an earlier stage by using biologic markers such as monoclonal
antibodies and by using sophisticated genetic studies of sputum and
bronchial biopsies which rely on techniques such as FISH and PCR. In
addition, a new fluorescence-based bronchoscopy technique opens the
possibility of identifying premalignant lesions.

Gene and antisense strategies to prevent lung cancer are benefitting from
new delivery systems to the airways involving direct injection or aero-
solization.

At the clinical workshop, the use of the genetic and biologic abnormali-
ties described above as intermediate biomarkers was described. In addi-
tion, the potential utility of a variety of new chemoprevention agents was
described. It remains to be determined whether these new agents will
actually change the expression of various intermediate markers.

Clinical trials using various vitamin A analogs and green tea have given
some promising early results. Confirmatory trials of vitamin A analogs are
underway in Europe and the USA and results are eagerly awaited. These
studies used resected stage I patients as the high risk patients for study.

Based on the results of studies presented at these meetings, there is
reason for optimism regarding the potential to develop useful screening and
early detection, as well as prevention measures based on the new knowl-
edge of the differences between normal bronchial epithelium, dysplastic
epithelium and expressed lung cancer.

Paul A. Bunn
Heine H. Hansen



Preface

Y. Martinet, F.R. Hirsch, N. Martinet, J. M. Vignaud, J. L. Mulshine

Lung cancer is a disease with enormous public health implications as it is
now the leading cause of cancer mortality throughout the world. The Inter-
national Association for the Study of Lung Cancer (IASLC) is a body of
clinical and basic science investigators who are united in their efforts to
improve the outcome for this lethal disease. The composition of the IASLC
has always been diverse and all professionals with an interest in improving
lung cancer outcome have always been welcomed by the Association. The
wisdom of that inclusive membership policy is brought into sharp focus in
addressing the needs of lung cancer prevention. Two recent IASLC Work-
shops on Lung Cancer Prevention have involved a remarkably wide range of
professional skills. From government ministers to electronic engineers who
design biochips, the participants in the meetings reflect the reality that the
answer to the principal cancer epidemic of the twentieth century is going to
require the committed involvement of many. Through the two Workshops,
a balance has been struck between considering public health approaches to
tobacco control and population-based screening, along with consideration
of the evolving clinical evaluation of chemoprevention approaches and the
biology of lung carcinogenesis. The Workshop in Elsinore (Denmark) was
weighted towards clinical issues, with intensive consideration of smoking
and tobacco control. One reason for the Danish location was the concern of
senior Danish cancer investigators that the potential of lung cancer preven-
tion was not receiving sufficient attention in Scandinavia. This sentiment
was echoed by the French leadership of the Nancy (France) Workshop, and
a vibrant element of both meetings was the international sharing of per-
spectives and successful directions. The deliberations surrounding the uni-
fication of Europe have profound impact on tobacco control issues, and
these were discussed in depth. The science of smoking cessation is
evolving as new pharmacological tools are moving into clinical evaluation.
The current series of court cases in the United States also appear to have
the potential for a major impact on smoking. The rising problem of youth
smoking has worldwide implications and represents a consensus priority.
The current impact of molecular diagnostics is profound and this was
reviewed in great depth at the more basic science-oriented Workshop in
Nancy. Rapidly evolving diagnostic technologies are revolutionizing basic
scientific investigation of cancer, and the expectation is that this trend will
soon spill over into clinical medicine. The evolution of economical dia-
gnostic platforms to allow for direct bronchial epithelial evaluation in high
risk populations promises to improve the diagnostic lead-time for this
disease. The hope is that enough progress will occur to permit lung cancer
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detection in advance of clinical cancer so that the early disease can be
addressed while it is still confined to the site of origin.

The approach of chemoprevention, that is, trying to intervene in the early
phase of carcinogenesis prior to any subjective clinical manifestation of a
cancer, is also capturing greater research interest. Investigators responsible
for conduct and reporting the initial lung cancer chemoprevention trials
outlined their experiments. New candidate drugs and the clinical validation
of new agents were reviewed in detail. The interactive aspect of the Work-
shops was particularly evident in these sessions, as the molecular tools that
are being developed for early cancer detection might also have application
as tools for monitoring the success of chemoprevention. Promising new
intervention approaches include an array of vaccines and molecular tools.
Redirecting the administration of conventional chemoprevention agents
from oral to aerosolized administration has great appeal and may result in
the reduction of cancer when integrated with the use of the new diagnostic
technologies. A persistent concern of conference members was whether
progress in successful early lung cancer intervention would happen quickly
enough. The ethical dilemma of diagnosing a serious condition for which
effective treatment was not available was a significant problem that domi-
nated many discussions. Redoubled chemoprevention research efforts are
required to avoid this situation.

The intensity and enthusiasm displayed at these two stimulating fora are
a surprising development in considering a disease where progress has been
so elusive. The manuscripts produced for this book all capture aspects of
new possibilities. If the tenor of these Workshops is grounded in reality,
then the next decade of lung cancer research will be an era of unprece-
dented opportunity. To realize this, the dialogue and directions begun at
these meetings must be carefully nourished and IASLC’s pioneering role in
fostering this process must continue.
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1. Introduction

In the absence of significant reductions in the mortality rate of lung cancer,
the International Association for the Study of Lung Cancer (IASLC) has
attempted to nurture development in the area of lung cancer prevention.
This has principally been accomplished through a series of workshops,
where investigators working on aspects of prevention research share
their experience with lung cancer investigators interested in developing
expertise in prevention research. In the first IASLC workshop, conducted
in November 1993 in Potomac, MD, three major areas of interest were
defined including issues with tobacco consumption, early detection and
early clinical intervention and the deliberations from that meeting were
published [1]. This meeting set the stage for a proactive smoking-oriented
agenda at the Seventh World Conference on Lung Cancer held in Colorado
Springs, Colorado in 1994. This IASLC membership endorsed a ten point
tobacco policy that aligned the organizations with other major public health
groups in regard to tax and public education issues [2]. A distinctive aspect
of the IASLC document was a statement of support for the farmers and
other industries dependent on tobacco commerce for their economic live-
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lihood. Support of these workers’ efforts to transfer nontobacco-related
jobs, may ultimately permit faster reduction in tobacco consumption. Also,
since the IASLC is an organization of health care professionals, the obli-
gation of health care workers to remain informed about smoking issues and
to educate patients and to support tobacco control public health measures
was emphasized. Finally, since the effects of tobacco in causing cancer
will be manifested for decades after the cessation of smoking continued
research to improve the diagnosis and treatment of lung cancer will be
essential to reduce lung cancer mortality.

The present chapter presents a consensus from the recent IASLC work-
shop that was conducted in Elsinore, Denmark during the summer of 1996.
The aims of the workshop were:

1. To collect and discuss the available information in the topics of preven-
tion, clinical intervention and early detection of lung cancer.

2. To clarify the state of the art and set guidelines for future studies.

3. To stimulate research and encourage new scientists into that research
area.

This forum further developed the vision of the anti-smoking strategy as
outlined in this report. The location of this workshop in Europe brought the
regional smoking issues into sharp focus. Under the informed leadership of
Doctors Nigel Gray and Ellen Gritz, the smoking-related discussion bene-
fited from the excellent outline of current smoking issues before the Euro-
pean ministers. This critical message was supported by the independent
comments of Dr Gordon McVie, who is the director of the Cancer Research
Campaign in the United Kingdom. These issues were communicated to the
workshop attendees in an impassioned appeal from the membership to do
what they could to address this public health crisis. Due to the importance
of these issues the deliberations of the workshop in this regard were captur-
ed in a previous report in the journal; Lung Cancer, that is reproduced with
editorial comment for this chapter [3]. While the basic science and trans-
lational issues were the principal focus of the subsequent IASLC workshop
scheduled for Nancy, France in October of 1996, some of the relevant diag-
nostic and translational issues were discussed in the Elsinore workshop.
The intention in having two workshops in close temporal proximity was to
concentrate on complementary areas. Given the recent interest not only in
smoking control but also on translating laboratory leads into clinical trials,
the intense level of clinical and research interest suggested that the two
meetings could be coordinated to have additive benefit. The present book
is an effort to capture the importance of the interaction between clinical and
basic research in this fast-moving area. The consensus from the three main
sessions are presented below:
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2. Smoking Prevention
(Chairs: Nigel Gray and Ellen Gritz)

The workshop focused on defining recommendations for future public
health policy beyond the issues outlined in the IASLC Policy Statement in
1994 [2]. Since the workshop was conducted in Europe, tobacco control
issues that were the subject of European community discussions emerged
as major areas of concern as outlined in Table 1. The progressive unifica-
tion of the European community poses both a challenge and an opportunity
for improved tobacco control measures. Efforts to coordinate actions were
considered to be important so that the message to the public about smoking
was consistent. The regional differences in measures to address smoking
control were also significant. By enunciating IASLC positions, medical
professionals in countries with less proactive tobacco control approaches
have a guideline to use in formulating new strategies.

In addition to the global (political) issues described above specific mea-
sures for the individual health care provider to consider implementing
within their own practice were proposed as listed:

1. Health care providers, particularly physicians, dentists, and nurses have
a professional and ethical obligation to discourage tobacco use in their
patients. This obligation includes discouraging initiation in young
people who have not yet begun to smoke, motivating smokers who are
not ready to stop and providing assisstance to those who are ready to
make an attempt to quit. Providers can demonstrate their responsibility
in their own behaviour as well, as summarized in Table 2.

Table 1. Proposed tobacco control issues for the european union

1. Harmonise taxes (standardize national tax rates) on tobacco on the highest EU taxation
rate. Dedicate the revenues raised to smoking prevention and control, health care delivery,
research into disease, interventions, policy and economic transition (for tobacco industry-
affected workers).

2. Eliminate passive smoking by banning smoking in schools and other settings which child-
ren frequent, health care settings (part of accreditation) and public transportation (passen-
ger and exposed employees). Smoking should be prohibited in all workplaces.

3. Reduce youth access by enforcing a minimum age of 18 years for purchase of cigarettes,
requiring identification for purchase, imposing strong penalties for violation by vendors,
introducing licensing of cigarette sales vendors, and banning vending machine sales of
cigarettes. It is noted that the right to drink alcohol, to drive and to vote occurs at this age.

4. Regulate nicotine in cigarettes by setting a low maximum permissible level (e.g. 0.5 mg
nicotine) and by banning reapplication of nicotine during the manufacturing process.

5. Regulate tobacco advertising and promotion by eliminating sports sponsorship, coupon
and merchandise giveaways and banning the appearance of tobacco billboards or other
visible emblems during electronic media programming.

6. Mandate effective health warning labels by making these clear and visible (e.g. Canadian
and Australian examples), by utilizing a multiple warning rotational system, and by print-
ing a hazardous ingredient list on the package and on advertisements.

7. Reimburse behavioral and pharmacological treatment for smoking cessation, using criteria
developed by the Agency for Health Care Policy and Research (AHCPR).
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Table 2. Basic measures for health practitioners to reduce smoking activity

1. Strive for a smoke-free profession.

2. Never use tobacco in presence of patients.

3. Make professional meetings smoke-free.

4. Enforce smoke-free regulations in hospitals and practice site.

5. Use professional organizations to develop a strong anti-smoking policy and advocacy position.

2. Health care providers should provide state-of-the-art assistance to pa-

tients and family members. Such assistance includes the four A model
developed by the U.S. National Cancer Institute, and the evidence-based
“Smoking Cessation Clinical Practive Guideline” recently published
by the Agency for Health Care Policy and Research (AHCPR). These
guidelines contain patient-oriented material, advice guidelines for prim-
ary care providers, and more detailed information for the smoking
cessation specialist. Based on a meta-analysis of the last 16 years of
clinical research on smoking cessation interventions, the main recom-
mendations are summarized in Table 3. For successful smoking cessa-
tion efforts, it is useful to incorporate social support from the family and
friends to reinforce new healthy behaviour. New and improved delivery
systems for nicotine compel the medical community to reconsider the
value of these tools in helping individuals to stop smoking. The efficacy
of nicotine replacement therapy (NRT) has been established with trans-
dermal patch and polacrilex (gum). Newer formulations are proving
successful in clinical evaluation so that the pharmacological interven-
tion component is far stronger than in the past. Patients should also be
encouraged to view smoking relapse as a valuable learning experience
rather than a failure, as research shows that multiple relapses occur
before successful, longterm smoking cessation.

. Physicians and other health care professionals should seek opportunities

to speak out against tobacco use and its associated disease and depen-
dence consequences. In speaking out physicians should take note of

Table 3. The Agency for Health Care Policy and Research (AHCPR) recommendations for
health care professionals.*

1.

On bW

Every person who smokes should be offered smoking cessation treatment at every office
visit.

. Clinicians should ask and record the tobacco-use status of every patient.

. Cessation treatments even as brief as 3 minutes a visit are effective.

. More intense treatment is more effective in producing longterm abstinence from tobacco.
. Nicotine replacement therapy (nicotine patches or gum), physician-delivered social

support, and providing coping skills training are the three most effective components of
a smoking cessation treatment.

. Health care systems should make institutional changes that result in systematic identifica-

tion of, and intervention with, all tobacco users at every visit.

* The AHCPR Clinical Practice Guideline, number 18, Smoking Cessation is available from the

AHCPR Publication Clearinghouse (USA) by phone at +1-800-358-9295.
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current international policy issues which include the need for abolition
of all forms of tobacco promotion, for increased tobacco taxes, for con-
trols on tobacco accessibility to children, for limits on tar content to
12 mg per cigarette (as is current in Europe), for stronger health warnings,
and finally for better product information. Such opportunities may
occur in media interviews and in public lectures delivered in schools and
other community settings. The mortality and morbidity burden of to-
bacco should be compared to exposures that the lay public is commonly
concerned about (e.g. air pollution, food additives, illegal drug use).

4. Primary prevention of smoking initiation in youth is particularly
important because of the rising incidence of smoking among teenagers
in many countries in Europe, the U.S. and developing nations. Since
90% of smoking begins before age 19, family practitioners and pedia-
tricians should intervene preventively with children, especially during
the most vulnerable teen years, and with their parents. Parents serve
an important function as role models; they also protect their children
against exposure to environmental tobacco smoke (passive exposure),
which is especially important for children with respiratory disorders
such as asthma.

5. Individuals at highest risk for smoking-related tumors should be target-
ed for the most intensive interventions. Vulnerable populations include:
patients with smoking related prior cancers; other smoking related
diseases (e.g. coronary artery disease, chronic obstructive pulmonary
disease and other respiratory diseases, vascular diseases, etc.); chronic
heavy smokers; survivors of any cancer site who continue to smoke; and
genetically susceptible individuals (once reliable and valid biomarkers
are etablished). Furthermore, intensive smoking cessation treatment
(combining behavioral and pharmacotherapy), delivered by clinical spe-
cialists, could be integrated into chemoprevention trials which recruit
former, but not current smokers. One design suggestion would be to pro-
vide such treatment during the run-in period and to incorporate smoking
cessation as an eligibility criterion. Booster treatments to maintain ab-
stinence could be made readily available. Research might also examine
the relationship of nicotine dependence, smoking cessation and chemo-
prevention efficacy, involving genetic, behavioral and biological vari-
ables and predictors and endpoints.

3. Clinical Intervention for Pre-invasive Lung Cancer
(Chairs: Ugo Pastorino and Gary J. Kelloff)

Chemoprevention is the use of specific compounds to prevent, inhibit, or
reverse the lengthy (frequently 20—40 years) process of carcinogenesis,
before invasive disease develops. Lung carcinogenesis potentially provides
significant opportunities for chemoprevention based on the well-known
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exposure risks (e.g. smoking and industrial chemicals) and the long pre-
neoplastic period. The challenge is to design clinical trials for successfully
evaluating intervention strategies in high-risk cohorts given the long time
period required for carcinogenesis and the relatively low incidence of
resulting cancers. A range of agents are in active clinical evaluation that
show preliminary promise [4, 5]. The objective of this working group was
to present a consensus on clinical trial designs that are most useful for
evaluating chemopreventive interventions in lung.

3.1. Cohorts

The general opinion among the group was that the next generation of chemo-
preventive intervention trials should be represented by small studies con-
ducted in former smokers with the aim of defining optimal drug regimen,
dose, duration and toxicity, using intermediate biomarkers of cancer as
surrogate endpoints for efficacy. Two reasons were cited as a rationale to
restrict chemoprevention trials to individuals who had stopped smoking. First
was a concern that the benefit of new intervention agents may be obscured in
a population that continues to smoke. Second individuals taking chemo-
prevention drugs may feel that they may safely continue to smoke. Even the
most optimistic investigators doubted the ability of chemoprevention agents
to neutralize the harmful effects of smoking completely. Large-scale preven-
tion trials, particularly those using retinoids and carotenoids, should there-
fore be preferentially offered to former smokers. Intervention in current
smokers should be restricted to small, well-controlled pilot studies, with
preference for drugs such as detoxifiers, e.g. oltipraz, N-acetyl-1-cysteine
(NAC), in combination with intensive smoking cessation programs.

3.2. Agents

Retinoids have undergone extensive preclinical and clinical testing in pre-
vention and therapy. Various retinoids have shown significant activity in
randomized trials by reversing premalignant lesions of the oral cavity,
cervix, and skin, and preventing tumors of the upper aerodigestive tract
and skin [4]. Among these compounds, 13-cis-retinoic acid is the most
extensively studied in the clinic [6]. More general application of these
approaches is limited by clinical toxicity. Several directions have been
taken to address this problem, including dose reduction and combination
therapy without agents such as vitamin E. New delivery systems including
liposomes and topical application through aerosol inhalation, are currently
being tested. Fenretinide is the second promising retinoid [7]. Longterm
clinical testing has demonstrated a favorable profile in terms of tolerability
and toxicity. The most significant side effects are hyporetinolemia and
night blindness, but both can be well managed by drug holidays. Con-
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firmation on the efficacy of the selected 200 mg/day dose has been provided
by inhibition of oral leucoplakia. In addition, fenretinide appears to be a
more potent inducer of apoptosis than previously studied retinoids [8]. The
role of retinyl palmitate will be clarified by the large, ongoing EUROSCAN
trial [9]. Current retinoid research is focused on nuclear receptor-specific
compounds to improve pharmacological profiles in terms of both activity
and toxicity. Recent large randomized trials have shown no benefit of beta-
carotene on lung cancer prevention, and a potential harmful effect in
current smokers. A longer follow-up is needed to assess the ultimate results
of such intervention, especially in nonsmokers. Based on preclinical and
some clinical data, there is now greater interest in other carotenoids such
as alpha-carotene and lycopene. Other potentially interesting compounds
for chemoprevention include N-acetyl-l-cystein, olipraz and phenethyl
isothiocyanate, which work by enhancement or induction of detoxifying
enzymes. The EUROSCAN trial will provide definitive data on efficacy
and safety on NAC [9]. Phase II studies will evaluate clinical efficacy of
oltipraz and phenethyl isothiocynate. Other promising agents with pre-
clinical and early data include folate (with vitamin B12), tea polyphenols,
selenium, nonsteroidal anti-inflammatory drugs and several antioxidants.

3.3. Biomarkers

The application of specific biomarkers is critical for chemoprevention
research. Two major roles of biomarkers of cancer prevention are identifi-
cation of optimal cohorts for intervention and the intermediate assessment
of chemoprevention efficacy [10]. The higher the a priori risk of the pro-
posed clinical trial, the smaller the requisite study size or duration and
study cost. Biomarker evaluation of study candidates may define such high
risk subjects. The use of intermediate endpoint markers as surrogates of
clinical endpoints is essential since the most relevant clinical endpoint, of
death due to cancer, requires long study durations. The use of intermediate
endpoints which have been validated to parallel cancer mortality would
permit a preliminary prevention trial to be conducted on a much shorter
time frame. Candidate biomarkers include genetic, histological and other
phenotypic tissue changes associated with multistep lung carcinogenesis.
Future studies should incorporate molecular biomarkers for correlation
against endpoints to identify validated intermediate endpoint marker.

4. Diagnostic Aspects

The diagnostic issues were the focus of intense discussion throughout the
course of the workshop. This interest may in part reflect an evolving under-
standing of molecular carcinogenesis as well as a growing array of powerful
diagnostic tools that are accelerating the process of discovery in the area of
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tumor biology. In the context of the workshop, the orientation of the parti-
cipants was the charge to discuss a rational process of establishing clinically
useful applications of the burgeoning number of biochemical and molecular
targets to identify and monitor early lung cancer in a clinical setting.

The challenge of more effective detection of lung cancer is related to the
vast at-risk population (including the millions of current and former smok-
ers), the long duration of risk (lifelong) as well as the relative frequency of
diagnosing a lung cancer at a single point in time (usually a rate of less than
100 cases per 100000 persons). Considering effective lung cancer detec-
tion in the United States, where the risk population includes at least ninety
four million current and former smokers, the logistics of implementing
population-based detection strategies are formidable. Thoughtful consid-
eration of the requirements of an effective early detection approach are
critical to address the growing concern about the economic impact of such
health care interventions [11].

Fortunately diagnostic technology is rapidly expanding with assay plat-
forms that may be more éfficient and economical, making the screening of
populations more feasible. This technology has not been refined to deal
with the small clinical specimens with low numbers of informative cells
that one would routinely expect in an early detection setting, but the
enormous financial commitment of the diagnostic industry may allow the
development of this type of tool to proceed rapidly. In addition numerous
less glamorous issues will have to be addressed, to optimize clinical speci-
men acquistion handling and storage as well as data handing and reporting
procedures. Clinical trials will be required to validate the actual cost-utility
of newly proposed diagnostic technology. The implementation of diagnost-
ic markers for early detection leads to the consideration of other useful
applications of markers. From a statistical perspective, it is axiomatic that
a diagnostic test works best when the probability of finding a positive out-
come is high. From a “Baysean” perspective measures to increase the a
priori risk of a defined population serve to improve the prospects for suc-
cessful validation of a diagnostic tool. The higher risk profile of a partic-
ular population also allows for more economical study sizes. As a result a
science of risk assessment has emerged in the epidemiological world and
the integration of that field into clinical practice was a major topic of dis-
cussion. Many of the same markers to be considered for early detection
usage could also be used for risk assessment to define more compact study
sizes for early detection trials. By extension some of the same detection or
risk markers, which presumably reflect aspects of the biology of lung can-
cer, could be used to monitor the success of interventions intended to arrest
the progression of early lung cancer. An observation that emerged through
the course of the workshop was that morphology was not correlated to the
expression of many markers that suggest the presence of early stage lung
cancer, so that the need for molecular tools to monitor the early stages of
lung cancer is evident. A greater overall focus on the nature of the pre-
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malignant phase of cancer emerged from the workshop. The pathology
participants focused on refining the classical morphological criteria for
preneoplasia, especially for small cell and adenocarcinoma lesions. While
in the course of the workshop deliberations long lists of candidate markers
were enumerated, the process of appropriate marker validation was also
considered. In particular, the consensus was that panels of markers would
require highly efficient assay platforms to allow for economical multiplex-
ed assay analysis. The diagnostic infrastructure development will occur
largely in an industry setting. Fortunately there was strong representation
of the diagnostic manufacturing community at the workshop so that a real-
istic discussion about the likely evolution of these approaches was possible.
While the focus of this workshop was clearly lung cancer, there was a
general understanding that the development challenges for preventive
approaches to this disease shared features with the challenges that would
have to be addressed with other major cancers. The fundamental impor-
tance of the issues charged the conduct of the meeting and led to informal
discussion sessions that continued into the night.

In addition to direct assay costs are other, potentially more important
costs. These include both the monetary and physical costs of the down-
stream management identified in the screening process. These issues have
figured prominently in the discussions of both breast and prostate cancer
screening. Systematic consideration of the components of those decision
analyses was thoroughly discussed. For both prostate cancer and breast
cancer a positive screening test evokes a major invasive and costly thera-
peutic intervention. Today for lung cancer screening the same type of
invasive surgical intervention would be the first option. However, with the
evolution of chemoprevention approaches, what if an effective and less
toxic alternative emerged?

Cost-benefit analysis of lung cancer screening is conditional upon the
context of the proposed clinical management algorithm. The workshop was
an opportunity to hear about the future of diagnostic technology as well as
the evolving chemoprevention options. The impetus to develop economical
and effective chemoprevention strategies would enable a shift in manage-
ment strategies from dealing with advanced disseminated lung cancer to
detecting and interrupting lung cancer progression prior to lethal meta-
static progression. The interaction of the diagnostic management and the
intervention research issues was constantly evident and supported the
integrated focus of the workshop.

5. Early Detection
(Chairs: Elisabeth Brambilla and Ilona R. Linnoila)

Better methods of lung cancer early detection are fundamental to a para-
digm shift allowing routine management of truly early (premetastatic) lung
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cancer. Longstanding evidence suggests that invasive lung cancer is the end
result of a multistep process [12] in which progressive molecular changes
accompany and even precede morphological changes [13]. Due to the
exquisite specificity or selectivity biomarkers may be suitable as tools to
phenotype the premalignant stage of cancer. However, greater knowledge
of the genetic etiology would facilitate the selection of genetic markers
most appropriate for evaluation in clinical management of early cancer.
Current directions for biomarker research includes the evaluation of tools
to select populations for prevention clinical trials and for the identification
of additional informative biomarkers for early cancer detection. The as-
sumption that a normal appearing cell is completely genetically normal is
eroding. With smoking, the entire bronchial epithelium is the target of
carcinogens as conveyed in the concept of the field effect [14, 15]. Infor-
mation is emerging to suggest that numerous molecular events frequently
precede cytomorphological changes. Aims for early cancer management
therefore should be to identify the core molecular determinants of field
effects and devise suitable methods of intervention [16]. Clearly our knowl-
edge is rudimentary, the steps in clonal progression of the cancer between
pre- and postinvasion are not fully defined. Issues such as whether a
random biopsy in a high risk individual could yield information about the
status of the rest of the organ epithelium need to be systematically evaluat-
ed in clinical studies. Another prevention research approach is to do
multiple biopsies in order to evaluate how broad is the cancerization field
in regard to genetic damage.

The types of specimens on which to test markers include bronchial biop-
sies, bronchial brushings (with or without fluorescence bronchoscopy),
sputum, bronchial washings, and bronchioloalveolar lavage. Further tech-
nological developments are required for new assays to get meaningful
clinical information easily from few cells, such as exfoliated bronchial
cells in a sputum specimen. Whether these few cells will be representative
of the abnormal clonal population in the cancerization field is being eva-
luated in at least two ongoing clinical trials. Normal DNA from blood or
plasma as well as fresh tissues could be evaluated to compare normal DNA
with DNA from preneoplastic or neoplastic lesions. This type of informa-
tion could lead to better understanding of the genetic composition of indi-
viduals who eventually succumb to cancer. An emerging area of diagnostic
pathology is the development of risk assessment markers, since these tools
may be used to identify patients at higher risk of developing cancer.

Risk assessment research frequently complements early detection re-
search in helping to identify the populations most at-risk for developing a
cancer, that would be suitable cohorts for early cancer screening trials. Bio-
logical considerations can be used in selecting markers for clinical appli-
cation [17]. Potential markers for progression of initiated clones can be
stratified in many ways. Markers can be classified as: 1) morphological
changes; 2) immunocytochemical markers for differentially expressed pro-
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teins; 3) markers for genomic instability; 4) markers of epigenetic change
(abnormal methylation); 5) gene mutations.

Morphological markers include histopathological changes (which is cur-
rently the gold standard) and morphometric analysis of nuclear morpho-
logy and nucleolar organizers. Among immunocytochemical markers
which detect abnormally expressed proteins are hnRNP A2/B1, p53, epi-
dermal growth factor receptor, proliferation markers (PCNA, Ki 67),
markers of apoptosis (bcl-2, bax), differentiation markers, and markers of
abnormal maturation including secretory proteins, enzymes, proteases,
retinoic acid receptors, and loss of blood group antigens. Markers of genet-
ic changes include genomic instability, aneuploidy, loss of heterozygosity
(LOH) of frequently altered loci, gene amplification (new candidates could
originate from comparative genomic hybridization studies), and micro-
satellite instability. Another class of genetic change frequently seen in can-
cer is oncogene mutation. An example of an epigenetic phenomenon is
abnormal methylation (hypermethylation of 5” end of genes inhibiting tran-
scription). The biomarkers can be divided into two types according to their
specificity for tumor progression.

Generalized markers which reflect genetic damage may not be exclusively
on the pathway of cancer. Early histopathological changes like hyperplasia,
metaplasia, low grade dysplasia, morphometric change and expression of
proliferation markers, as well as differentially expressed proteins such as
enzymes, proteases, retinoic acid receptors, apoptotic factors, and telomerase
activity, can be considered as generalized biomarkers. As to whether growth
factor and growth factor receptor autocrine loops (EGF-R, c-erb2-R, GRP-R,
IGF-R, PAM-R) belong to the first generalized or more specific markers
needs further comparison between different cohorts of patients with and
without history of cancer. The second type of markers are specific markers
that identify genetic abnormalities definitively on an irreversible pathway to
cancer. Oncogene activation (ras mutation, myc amplification, cyclin D1
amplification) and inactivation of identified tumor suppressor genes, are
examples of specific markers for tumor progression. Other specific markers
include inactivation of tumor suppressor genes detected using LOH for their
specific chromosomal loci and identification of abnormal alleles or protein
products: 3p LOH at 3p14, 3p25 and 3p21 (FHIT for Fragile Histidine Triad);
9p/p16 (LOH for 9p21, immunohistochemistry for pl6 expression and
methylation study for p16 methylation); 17p/p53 (LOH for 17p13 deletion
detected by sequencing, SSCP; immunostaining for p53 mutation; 13g/Rb
(LOH 13q14, immunohistochemistry to detect Rb loss of expression); 5q21
(LOH). Establishing a defined sequence of expression for particular markers
may improve clinical application of particular biomarkers and can be applied
to identify the field cancerization. Other, late markers can be utilized as
markers for cancer progression.

Our knowledge of the chronology of these different genetic events is
only partial. 3p and 9p LOH as well as general aneuploidy can be consider-
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ed as early markers for initiation and promotion. Mutations of ras or p53 as
well as Rb are currently regarded by some as late genetic molecular ab-
normalities more predictive of progression and invasion. These hypotheses
should be evaluated in larger clinical trials. Correlating histopathological
changes with marker phenotypes is of interest since this is the mainstay of
current diagnosis for invasive carcinoma. The correlation of genetic
damage with preinvasive morphological changes could be challenging as
evidence mounts that extensive genetic damage precedes morphological
change. So far most lung biology studies have concentrated on proximal
airways. Understanding of the morphological changes involved in preneo-
plastic peripheral lesions for adenocarcinoma is poor and requires more
morphological and molecular study.

Workshop participants enumerated the criteria for clinically applying
new markers and these validation steps are listed in Table 4. An important
theme that was echoed throughout the workshop was that the development
of effective early lung cancer detection markers does not diminish the fun-
damentally important role played by smoking cessation in the management
of this disease. However, the number of lung cancer cases arising in aging
former smokers is now approaching the number of lung cancer cases aris-
ing in current smokers. Early detection and effective chemoprevention may
be the most promising clinical approach to benefit former smokers. If one
is optimistic about the rapid improvement of early detection tools validated
with high positive predictive value emerging from already ongoing clinical
trials, then another concern is how these early detected cohorts are going to
be managed clinically. This possibility warrants enhanced research efforts
to develop chemoprevention alternatives to control lung cancer confined to
the bronchial tree. Only with coordinated clinical management strategies
appropriate to the early stage of lung cancer will the optimal benefit of
effective early lung cancer detection be realized.

In addition, further research on elucidating useful intermediate end-point
biomarkers to monitor the success of chemoprevention measures should be
encouraged. Currently there are no reliable means to evaluate disease pro-
gression and response to establish the benefit of clinical interventions. This

Table 4. Considerations in validating a marker for clinical application

1. Clearly define the particular clinical application (early diagnosis, progression marker,
metastatic marker).

2. The following criteria should be fulfilled: the marker must be expressed by a large pro-
portion of clinical specimens from individuals who eventually develop lung cancer
(retrospective study on archived material); the marker must allow stratification of indivi-
duals by clinical risk, the marker must be expressed at high enough levels to allow detec-
tion, detectable in small samples by technologically feasible methods (feasible in this
context means the assay should have low cost and high throughput capacity).

3. Prospective clinical trials to rigorously define the performance characteristics of the new
marker imply that comprehensive databases (clinical, epidemiological, genetic suscepti-
bility) should be included in the trial design.
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Figure 1. PD.T.: Photodynamic therapy.

is an important new application in which biologically-defined markers can
play a fundamental role.

It is highly unlikely that any single marker will have sufficient sensitiv-
ity, specificity and positive predictive value to stratify all patients. Thus,
algorithms based on panels of markers will have to be developed and vali-
dated for use in patient management. New technologies may allow for
multiple marker determinations to be performed with acceptable costs on
routine clinical specimens. A proposal for how the early detection issues
can be phased in with clinical management of patients while applying the
paradigm shift into early detection in oncology is summarized in Figure 1.

The meeting was adjourned and the dialogue about the opportunities to
move to a more prevention-oriented approach to lung cancer care moved to
Nancy, France in October 1996, due to the intense interest in this promising
new area. The group shared a sense of optimism about developing research
opportunities that may finally translate into significant improvements in
lung cancer outcomes.
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1. Introduction

The most important etiological factor in the development of lung cancer is
smoking, which accounts for approximately 80 to 85% of all lung cancer
cases. Tobacco use is also a major contributor to the incidence of chronic
respiratory disease (80 to 90 %) and myocardial infarction (23 to 40%,) [1]
and has been strongly correlated with other cancers (e.g. oral, laryngeal
and bladder cancers). Approximately one-third of all cancer deaths is at-
tributed to tobacco [2].

Thus, tobacco smoking has a great impact on morbidity and mortality.
Peto et al. forecast that in this century 60 million people will die in devel-
oped countries as a result of smoking [2]. Tobacco smoking is a pandemic.
While there has been a decrease in the prevalence of smoking in developed

* Author for correspondence.
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countries, there has been an increase in prevalence in developing countries.
If the present trend continues, globally, a dramatic increase in smoking-
related deaths will occur in the next 25 years.

The World Health Organization (WHO) has established goals to reduce
tobacco related morbidity and mortality [3]. The three major target areas
include prevention, smoking cessation and passive smoking. Prevention
efforts include-activities to discourage initiation of tobacco use, particularly
among youth. This will reduce morbidity and mortality rates; however,
changes will not be seen until the year 2015 because lung cancer usually
takes 20 to 30 years to develop. Encouraging smokers to make attempts to
quit and ensuring that adequate cessation resources exist is critical.
Avoiding involuntary exposure to environmental tobacco smoke (ETS)
protects the health and rights of children and adults.

2. Smoking Prevention and Cessation
2.1. Public Health Policy and Regulations

Preventing young people and others from starting to smoke is a very im-
portant element in the struggle against tobacco use. Ninety-two percent of
adult smokers in the US tried their first cigarette and 77 % became daily
smokers before the age of 21 [4]. Smoking cessation is only part of the
picture. Changing public policy and regulations are required, although
tobacco issues are highly politicized. For example, the tobacco industry has
a very powerful lobby which opposes restrictive regulation. Additionally,
many national governments raise substantial revenues from tobacco mono-
polies or sales taxes on cigarettes.

Important elements in a national strategy to prevent and reduce smoking
are presented in Table 1, which is based on elements discussed at a recent
IASLC workshop (June 1996) combined with relevant elements from other
reports [3, 5]. Taxation is very important because increases in cigarette
prices decrease the number of young people who start smoking and also
encourages some individuals to quit. Legislation aimed at eliminating
tobacco advertising is another important tool, in conjunction with regula-
tions to reduce access to cigarettes for minors and policies to prohibit
smoking in public places and in workplaces. Lobbying by antismoking
activists in the political arm of professional organizations (e.g. the American
Public Health Association) at national and international levels is important.
Globally, it is important to regulate international sales of tobacco products
to countries which have no protections (e.g. advertising restrictions) related
to the use of tobacco.
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Table 1. National Tobacco Public Health Policy Programmes on Tobacco Control

1. Stimulate, support and coordinate national tobacco control activities by maintenance of a
national focal point.

2. Establishment of a national coordinating organization on tobacco and health aspects.

3. Tobacco taxes that increase faster than the growth in prices and incomes. (In EU:
Harmonize taxes on tobacco at the highest EU taxation rate).

4. Governments should reduce support for tobacco farming and develop strategies to
provide economic alternatives to tobacco agricultural workers. (The EC subsidization
plan should be rapidly phased out).

5. A portion of tobacco taxes should be used to finance tobacco control measures and
research into smoking-related diseases and smoking prevention.

6. Banning all forms of tobacco advertizing, promotion and sponsorship, (eliminating sports
sponsorships, free gifts of coupons and merchandise and banning tobacco billboards
and other visible emblems during electronic media programming).

7. A legal requirement for strong, varied warnings on packets of cigarettes. Making health
warning labels visible, using a multiple warning rotation system.

8. Restriction of access to tobacco products including a prohibition on sale of tobacco
products to young people (<18 years), banning vending machine sales of cigarettes,
banning tax-free sale of tobacco in airports etc.

9. Limitations on the level of tar.and nicotine permitted in manufactured tobacco products
(e.g. a nicotine delivery of <0.5 mg).

10. Mandatory reporting of the levels of toxic constituents in the smoke of manufactured
tobacco products.

11. Eliminate passive smoking in workplaces, public transport, public buildings, schools and
kindergartens.

12. Monitoring of trends in smoking and other forms of tobacco use, tobacco-related
diseases, and effectiveness of national control actions.

13. Health care providers and institutions should set a good example by not smoking
themselves, by making institutions smoke-free and by providing smoking cessation
treatment.

14. Effective programmes of education and promotion aimed at smoking prevention and
cessation.

15. Voluntary organizations should be involved in smoking prevention and cessation.
Ex-smokers might be very useful in these programmes.

16. Effective and widely available support for cessation of smoking, focusing on self-
help programmes. Initiate cessation programmes in the electronic media. Reimburse
behavioural and pharmacological treatment for smoking cessation.

2.2. Health Care Providers

Health care providers, particularly physicians, dentists and nurses, have a
professional as well as an ethical obligation to discourage tobacco use by
their patients (Table 2) [3]. Many professional organizations have stressed
the importance of reducing smoking to reduce premature death worldwide.
The American College of Chest Physicians, American Thoracic Society,
Asia Pacific Society of Respirology, Canadian Thoracic Society, European
Respiratory Society and International Union Against Tuberculosis and
Lung Diseases have stated in an official report that the physician has a
responsibility to play a strong and active role in seeking to reduce smoking
[6]. Providers can demonstrate their responsibility in their own behavior as
well, by 1) striving for a smoke-free profession; 2) never using tobacco in
the presence of their patients; 3) making professional meetings smoke-free;
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Table 2. Health Care Providers’ (HCP) responsibility regarding smoking

1. HCP should discourage tobacco use in their patients.

2. HCP should deliver state-of-the-art assistance to patients and family members.
(NCI model: Ask, Advise, Assist and Arrange for followup).

3. Physicians and other health care professionals should make antismoking statements in
media and community (schools).

4. Promote smoking prevention in young people, especially by the family practitioner and
dentists. Parents serve as important role models.

5. Promote the involvement of professional organizations on the local, state and national
level. Encourage meetings about smoking-related topics.

6. Individuals at high risk for smoking-related tumors should be targeted for more intensive
interventions.

7. Doctors and all other health care providers should serve as role models by not smoking
at all.

8. Introduce and support local policy initiatives; public health advice will have the largest impact.

9. All patients should have a smoking history recorded regularly and this should lead to
regular counseling. Brochures and other self-help material about smoking cessation
should be delivered to patients.

10. HCP should be updated about smoking-related topics (diseases, prevention, cessation)

by participating in regular educational courses.

4) enforcing smoke-free regulations in their hospitals and practices; and
5) using their professional organizations to develop a strong antismoking
policy and advocacy position.

The involvement of physicians in smoking prevention and cessation has
grown slowly over time and varies substantially between specialities, as
well as between nations. While physicians receive training in the adverse

Smoking reduction
Less harmfull smoking
Use of less harzardous products

]
[ I ]

Snuff Low tar cigarettes Premier
Oral cancer Overall mortality and Clips
Pandemic lung cancer mortality down

Benefits:
Mortality / Morbidity
down
ETS down

Heart diseases
and COPD
unchanged

Figure 1. Schematic presentation of smoking reduction. Premier and Clips = ultra low tar
cigarettes.
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pathophysiological consequences of tobacco use, most are not adequately
trained in providing smoking cessation counseling [7]. In addition, physi-
cians often believe that cessation counseling takes too much time, and they
become discouraged if their patients fail to quit smoking [7]. Physicians,
particularly in many European countries, have been limited by few available,
effective treatment resources. Engaging other health care providers (e.g.
nurses or psychologists) to promote smoking cessation is important. In-
corporating information about smoking cessation in medical school
curricula and in continuing medical education is essential.

2.3. Clinical Guidelines

Health care providers should deliver state-of-the-art assistance to help their
smoking patients to quit. The Agency for Health Care Policy and Research
[8] in the US has recently published guidelines for successful smoking
cessation treatment based on meta-analyses and a comprehensive and
systematic literature review of smoking cessation interventions spanning
1978 to 1994 [8].

These guidelines contain patient-oriented material, advice guidelines for
primary care providers, and detailed information for smoking cessation
specialists.

Smoking cessation methods range from no professional contact (i.e. self-
help) to minimal professional contact (i.e. brief advice from primary health
provider) to intensive contact (i.e. group or individual counseling). Interven-
tion strategies may include general skill-building (e.g. coping skills, relapse
prevention techniques); addressing components known to affect quitting (e.g.
weight/diet); and behavioral strategies (e.g. contingency contracting).

The major findings and recommendations from the AHCPR Smoking
Cessation Guideline Panel (1996) include [8]:

1. Effective smoking cessation treatments be available and every patient
who smokes should be offered one or more of these treatments.

2. It is essential that clinicians determine and document the tobacco-use
status of every patient treated in a health care setting.

3. Brief cessation treatments are effective, and at least a minimal interven-
tion should be provided to every patient who uses tobacco.

4. A dose-response relation exists between the intensity and duration of
treatment and its effectiveness. In general, the more intense the treatment,
the more effective it is in producing long-term abstinence from tobacco.

5. Three treatment elements, in particular, are effective, and one or more
of these elements should be included in smoking cessation treatment:

Nicotine Replacement Therapy (nicotine patches or gum)

Social support (clinician-provided encouragement and assistance)
Skills training/problem solving (techniques of achieving and main-
taining abstinence).



20 P. Tonnesen et al.

6. Effective reduction of tobacco use requires that health care systems
make institutional changes that result in systematic identification of,
and intervention with, all tobacco users at every visit.

2.3.1. Assessing nicotine dependence: Cigarette smoking is governed by
social, psychological, habitual and behavioral factors as well as by nico-
tine addiction. Quitting smoking requires far more than willpower. The
importance of nicotine dependence is underscored by the findings that
nicotine replacement doubles outcome in smoking cessation trials [8, 9].
Withdrawal symptoms begin hours after quitting, peak at approximately
7 days, and then gradually decrease over 4 to 12 weeks. The nicotine
withdrawal syndrome may include the following: dysphoric or depressed
mood; insomnia; irritability; frustration or anger; anxiety; difficulty in
concentrating; restlessness; decreased heart rate; and increased appetite
or weight gain [10]. Nicotine dependence should be assessed and re-
corded for every smoker using the Fagerstrom Tolerance Questionnaire
(FTQ) or the modified Fagerstrom Test for Nicotine Dependence (FTND)
(Table 3) [11].

2.3.2. Addressing barriers to smoking cessation: There are some basic
principles related to successful smoking cessation that are important for the
physician to consider [12]: patients must stop smoking completely at quit
day (even 1 or 2 cigarettes per day during the first 2 weeks of cessation are
usually followed by relapse); use of nicotine replacement therapy lessens
withdrawal symptoms and improves cessation outcomes; followup
should be arranged to prevent relapse (which is highest during the first
3 to 6 weeks and then gradually declines, similar to other addictions); if
the patient relapses, encourage him/her to make another quit attempt (the
average 12-month success rate reported in most studies is 15 to 25 %).

2.3.3. Addressing high risk populations: Individuals at highest risk for
smoking-related tumors should be targeted for the most intensive interven-
tions. Vulnerable populations include patients with smoking-related prior

Table 3. Clinical guidelines for Health Care Providers for smoking cessation treatment

1. Every person who smokes should be offered cessation treatment at every visit to the
practice.

2. Clinicians should ask and record the tobacco-use status of every patient (also use carbon
monoxide measurements).

3. Cessation treatments even as brief as 3 minutes per visit are effective.

4. More intensive treatment is more effective in producing longterm abstinence from
tobacco.

5. Nicotine replacement therapy (nicotine patches and gum), clinician-delivered social
support, and skills training are the three most effective components of smoking cessation
treatment.

6. Health care systems should make institutional changes that result in the systematic
identification (and intervention) of all tobacco users at every visit.
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cancers; other smoking-related diseases (e.g. coronary heart disease,
chronic obstructive pulmonary disease (COPD), vascular diseases);
chronic heavy smokers; survivors of any cancer site who continue to
smoke; and genetically susceptible individuals (once reliable and valid
biomarkers are established). Furthermore, intensive smoking cessation
treatment (combining behavioral and pharmacotherapy), delivered by cli-
nical specialists, could be integrated into chemoprevention trials which
recruit former, but not current smokers. One design suggestion would be to
provide such treatment during the run-in period and to incorporate smoking
cessation as an eligibility criterion for randomization in such clinical trials.
Booster treatments to maintain abstinence could be made readily available.
Research might also examine the relationship of nicotine dependence,
smoking cessation and chemoprevention efficacy, involving genetic, be-
havioral and biological variables as predictors and endpoints.

2.4. Pharmacotherapy: Nicotine Replacement Therapy

The effect of nicotine in the brain is complex and not fully explored. Nico-
tine binds to cholinergic nicotinic receptors in the brain, in the limbic
system and the cortex [13]. The physiological effects of nicotine include
both stimulant (behavioral arousal and stimulation of the sympathetic
nervous system) and sedative effects. Nicotine stimulates the release of
neurotransmitters such as B-endorphins which may result in feelings of
relaxation including reduced anxiety and tension [14].

The rationale for nicotine substitution is as follows: When quitting
smoking, the administration of nicotine decreases withdrawal symptoms in
the first months, thus allowing the subject to cope with the behavioral and
psychological aspects of smoking. With the nicotine replacement products
used today, lower nicotine levels are attained compared to smoking (i.e. the
high peak plasma levels of nicotine reached during smoking are not achiev-
ed). Nicotine replacement products are reduced gradually (usually over
2 to 6 months) when withdrawal symptoms are lessened due to decreased
dependence.

Results reported in a recent meta-analysis of 53 trials with 17,703 sub-
jects, who received various forms of NRT (gum, patch, nasal spray and
inhaler), indicated that the nicotine replacement therapy doubled long-
term (6 to 12 months) quit rates [15]. The odds ratio for success of nico-
tine replacement therapy compared with controls was 1.71 (95% CI,
1.56—1.87). The odds ratio for the different nicotine replacement products
were: 1.61 for gum; 2.07 for patch; 2.92 for nasal spray; and 3.05 for in-
haler. No studies have directly compared the efficacy of different forms of
nicotine administration. However, historical data from three trials by
Hjalmarson in Sweden [16—19] using similar designs and adjunctive group
therapy found remarkable consistency in 12-month success rates for nico-
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Table 4. Fagerstrom Test for Nicotine Dependence (FTND)

Questions Answers Points
1. How soon after you wake up do Within 5 min 3
you smoke your first cigarette? 6—30 min 2
31-60 min 1
61 min + 0

2. Do you find it difficult to
refrain from smoking in places

where it is forbidden, e.g. in church, Yes 1
at the library, in the cinema etc.? No 0
3. Which cigarette would you hate The first one
most to give up? in the morning 1
All others 0
4. How many cigarettes per day do 10 or less 0
you smoke? 11-20 1
21-30 2
) 31 or more 3
5. Do you smoke more frequently Yes
during the first hours after waking No 1
than during the rest of the day? 0
6. Do you smoke if you are so ill Yes 1
that you are in bed most of the day? No 0
Total score: 0-10

Heavily nicotine addicted >6

tine gum (29 %), nicotine nasal spray (27 %), and nicotine inhaler (28 %)
with placebo rates of 16 %, 15% and 18 %, respectively (Table 4). The nico-
tine replacement products described above are self dosing systems to be
used ad libitum, in contrast to the patch, which “infuses” about 1 mg of
nicotine per hour at a constant rate.

2.4.1. Nicotine chewing gum: Nicotine is bound to an ion-exchange resin
in the gum base, and bicarbonate is added to attain an alkaline pH in the
mouth in order to facilitate absorption of nicotine. To reduce side effects
due to swallowed nicotine, proper patient instruction is important. Gum
users should chew a piece only 5 to 10 times until they can taste the nico-
tine, then let the gum rest in the cheek for a few minutes, and then chew
again to expose a new surface of the gum. The gum can be chewed for
20 to 30 minutes. About 0.8 to 1.0 mg of nicotine is absorbed from a piece
of 2-mg nicotine gum and 1.2 to 1.4 mg of nicotine from a 4-mg piece [20].
With use of nicotine gum throughout the day, blood levels of one-third (for
2-mg gum) and two-thirds (for 4-mg gum) of the nicotine obtained through
smoking are achieved [21, 22, 23].

A basic advantage of the gum is the ability to self-titrate the dose, as
opposed to the patch, which delivers a fixed dose. Thus, it is possible to use
a piece of gum whenever wanted or needed during the day. The principal
disadvantage of gum use is potential underdosing, which might explain the
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Table 5. Success rate in % from three placebo-controlled trials with nicotine chewing gum,
nasal spray and inhaler by Hjalmarson [16]

Modality: Gum Nasal Spray Inhaler
Treatment: Nicotine Placebo Nicotine  Placebo Nicotine  Placebo
Subjects: n=106 n=100 n=125 n=123 n=123 n=124
6 weeks 77 52 .53 27 46 33
3 months 53 30 41 20 37 23
6 months 37 20 35 15 35 19
12 months 29 16 27 15 28 18

Differences between nicotine and placebo significant at at least p <0.05.

lack of effect in several trials. The approximate dose equivalent for most
nicotine patches is 20 pieces of the 2-mg gum, whereas the mean number
of pieces of gum consumed daily is only around 5 to 6 in most studies [12].
Thus, underdosing is a plausible explanation for the lack of efficacy in
several studies [23—-26].

From these observations, it would be logical to attempt to raise the con-
sumed dose either by increasing the number of pieces of gum chewed or by
using the higher dose gum (4-mg). In four studies comparing the two, the
4-mg gum was superior to the 2-mg gum for short-term outcome [27—30].
Another way to increase the amount of consumed gum might be to adminis-
ter the gum in fixed dosage schedules, as shown by Killen et al. [31].

Side effects of the gum consist mainly of mild, transient local symptoms in
the mouth, throat and stomach due to swallowed nicotine (nausea, vomiting,
indigestion and hiccups). After adequate instruction most smokers can learn
to use the gum properly. However, without instructions many will dis-
continue use or underdose themselves. The constant chewing might produce
side effects such as oral or throat soreness, ache in muscles of mastication,
hypertrophy of the masseter muscles and loss of dental fillings.

Among subjects who used > 6 pieces of gum daily for one year, success
rates ranged from 0 to 25% [32]. Gradual reduction of nicotine gum use
seems to be possible in many quitters without relapse to smoking. In the
Lung Health Study, among 3,094 smokers who were followed for 5 years,
the use of the 2-mg gum appeared safe and did not produce cardiovascular
problems or other adverse effects even in subjects who continued to smoke
and still used nicotine gum [33].

We suggest that the smoker be instructed to stop smoking completely,
use the nicotine gum on a fixed schedule (every hour, from early morning,
for at least 8 to 10 hours) and use extra pieces of gum whenever needed.
The 2-mg gum can be used for low to medium dependent smokers
(i.e. smokers scoring less than 6 on the Fagerstrom Scale), while highly
dependent smokers (scoring 6 or more) should start with the 4-mg gum. If
the subject uses more than 15 pieces of the 2-mg gum per day, it may be
appropriate to switch to the 4-mg gum.
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The optimal duration of treatment is not known; however, in most studies
the gum has been used for at least 6 to 12 weeks and up to one year. In-
dividualization of treatment duration is recommended.

2.4.2. Nicotine transdermal patch: This is a fixed nicotine delivery system
which releases about 1 mg of nicotine per hour for 16 hours (daytime
patch) or for 24 hours (24-hours patch). Nicotine substitution is about 50 %
of the smoking level (21 mg patch/24 hours and 15 mg patch/16 hours). It
is much easier to administer the patch and to use it compared to the gum,
but it is not possible to self-titrate [34]. The recommended treatment
duration is 8 to 12 weeks. In a multicenter smoking cessation trial from the
US examining the effect of 0,7-mg, 14-mg and 21-mg nicotine patches, a
dose response effect to increasing nicotine dosages was reported [35]. Two
large placebo-controlled trials comprising 600 and 1,686 smokers have
recently been published [36, 37]. A one year success rate of 9.3% in the
active patch group versus 5.0% in the placebo patch group was reported in
first study [36] and a 3-month success rate of 14.4 % versus 8.6 % in the other
[37]. Among eight studies examining long-term smoking cessation success,
five showed a significant outcome in favor of the nicotine patch [34].

Side effects are mainly mild local skin irritation, occurring in 10 to 20%
of subjects. In only 1.5 to 2% of subjects, treatment had to be terminated
due to more persistent and severe skin irritation at the location of the nico-
tine patch [34].

Due to its ease of use, the patch may be the first choice of nicotine
delivery systems today. The patch has also been effective when combined
with minimal supportive behavioral therapy. The findings from the two
large trials in general practice [36, 37] are also very encouraging. Trans-
dermal nicotine replacement does increase success in smoking cessation
with minimal adjunctive support. Thus, the patch could also be adminis-
tered by the busy clinician in most hospitals.

2.4.3. Nicotine inhaler: Each inhaler contains about 10 mg of nicotine
and can release approximately 5 mg nicotine. In clinical use, each inhaler
releases approximately 1.5 to 2.0 mg of nicotine and the number of inhalers
used daily averages 5 or 6. Thus, nicotine levels comparable to those found
during use of the 2-mg nicotine gum are attainable (i.e. relatively low con-
centrations). Few controlled trials have been conducted with a nicotine
inhaler. The efficacy and safety of the nicotine inhaler in a double-blind,
clinical smoking cessation trial has been examined [38]. The first published
study was a 1-year randomized, double-blind, placebo-controlled trial which
enrolled 286 smokers. The success rate for smoking cessation was 28 % and
12% after 6 weeks, and was 15% and 5% at 12 months (P <0.001), for
active versus placebo respectively. The mean nicotine substitution based on
determinations after 1 to 2 weeks of therapy was 38 to 43% of smoking
levels. The treatment was well accepted and no serious adverse events were
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reported. In this low intervention setting, the nicohaler appeared safe to use
and increased success in smoking cessation. Three other studies have
confirmed the above finding with odds ratios in favor of active treatment of
1.6,2.2 and 1.6 [18, 19, 39]. Another randomized trial (n=223) showed the
nicotine inhaler to be significantly (< 0.01) superior to placebo particularly
among short-term quitters (<3 months). Reported side-effects included
mouth/throat irritation and coughing [39]. The inhaler may replace some of
the habit patterns associated with smoking (by oral and handling reinforce-
ment) along with providing nicotine replacement.

2.4.4. Nicotine nasal spray (NNS): The NNS consists of a multidose,
hand-driven pump spray with nicotine solution. Each puff contains 0.5 mg
nicotine, thus a 1 mg dose is delivered if both nostrils are sprayed as recom-
mended. The NNS is a strong and rapid means of delivering nicotine into
the human body with a pharmacokinetic profile closely approximating
cigarettes. After a single dogse of 1 mg nicotine, the peak level is reached
within 5 to 10 minutes with average plasma trough levels of 16 ng/ml.
Three published studies with the nicotine nasal spray indicate that the
1-year success rates for active NNS versus placebo, were 26% and 10%
[17], 27% and 15% [40], and 27% and 17% [41] respectively. Nicotine
substitution with the NNS was 40% after 1 month, but 79% in the long-
term users after 1 year [40].

During use of the NNS, weight gain was reduced as compared to placebo.
This strong spray induces localized side effects such as sneezing, nasal secre-
tion and irritation, and congestion, watery eyes and coughing. For up to 5%
of the subjects these side effects were rated as unacceptable, but most symp-
toms decrease within a few days after the spray is initiated. NNS seems to be
effective but difficult to use as a primary tool. Highly nicotine-dependent
smokers might be the target group for this delivery mode of nicotine.

2.4.5. Nicotine combinations: Laboratory studies have shown that the com-
bination of nicotine gum and patch might relieve withdrawal symptoms to
the same degree as when smoking [42]. Combinations of different delivery
forms of nicotine should be tested to evaluate potential side effects, and
determine which combination approach is more efficacious. Of course,
different combinations may be more appropriate for different clinical popu-
lations (heavy versus light smokers, oral cancer patients versus COPD
patients, etc.). At the present, use of the nicotine patch to provide a systemic
level of nicotine in combination with the use of 1 to 6 pieces of nicotine
chewing gum as needed during the day appears to be safe.

2.5. Other Pharmacotherapy

In addition to nicotine replacement therapy, other drugs have been used for
smoking cessation, including clonidine, antidepressants, anxiolytics/benzo-
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diazepines, and silver acetate. Clonidine and buspirone have been shown to
improve cessation rates [43, 44] but no recommendations were made in the
AHCPR smoking cessation guidelines because most of the trials failed to
meet the clinical selection criteria for meta-analysis or revealed incon-
sistent beneficial effects for smoking cessation [8]. Bupropion (Welbutrin),
an antidepressant drug, will probably soon be approved in the US for
smoking cessation [45].

2.6. Behavioral/Psychological Interventions

Varying degrees of psychological or behavioral therapy have been used as
adjunctive therapy. The use of counseling/psychosocial interventions,
where individual sessions last 10 minutes or more, markedly increase
cessation rates relative to no-contact intervention; however, brief counsel-
ing interventions (sessions lasting 3 to 10 minutes) also increase cessation
rates over no-contact interventions [8]. These interventions may be delivered
by a variety of clinicians and health care personnel. A dose-response rela-
tionship exists between person-to-person contact and successful cessation
rates [8].

Recommendations for the content of smoking cessation interventions are
also included in the AHCPR guideline [8]. While the strength of evidence
was somewhat inconsistent, the following recommendations were made:
smoking cessation interventions should help smokers recognize and cope
with problems encountered in quitting (problem solving/skills training)
and should provide social support as part of the treatment. Smoking cessa-
tion interventions that use some type of aversive smoking procedure (e.g.
rapid smoking, rapid puffing) increase cessation rates and may be used
with smokers who desire such treatment or who have been unsuccessful
using other methods [8].

Other interventions include acupuncture, hypnosis, negative affect and
cue exposure (i.e. exposing smokers to smoking cues without the opportu-
nity to smoke). The evidence was inadequate to support hypnosis, and a
meta-analysis comparing active vs control acupuncture concluded that acu-
puncture was no more effective than placebo [8, 46]. Similarly, insufficient
evidence existed to indicate that addressing negative affect and cue ex-
posure treatment improved cessation rates.

3. Conclusion

Cigarette smoking is one of the leading causes of preventable death and
disability in the world. Health professionals play a vital role in promoting
smoking cessation and in discouraging initiation of tobacco use. Assessing
smoking status should become as routine as assessing vital signs. Inter-
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vention with all smoking patients is critical if reductions in morbidity and
mortality are to be achieved. While nicotine replacement therapy greatly
enhances cessation outcomes, cessation counseling and behavioral strate-
gies are important adjuncts for maintaining long-term smoking cessation.
Health care providers should take advantage of the excellent resources now
available which provide effective smoking cessation models that can be
easily incorporated into clinical practice [7, 8, 47].
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1. Vitamin A (Retinol)

Natural vitamin A (all-trans retinol, retinal, and retinyl esters; Figure 1) is
essential for vision, reproduction and maintenance of differentiated epithelia
and mucus secretion in humans and higher animals [1]. Trans-retinoic acid
shares only a part of these functions, being unable to support vision and
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Figure 1. Chemical structure of different retinoids.
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reproduction; so animals maintained on retinoic acid as their only source
of vitamin A are both blind and sterile [2, 3]. Retinol is stored in the liver
in large amounts (over 90% of the total capacity), which normally exceed
the one-year physiological requirement, and is then released into the plasma
and transported bound to a specific retinol-binding protein (RBP). The
process of mobilization is mainly controlled by the liver, although accor-
ding to new studies recycling from peripheral tissues and extravascular
spaces may also be relevant [4]. Consequently, retinol plasma levels are
maintained stable except in extreme conditions (chronic dietary deficiency,
high dose supplementation).

Pharmacokinetics of orally administered retinol are controlled by a tight
homeostatic mechanism, and the administration of moderate doses of vita-
min A failed to show any significant change of retinol plasma levels in a
number of studies. A randomized double-blind trial on 376 volunteers
revealed that oral administration of retinyl palmitate at moderate dosage
(10,000 to 36,000 IU daily) could induce a slight but significant increase
of basal retinol level, about 2 % for every 10,000 IU [5]. In a pilot study on
cancer patients, higher doses of oral retinol (up to 200,000 IU/m? daily)
produced a rapid increase of retinyl palmitate, with a mean time to peak
plasma concentration of nearly 4 hours and an initial phase halflife of
2 hours [6]. However, plasma retinol concentration was increased only in
patients with low initial levels. Plasma halflife of retinyl palmitate, when
retinol was given at the daily dose of 25,000 IU, ranged between 15 and
22 hours [7]. In our experiments, based on 307 patients randomized to
receive retinyl palmitate or control, a daily dose of 300,000 IU was asso-
ciated with a significant increase of the average values of plasma retinol
and RBP (greater than 30% and 60% respectively) after 12 months of
treatment [8].

Although it has never been properly evaluated, intestinal absorption rate
in humans is commonly estimated as 50% to 60 % of total dietary retinol.
However, several factors may influence the pharmacology of oral vitamin
A supplementation, such as the chemical structure (alcohol, esters) or the
type of preparation (oily solution, emulsion). For instance, a retrospective
study on human toxicity data has estimated that the absorption and storage
rate of emulsified retinol may be as high as 80 %, compared to only 20 % for
oily solutions [9]. Chemical and physical properties, may also be implicated
in the pattern of liver toxicity as well as the bioavailability of the substance
in extrahepatic tissues. The difference may be prominent between natural
substances such as retinol, which are almost entirely vehiculated as chylo-
microns in the general circulation through the lymphatic system, and
retinoic acid which is directly transported to the liver through the portal
system [10]. /n vitro experiments on HL-60 cells, showing growth inhibi-
tion and differentiation after exposure of leukemic cells to chylomicron
retinyl esters, represent an indirect confirmation of the biological and
clinical relevance of extrahepatic uptake of chylomicron retinyl esters [11].
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In our randomized trial using emulsified retinyl palmitate at high dose
for a period ranging from 12 to 24 months, we could demonstrate neither a
significant impairment of liver function nor an objective liver toxicity, as
assessed by standard hematochemical tests. Average values of liver
enzymes (serum SGOT and GPT), measured every month up to 24 months
of treatment, were nearly identical in randomized controls compared to
treated individuals, with only a limited proportion of patients (10 to 20 %)
showing serum levels above the normal range in both groups [12]. On the
other hand, retinyl palmitate administration caused a remarkable increase
of serum triglycerides, becoming statistically significant at 12 months of
treatment, with average values in excess of 60% compared with baseline
levels. Such a significant increase of serum triglycerides was not associa-
ted with clinical symptoms or objective signs of cardiovascular damage,
and spontaneously reverted to normal values soon after completion of the
treatment. Cholesterol levels were less strikingly modified, and the dif-
ferences in mean values were not significant between the two groups.
Renal function tests, glucose fasting levels, hemoglobin values, RBC,
WBC and lymphocyte counts were not affected by retinyl palmitate admin-
istration. These observations underline the need of properly controlled
studies, with prospective randomized setting, for an accurate assessment of
the side-effects associated with longterm retinol administration.

2. All-Trans Retinoic Acid

Research into the pharmacology of all-trans retinoic acid (RA) has been
boosted by the clinical challenge of treatment for acute promyelocytic
leukemia (APL) [13]. In fact, induction treatment with all-frans RA alone
could achieve complete remissions in a high proportion of patients with
APL, but in the majority of cases the disease recurred after a few months
and these patients appeared to be resistant to further treatment at higher
doses [14, 15].

After administration of a single oral dose, peak plasma concentrations of
all-trans RA are reached within 1 to 3 hours, with a halflife of approxi-
mately 40 minutes [16, 17] (Table 1). Continuous daily dosing of patients
with APL has been associated with a progressive decrease in plasma drug

Table 1. Plasma elimination halflives of various retinoids administered orally to humans

Halflife in hours Reference
All-trans-retinoic acid (ATRA) 0.8+0.1 [17]
13-cis-retinoic acid (13CRA) 10 (6.7 -36.5) [18]
Fenretinide (4HPR) 27 +4 [19]
Acitrecin 50 (36 -96) [20]

Etretinate 2500 [21]
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concentrations, and even a two-fold increase in the oral dose did not signi-
ficantly increase the plasma AUC values [22]. The decrease in Cpp,, and
AUC values was associated with an approximately 10-fold increase in
urinary excretion of 4-oxo retinoic acid metabolites. The extent of iso-
merization to 13-cis retinoic acid was minimal in plasma.

In a study of patients with non-small cell lung cancer, the median AUC
value appeared to be substantially lower than in patients with APL. This
observation led to the classification of cancer patients into “normal” or
“rapid” catabolizers, based on whether the AUC on the initial day of dosing
was greater or less than the median value of 250 ng'hr/ml [23]. Patients
who were rapid catabolizers had significantly lower endogenous plasma
retinoid levels than the normal catabolizers. Further studies have shown
that a major pathway of metabolic degradation of all-trans RA was oxida-
tion by cytochrome P450 enzymes, and that accelerated retinoid cata-
bolism could be blocked by inhibitors of cytochrome P450 oxidases such
as ketoconazole or liarozole [24].

It appears that clinical resistance to all-frans RA in APL occurs
rapidly and universally, but also that it may be reversible after drug
treatment has been discontinued for several months [25]. These obser-
vations have led to the hypothesis that continuous exposure to this natural
retinoid rapidly induces a variety of metabolic processes, ultimately
resulting in the reduction of the effective intranuclear concentrations of
the ligand to levels that are inadequate to initiate or maintain cellular
differentiation.

3. 13-Cis Retinoic Acid

The interest in the use of synthetic retinoids in oncology is largely due to
the results obtained with 13-cis retinoic acid (13CRA) in oral premalignant
and malignant diseases. In oral leukoplakia, 13CRA has induced complete
clinical and pathological remission in a high proportion of patients [26]. In
patients treated for a prior head and neck cancer, 13CRA was effective in
preventing the occurrence of second primary tumours [27]. However, two
major problems became evident with this drug: the limited tolerability of
side-effects with high doses, and the recurrence of leukoplakia when the
treatment was stopped. In chemoprevention trials very few patients were
able to tolerate the dose of 1 mg/kg for periods greater than 6 months.
More recent experiments with low-dose maintenance (0.5 mg/kg) follow-
ing full-dose induction appeared to be better tolerated [28], and new
prospective trials have selected a daily dose of 30 mg.

After a single oral dose of 0.5 mg/kg of 13CRA, mean peak plasma con-
centration was 250 ng/ml (range 0—740), time to peak plasma concentra-
tion 4 hours (range 2—6 hr). After 4 mg/kg p.o. mean peak plasma con-
centration was 1160 ng/ml (range 828—1950) and time to peak plasma
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concentration 3 hours (range 1.5—6 hr) [29]. A marked difference in
gastrointestinal absorption was probably responsible for the great variation
of peak plasma levels (up to 10-fold) in patients receiving the same dose
[30]. A lag time of up to 2 hours was reported prior to the onset of intestinal
absorption, as well as marked secondary and tertiary concentration peaks
consistent with enterohepatic circulation of 13CRA [31]. The pharmaco-
kinetics of multiple doses of 13CRA were tested in 10 patients treated with
40 mg daily for 25 days [18]. Peak plasma concentration after 25 days
of treatment was similar to the one observed after the first dose (310
184 ng/ml versus 262+ 139 ng/ml), time to peak plasma levels was 3.1
versus 2.9 hours, and halflife 9.2 versus 10.4 hours. On the contrary, the
concentration of metabolite 13-cis-4-oxo-retinoic acid showed a tendency
to increase with time. Mean ratio between the area under the curve (AUC
0-infinity) of 13-cis-4-oxo-retinoic acid and 13CRA rose from 3.4=%1 to
5.1+1, and the halflife of the metabolite was 24.5 hours (range
16.5—-49.5). '

Data on the pharmacokinetics of chronic administration of 13CRA were
obtained from patients who underwent longterm treatment (10 to 360 mg,
for at least 2 months) for various dermatological diseases. Maximum drug
concentration occurred 1 to 4 hours after drug administration; elimination
halflife ranged from 10 to 23 hours for 13CRA and from 20 to 49 hours
for 13-cis-4-0x0-13CRA; mean AUC ratio between the two substances
resulted 3.1£1 (1.7-5.4).

Overall, the available data suggest that plasma levels of 13CRA were
relatively stable after multiple doses, and that a longterm pharmacokinetic
profile can be predicted from single dose data.

Although animal data have demonstrated that oral administration of
many retinoids, including 13CRA, causes significant and dose-propor-
tional reduction of plasma retinol levels [32], clinical data on 13CRA are
not conclusive. Some authors have reported no effect on plasma retinol
levels after relatively high oral doses, ranging from 3mg/kg daily to
5 mg/kg daily [30]. Others have reported plasma retinol concentrations
below the expected normal range in healthy individuals, after 1 to 28 days
of treatment [29]. However, baseline levels were not evaluated in these
patients and lower plasma retinol concentrations may well be attributable
to the advanced neoplastic status rather than 13CRA administration.

4. Fenretinide (4HPR)

The pharmacokinetics of N-(4-hydroxyphenyl)retinamide (4HPR) have
been studied in healthy volunteers [33] and in cancer patients [19, 34].
After oral administration, maximum blood concentrations of 4HPR occur-
red between 3 and 4 hours, whereas the concentrations of its main meta-
bolite N-(4-methoxyphenyl)retinamide (4MPR) occurred between 8 and
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12 hours. The bioavailability of 4HPR, as of other retinoids, has been
shown to be enhanced by administering it with food, and to be influenced
by the composition of meals [35].

Following single oral doses of 25 to 600 mg in healthy subjects, a linear
relationship between dose and C,,,, and between dose and AUC was found
for both 4HPR and 4MPR [33]. In these subjects the mean elimination
halflife of 4HPR was 16 to 20 hours and the halflife of 4MPR was
22 hours. Similar values were found in cancer patients treated with a single
oral dose of 300 mg: the halflives of 4HPR and of 4MPR were 13.7 and
23.0 hours, respectively [34].

After multiple daily doses of 150 and 300 mg for 28 days, no significant
differences in the pharmacokinetics of 4HPR between the first and the last
dose were found and the halflife was found to be 27.2 hours. The meta-
bolite 4MPR showed evidence of accumulation, since the AUC after
multiple dosing was higher than for the single dose. No unchanged com-
pound, 4MPR or conjugates were detected in urine, indicating biliary
excretion [33].

Monitoring of 4HPR pharmacokinetics during longterm administration
have been performed in breast cancer patients who participated in the ini-
tial phase I study [34] or received the drug for 5 years within the phase III
chemoprevention trial [19]. After 5 months of daily treatment with 100,
200 and 300 mg/day doses, a linear relationship was found between the
doses administered and the plasma concentrations of both 4HPR and
4MPR. The daily administration of a dose of 200 mg for 5 years resulted in
4HPR plasma concentrations of approximately 1 pmol/l which remained
steady for the whole period [19]. After 5 years of treatment, the halflives of
4HPR and of 4MPR were 27 and 54 hours respectively, similar to those
found after 28 days.

In contrast to all-frans RA, constant concentrations and constant half-
lives of 4HPR suggest that the pharmacokinetics of this retinoid do not
change during longterm treatment. At 6 and 12 months after drug discon-
tinuation, the concentrations of 4HPR were at the limit of detectability
(0.01 pmol/l) whereas those of 4MPR were five times higher.

A relevant pharmacological effect of 4HPR, reported in rats as well as in
humans, is the rapid decrease in the plasma concentrations of both retinol
and its plasma transport protein RBP [34, 36, 37]. The reduction, which is
reversible, occurs after a single dose and is proportional to the dose ad-
ministered. This effect was associated with impaired dark adaptation in
4HPR-treated patients [38—40]. With daily doses of 200 mg 4HPR, base-
line retinol levels were reduced by 71%. As a consequence of these ob-
servations, a 3-day treatment interruption at the end of each month was
introduced to increase plasma retinol concentrations and allow sufficient
storage of retinol in the retina. With this modification of the treatment
schedule, mean retinol reduction was limited to 38% [19]. Lower retinol
levels persisted throughout the S-year treatment period but reversal to base-
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line retinol concentrations was observed in all the patients, shortly after
discontinuation. Studies performed on the mechanisms responsible for
reduction of retinol levels by 4HPR have shown that this effect is associa-
ted with the high binding affinity of this retinoid to RBP and to its inter-
ference with the RBPtransthyretin(TTR) complex formation [32].
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1. Introduction

Lung cancer is a highly lethal global problem. The disease is too often
detected only at a terminal stage, when treatment by even the best current
methods is insufficient. Better methods of early lung cancer detection are
fundamental for a shift to the routine management of truly early (preinva-
sive) lung cancer. This should be based on two main concepts: 1) A large
body of evidence is accumulating which suggests that invasive lung cancer
is the end result of a multistep process, in which progressive molecular
changes accompany or even precede morphological changes. Genetic
changes, because of their exquisite specificity or selectivity, are ideally
suited as markers of premalignancy. However, a knowledge of the genetic
etiology is required before the markers can be used. It is usually assumed
that a phenotypically normal cell is completely genetically normal. 2) The
entire epithelium is the target of carcinogens and this is the basis of the
field effect concept. Early detection should therefore aim to identify the
field effect and devise suitable methods of intervention. Our knowledge is
still rudimentary: the clonal/multifocal relationship between pre- and
postinvasion is still being investigated. Could a random biopsy yield infor-
mation for the rest of the field? This is still a matter of discussion. Multi-
ple biopsies should be performed in order to evaluate how broad the
cancerization field is as regards genetic damage.
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We have known for thirty years, that improvement in outcome requires
the ability to identify the disease while it is still localized in the airways.
Enhanced understanding of tumor biology and preneoplasia should help to
optimize early lung cancer detection, and to select the best from among all
of the possible biological markers.

2. Natural History of Carcinogenesis

Lung tumors, both central (squamous and small cell carcinomas) and
peripheral (adenocarcinoma), are thought to develop through sequentially
appearing morphological and molecular changes, driven by underlying
somatic genetic changes. The real frequency of these morphological
preneoplastic changes (dysplasia of increasing degrees of severity, and
carcinoma in situ (CIS)) is difficult for a surgical pathologist to appreciate
(Auerbach, 1961) [1]. They are observed by chance in the vicinity of a
surgically treated lung cancer, or in a bronchial biopsy taken surgery, or in
bronchial biopsies taken from the vicinity of an obvious obstructive tumor
by fiberoptic bronchoscopy. Without searching from them, we detected
these lesions in 80 patients over five years out of = 1000 patients from
whom a diagnostic lung sample was taken. The real frequency is un-
doubtedly higher, as shown by fluorescent fiberoptic directed bronchial
biopsies, which detected dysplasias in 40% of smokers (including 12%
with severe dysplasia), and in 25 % of ex-smokers (6 % severe dysplasias)
who had no longer been smoking for 10 years [2].

The stepwise horizontal progression of these morphological lesions is
likely to follow highly variable progression rates according to the initial
genetic lesions. Vogelstein and others have demonstrated that most tumors
undergo a multistep set of genetic events (10 to 20) during their evolution
[3]. It is possible that hyperplasia, metaplasia (early changes preceeding
dysplasia) and dysplasia itself could bypass further steps and follow a
vertical progression to invasion. This would hamper the predictive value of
any morphological step except the late ones such as CIS. Clearly, our
knowledge of the sequence of molecular events in lung cancer and their
relationship to morphological changes is rudimentary. In heavy smokers
exhibiting metaplasia, half revert to normal after stopping smoking, which
make it difficult to distinguish between reactive reversible and tumorigenic
irreversible morphological changes.

The genetic changes, because of their remarkable specificity and selec-
tivity, are ideally suited as markers of premalignancy. However, the defini-
tion of a genetically normal cell has not been established. Is a mutation
possible in any normal cell? Is a set of mutations specific for malignancy?

The “field cancerization” theory states that much of the epithelium of the
upper aerodigestive tract has been mutagenized as the result of exposure to
carcinogens (such as cigarette smoke) and is at risk of developing one or
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more cancers. The high incidence of preneoplastic lesions found in lung
cancer, and the high risk of developing second primaries, favors this theory.
Two parallel concepts have been proposed by different groups from their
studies. The first hypothesis is that inside this “carcinogen-exposed” field,
distinct multifocal clones develop with different genotypes. This has been
claimed in head and neck as well as in lung carcinoma with regard to p53
and 3p mutations [4—7]. This theory of multiclonal premalignancies in the
cancerization field supports the use of genetic markers in the differential
diagnosis of recurrence of metastasis versus second primaries in the lung.
3p loss of heterozygosity (LOH) was found in 93 % of alveolar preneoplastic
lesions observed in the vicinity of invasive cancers (type II cell hyperplasia,
atypical alveolar hyperplasia, alveolar bronchiolization) (I. Linnoila —
Workshop communication): discordant 3p LOH between preneoplasia and
tumor was found in several cases. In contrast, Pamela Rabbits [8, 9] and
other workers [10, 11] found the same genetic lesions with regard to 3p, 9p
or p53 in physically distant lesions in almost all the cases they studied. P.
Rabbits presented evidence that allele loss on chromosome 3 appears as
early as squamous metaplasia and precedes p53 mutation [12]. Damage to
chromosome 3 was sequential in the pattern of allele loss and much more
discrete in dysplasia than in corresponding invasive tumors. 3p loss
progressed continuously from the small interstitial deletions in metaplasia
or early dysplasia to a wide allelic loss in invasive carcinoma of the same
patients. Pamela Rabbits et al. [9] could also demonstrate the clonal rela-
tionship between low grade metaplasia, bronchial dysplasia of increasing
severity and high grade CIS and invasive carcinoma in one patient with p53
mutation. Using a plaque assay to detect in preneoplasia the specific p53
mutation cloned from the invasive cancer of the patient, the same p53
mutation as in the tumor was found in a small proportion of cells in an adja-
cent squamous metaplasia. This was also reported on the margin of invasive
carcinoma of the head and neck [13]. Moreover, two dysplasia samples
from the same site examined in the same patient after 9 months showed one
p53 mutation on one allele in the first biopsy and the addition of a second
mutation to the second allele in the second biopsy, thus demonstrating
increasing genetic damage during clonal expansion in longitudinal samples
from the same patient [9]. This does not contradict the multifocal/
multiclonal theory. Rabbits et al. could also demonstrate the clonal rela-
tionship of samples of squamous metaplasia and squamous carcinoma,
collected in the same patient from different sites at the same time. These
samples showed the same pattern of clonal development as those collected
over time, suggesting that the analysis of simultaneously collected samples
of different grades is a legitimate approach to the study of lung tumor pro-
gression, since adjacent or distant lesions are on the same pathway of lung
tumor development. This model of progression was confirmed in head and
neck carcinoma, where chromosomal losses progressively increase at each
histopathological step from hyperplasia to dysplasia to CIS to invasive
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cancer [14]. Adjacent areas of tissue with different histopathological changes
shared common genetic changes, but with additional genetic alterations in
the more severe histopathological lesions. Moreover, normal-appearing
epithelial cells surrounding preinvasive or microinvasive lesions shared
common genetic lesions with those primary lesions.

From studies of the field cancerization process in the upper aerodigestive
tract, it can be concluded that lesions adjacent to invasive carcinoma arise
from a single progenitor clone, and additionally, distant lesions in the field
often share the same genetic lesions as regards 3p deletion and p53 muta-
tion. That they are located on the same parent allele was confirmed by the
demonstration that these different lesions displayed the same pattern of
X-chromosome inactivation, as assessed by the clonality of the methylation
site located at a repeat polymorphic site near the androgen receptor gene.
This demonstrated that all the cells had inactivated the same X-chromo-
some by hypermethylation, and so belong to the same clone, in contrast
with a population of normal cells which have randomly inactivated one or
other of the paternal or maternal alleles [15]. Based on these findings, the
local and multifocal phenomenon of field cancerization could involve
subsequent migration of clonally related preneoplastic cells.

3. Evaluation of the Field Cancerization Process

Information is emerging to suggest that numerous molecular events such as
3p allelic loss, aneuploidy and genomic instability precede cytomorphologi-
cal changes. New unpublished data indicate that 50 % of the normal epithelia
of smokers contain mutations (A. Gazdar, unpublished data). 3p LOH also
appears to be an early event in hyperplasia and metaplasia of the alveolar
compartment. Aims for early detection should therefore be to identify the
core molecular determinants of field effect and devise suitable methods of
intervention. Future chemoprevention trials, which would benefit from the
development of markers, could identify individuals at very high risk of
developing lung cancer. Such biomarkers should ideally identify the canceri-
zation field, allow determination of the intensity of genetic damage and the
cancerization process, and enable the impact of chemoprevention on the
genetic damage and on lung cancer incidence to be measured.

Potential markers for evaluation of the field of cancerization (risk assess-
ment research) can be classified as follows:

1. Morphological changes;

2. Immunohistochemical markers for abnormal or differentially expressed
proteins;

3. Markers for genomic instability;

4. Identification of mutations/deletions of specific genes which are
responsible for the lung tumor phenotype;

5. Epigenetic phenomena such as abnormal phosphorylation or methylation.
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3.1. Morphological Markers

The only diagnostic tool currently available to localize premalignant cellular
alterations and early bronchial cancer is conventional white light fiberoptic
bronchoscopy. However, even for centrally located CIS, only 30% of the
lesions are visible to an experienced endoscopist. Dysplasia and CIS are
difficult to detect because they are composed of only a few cell layers (0.2
to 1 mm thick) and often less than 1 mm in surface diameter. Detection of
precancerous and cancerous tissues with fluorescent light can be based on
the fact that they are less autofluorescent in the green wavelength than nor-
mal tissues, and abnormal areas can be identified on the basis of altered tis-
sue autofluorescence. Moderate and severe dysplasia and CIS which are
considered as true preinvasive lesions, are 80% detected with this type of
fluorescent endoscopy with a 28 % false positive rate (S. Lam, unpublished
data). To reinforce the suggestion that morphological markers of premalig-
nancy could include early lesions, half of these “false positives” may in fact
be true positives. This is suggested by molecular genetic analysis of the
bronchial biopsies for LOH at different sites. Thus, fluorescence bron-
choscopy may be an important tool to pick out significant lesions with
molecular genetic abnormalities that are commonly associated with lung
cancer, even when the lesion may appear to be benign low grade atypia
according to conventional morphological criteria. Abnormal fluorescence
was also found to correlate with the degree of change by quantitative mor-
phometry of the bronchial tree. Most importantly, the same area can be
revisited and biopsied precisely in subsequent examination, as was demon-
strated in a pilot study using a chemopreventive intervention with Sialor,
which showed that fluorescence examination can be used to manage the
effect of chemoprevention treatment [2].

Histological diagnosis of neoplasia and preneoplasia is currently the
most reliable standard of diagnosis [16]. Preneoplastic lesions are well
recognized for squamous cell carcinoma with general acceptance of the
concept that the normal pseudostratified ciliated bronchial/bronchiolar
epithelium progresses through a spectrum of changes including basal cell
hyperplasia, squamous metaplasia, varying degrees of mild, moderate and
severe dysplasia to CIS and microinvasive carcinoma. Squamous dysplasia
and CIS do not necessarily progress to invasive carcinoma, and could even
regress to normal mucosa [17]. Evidence has accumulated to suggest that
precursor lesions exist for adenocarcinoma [18-20]. However, the concept
of preneoplasia for adenocarcinoma is not as clearly defined as it is for
squamous cell carcinoma. The terminology and criteria used for these le-
sions in the published studies are not consistent, which makes it difficult to
compare data. Reproducibility in diagnosis of alveolar dysplasia called aty-
pical alveolar hyperplasia (AAH) has been identified as a very difficult
problem. These lesions have been called bronchioloalveolar adenoma, aty-
pical bronchioloalveolar cell hyperplasia, atypical alveolar cuboidal cell
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hyperplasia, alveolar epithelial hyperplasia, and atypical adenomatous
hyperplasia (AAH). In general AAH is defined as a lesion which resembles
bronchioloalveolar carcinoma (BAC), but falls short of criteria for malig-
nancy. The distinction between AAH and BAC is subtle and can be very dif-
ficult to make. Some have defined a spectrum of low and high grade AAH.
As more elaborate and expensive techniques are applied to these lesions, it
is very important that the data be interpreted and reported using consistent
terminology and criteria. Although the preneoplastic lesions of a squamous
dysplasia and CIS are well defined for squamous cell carcinoma, AAH is
becoming accepted as a preneoplastic lesion for adenocarcinoma. More
precise and standardized criteria need to be applied, and these will be part
of the new WHO classification of lung cancer to be completed in 1998.
While AAH and squamous CIS have been described in some cases of small
cell carcinoma and large cell carcinoma, preneoplastic lesions are not well
recognized for these tumors.

Morphological markers also include ploidy and nuclear morphometry on
Feulgen-stained cells, analysing the content of DNA and structural and
textural nuclear features, in order to identify those that distinguish preneo-
plastic from neoplastic and normal cells. The nucleolar organizer region,
shown by silver staining, may also be a morphological marker.

3.2. Immunohistochemical (IH) Markers to Detect Abnormal Proteins

Abnormally expressed proteins detectable by IH are of several types. Typi-
cal is the immunostaining of p53 protein stabilized by missense mutation.
A loss of protein expression, resulting from tumor suppressor gene inac-
tivation, typifies loss of Rb, and P16 (CDK™X#) protein expression. The
proliferation markers (PCNA, Ki67 or MIB1, Cyclins), are typically over-
expressed in preneoplasia; the markers of apoptosis (Bax, Bcl2 and the Bcl2
family of genes such as Bclx-S, or -L,...) which dictate the cells suscepti-
bility to death, can show a desequilibrium between apoptotic and anti-
apoptotic factors; growth factor ligands and receptors (EGF-receptor,
Her2-Neu (c-erb2), GRP and GRP-receptor, IGF-like and receptor, adre-
nomedullin and receptor ...) can be overexpressed. The differentiation pro-
teins provide markers for abnormal differentiation. Secretory protein
(CC10), enzymes (peptidyl glycine alpha-amidating mono-oxygenase
(PAM), proteases, telomerases), loss of HLA I or II histocompatibility
complex protein and of blood group antigens, expression of tumor specific
antigen P31 (hRNP), and expression of CEA, are some of these abnormal-
ly expressed differentiation proteins.

Type 1II cell hyperplasia in a cancerization field with or without atypia
was shown to express peptidyl amidating enzyme (PAM) an enzyme neces-
sary for amidation of peptidic growth factors, pointing to its possible role
as an autocrine growth factor in metaplastic and dysplastic alveoli [21].
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CC10 was shown to be a sign of metaplasia of alveolar epithelium [22]. It
remains to be demonstrated that PAM and CC10 expression are related to
the cancerization process.

One of the most accurate of these markers (88 %) is overexpression of a
31 kD protein, recently characterized as homologous to the pre-mRNA
binding heterogenous nuclear ribonuclear protein, hn-RNP, A2, B1 [23, 24].
Immunodetection of this protein by an antibody (703D4) is highly sensi-
tive even in the absence of morphological change, by distinguishing cells
which concentrate hn-RNP above the background of its normally low cel-
lular expression. Because it is usually present at low levels in normal cells,
hn-RNP cannot yet be considered definitively as a specific maker for the
cancer pathway.

Telomerase, a ribonuclear protein polymerase enzyme associated with
“immortality”, has been focused on in lung and head and neck preneoplasia
[25, 26], and obviously has a place in early detection strategies. Telomerase
activity is present in the vast majority of invasive cancers of the lung (small
cell and non small cell lung cancer SCLC and NSCLC) and of the head and
neck. It can be detected by in situ hybridization for RNA components and, at
the level of protein activity on telomeres using a PCR-based enzyme assay.
Activation of telomerase of low level occurs early and can even be detected
in normal bronchial cells of patients with NSCLC. However, a tendency
towards high levels of expression was seen in severe dysplasia and CIS adja-
cent to invasive carcinoma. It can be regarded as a new tool for early detec-
tion or detection of preneoplasia on exfoliated cells as shown with oral rinses
[26]. In this study, 23 % of patients with head and neck squamous cell carci-
noma had detectable telomerase activity compared with less than 5% in
normal control patients. Whether these changes of telomerase activity can be
modulated by chemoprevention agents is currently determined.

Matrix degrading proteases are involved in the majority of lung cancers.
Urokinase plasminogen activator (UPA) and metalloprotease MMP3 have
been studied. UPA and MMP3 mRNA and proteins are detected in more
than 80% of lung cancers (more often in NSCLC than in SCLC and neu-
roendocrine tumors) and correlate with tumor progression [27]. They have
been demonstrated in preneoplastic lesions, using both in situ hybridization
and immunohistochemistry, adjacent to carcinoma. They were assumed to
be secreted by epithelial cells in preinvasive lesions, and by contrast mostly
by stromal cells in corresponding microinvasive and invasive lesions [28].
Detection of those proteases in bronchial biopsies and shed cells in sputum
could find a place in early detection strategies.

Susceptibility markers for lung cancer are provided by differentially
expressed proteins. Differential susceptibility to lung cancer is the key to
the application of molecular epidemiology of lung cancer. Some con-
stituents of tobacco smoke (polycyclic aromatic hydrocarbon (PAHs) and
N-nitrosamine) are metabolically activated in vivo to form highly reactive
intermediates. These can complex with DNA to form DNA adducts. Quanti-
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tative measurements of DNA and protein adducts to estimate exposure to
environmental toxins are the basis of the molecular epidemiology of lung
cancer. Moreover, inherited variations in the capacity to metabolize envi-
ronmental carcinogens may predispose certain individuals to develop
cancer. These are aryl-hydrocarbone-hydrolase, glutathione-s-transferase p
and debrisoquin-hydoxylase. Recent studies have not confirmed an excess
risk of lung cancer among extensive debrisoquin metabolizers [29].

3.3. Genomic Instability

Aneuploidy is a general marker for lung cancer and could well occur be-
fore invasion. DNA measurement (Feulgen staining quantitation and flow
cytometry) can broadly estimate abnormal DNA content. Premature
chromosome condensation is a technique used to examine the constitution
of “normal” lung cells in the field of lung tumors and was found to be
abnormal in normal cells distant from the tumor. FISH analysis is a very
powerful approach to detect specific chromosomal imbalance. Using the
technique on chromosomes (CISH) with DNA probes for the centromeric
regions of chromosome 7, 9 and 17, it is possible to appreciate the degree
of genetic instability in exfoliated cells in bronchoscopy brushings [30], or
even in section of bronchial biopsies [31, 32]. This technique allows count-
ing of the chromosome copies per cell in situ. With the assumption that
normal cells are diploid (<2 % trisomy 7 in normal patients, <1% trisomy
2) one can assess the genetic instability in high risk patients. The fraction
of polysomic cells in the tissue samples and their spatial arrangement in-
dicates a clonal outgrowth and suggests a more active ongoing tumori-
genesis process. This allows quantification of the degree of clonal change
in the tissue, independently of the particular probe used, which proves that
the assay detects the presence of generalized genetic changes throughout
the lung. Spatial analysis of the tissue suggest the presence of multiple
clonal or subclonal outgrowths which can be quantified on a random biop-
sy, because it reflects a generalized accumulation of genetic changes rather
than those specific to tumor development. The evaluation of changes in the
degree of ongoing instability or the degree of accumulated clonal out-
growth in the tissue following chemopreventive intervention might provide
intermediate markers for response [33].

A similar CISH analysis of trisomy 7 was used in smokers and ex-uranium
miners, on bronchial epithelial cells obtained by bronchoscopy brushing of
normal-appearing airways in cancer-free patients [30]. Trisomy 7, which is
present in more than 50% of NSCLC, was found in some specimens of
cancer-free patients, with or without cytologic abnormalities. This suggests
that some cancer-free smokers and miners harbour premalignant lesions in
their bronchial tree, indicated by an increase in the number of cells having
an extra chromosome 7.
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Microsatellite alteration is another clue to assess genomic instability and
clonal outgrowth. Tandem repeat DNA sequences (known as micro-
satellites) represent a very common and highly polymorphic class of ge-
netic elements, which are susceptible to widespread instability, as demon-
strated by expansion or deletion of repeat elements in neoplastic tissues.
These microsatellite alterations are propagated with cell division and
clonal expansion. Thus, some microsatellite alterations typical of tumors
will enable us to detect clonal proliferations and serve as markers for cancer
screening. Sidransky has shown that a search for the most susceptible
microsatellite markers (tri- and tetranucleotides) can allow identification
of “clonal cells” in body fluids such as urine, sputum and saliva [34].

3.4. Evidence of Clonality

Evidence of clonality relies on studies of specific genes leading to cancer
progression. Specific genetic changes include LOH at sites where tumor
suppressor genes map: 3p (FHIT and others), 9p (9p21 for p16, CDK™K?),
17p (17p13 for p53 gene and others), 13q (13q14 for retinoblastoma gene
and others). LOH in tumors represents one “hit” which inactivates one allele
of the tumor suppressor genes. The second hit can be loss of the second
allele (homozygous deletion), mutation of the remaining allele, or hyper-
methylation. Concordant lesions indicate a complete inactivation of a
tumor suppressor gene. Eighty percent of tumor cells with LOH at these
specific sites have a mutation detectable in the remaining allele (at least for
13q14, 9p21, and 17p13). However, some discordance is observed in pre-
neoplastic lesions where LOH (17p, 9p) is more frequent than inactivation
of corresponding tumor suppressor gene alleles, suggesting that LOH could
precede the inactivation of the second allele in these lesions, or that LOH
targets another tumor suppressor gene at the same chromosomal location.
LOH at 3p loci occur at four distinct regions located ab 3p25,
3p21.3-21.2, and more proximal deletions at 3p12 and 3p14.2 regions.
The 3p14.2 light band contains the most active aphidicolin-induced fragile
site of the human genome, the FRA3B. The human FHIT gene spans this
fragile site [35]. FHIT (fragile histidine triad) is a member of the histidine
triad gene family and encodes a protein with 69 % similarity with the dia-
denosine tetraphosphate asymmetrical hydrolase, which cleaves the di-
adenosine tetraphosphate into ATP and AMP. Gabrielle Sozzi [36] reported
an analysis of 59 tumors and 11 cell lines of small cell and non-small cell
types for alterations of the FHIT gene, using nested RT-PCR and sequenc-
ing. Eighty percent of small cell lung tumors and cell lines and about 40 %
of non-small cell tumors and cell lines show abnormal RNA transcripts of
FHIT after nested PCR. Moreover, loss of one FHIT allele, evaluated by
microsatellite polymorphism analysis, was observed in 76% of primary
tumors of both small cell and non-small cell types. This finding suggests
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that inactivation of the FHIT gene could have occurred by loss of one allele
and altered expression of the remaining one, and plaids for a critical role of
FHIT in lung carcinogenesis. Thus, FRA3B deletion and FHIT gene
abnormalities could be used as molecular markers for early lung cancer
detection and identification of high risk patients. Whether FHIT is the
crucial gene or a “bystander” at FRA3B deletion has been proved conclu-
sively, by the absence of protein expression in neoplasia and preneo-
plasia (CIS).

Amplification of proto-oncogenes is a genetic lesion specific for cancer.
Known oncogenes susceptible to amplification in lung cancer are the myc
family of oncogene (c-, L-, N-myc), c-erb-b2-Neu (P185), Cyclin D1
(amplification at 11q13, not yet demonstrated in lung cancer). Other
candidate genes for amplification and deletion will be enlighted by compar-
ative genomic hybridization studies, which could identify new oncogenes
and tumor suppressor genes.

Another clue for clonality is ras gene mutations, which are present in
about 30 to 50% of lung adenocarcinoma (mainly in smokers) and some of
their relevant bronchioloalveolar preneoplasia. Ras gene is not mutant in
other types of tumor or squamous preneoplasia. Ras mutations have been
detected in sputum one year in advance of a diagnosis of lung cancer [34].

Specific genomic damage accumulation can finally be determined by
looking for DNA adducts (32p post-labelling-antibodies), or at sites for the
mutational activity of specific carcinogens like BP (benzo-a-pyrene)-in-
duced adduct at codon 157 of p53 gene [37]. Mitochondrial DNA changes,
surrogate gene mutations (5S rRNA), and occasional chromosomal non
disjunction are part of the specific genomic alterations due to exogenous
carcinogens.

3.5. Epigenetic Phenomena

Epigenetic phenomena include several means of tumor suppressor gene
“silencing”. Many tumor suppressor genes achieve inactivation without
obvious mutation or homozygous deletion. Hypermethylation occurs com-
monly to inactivate the potent p16 (CDK-Inhibitor of CDK4-CDK6-cyclin
D1 kinases, which allow Rb phosphorylation at the G1S boundary. Loss of
pl6 protein expression releases a constraint on Rb phosphorylation and
provides loss of control at the G1 checkpoint. Thus, p/6 inactivation in
tumors, especially lung and head and neck tumors, occurs through p/6 loss
of one allele (LOH at 9p21) accompanied by loss or mutation of the remain-
ing allele, or methylation of its 5 end. This methylation phenomenon
occurs in 25% of lung cancer in vivo. pl6 hypermethylation is typical of
cancer since it has never been shown in normal or non-neoplastic tissue.
Thus, its detection in preneoplasia or early cancer is a potential means of
early detection. Screening for p/6 inactivation would however necessarily
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include pl6 detection, by IH, to assess loss of p/6 expression, which
reflects any type of genetic alteration involved in pl6 inactivation.
Phosphorylation could inactivate tumor suppressor genes without silencing
them, but as a post translational regulation (p53-Rb). Rb gene protein
product is commonly inactivated in tumors through inappropriate
phosphorylation, as the result of pi6 inactivation or of overexpression of
cyclin D1. These epigenetic phenomena on Rb protein have not yet been
demonstrated in preneoplastic lesions.

Several questions remain to be solved, once all these potential markers
are listed and identified. The first involves the type of specimen on which
to test markers. Bronchial biopsies are ideal material, obtained with or
without fluorescence bronchoscopy. Directed bronchial bushing and
washing, sputum and bronchioloalveolar lavage samples can be used for
early detection. Further technological developments are required for new
assays to obtain meaningful clinical information easily from only a few
exfoliated bronchial cells in a sputum specimen. Whether these few cells
will be representative of the abnormal clonal population in the canceriza-
tion field is currently under evaluation in at least two clinical trials. Highly
sensitive methods allow detection of 1—10%-¢ mutant cells (e.g. ras muta-
tion), raising the possibility that any single mutant cell could be eventually
eliminated by sociobiological environmental controls. How to combine
information obtained with these highly sensitive methods with risk assess-
ment has to be evaluated when developing alternative methods such as
microarray technology on a few exfoliated cells. Normal DNA from blood
and plasma as well as fresh tissues could be used to compare normal DNA
with DNA from preneoplastic or neoplastic lesions. Serum and plasma also
transport clonal DNA which could be of use in the identification of a
preclinical tumor. However, clonal DNA in the circulation mostly occurs
late in tumor progression [15]. Finally, the presence of autoantibodies in the
sera of 50% of patients bearing mutant stabilized p53, questions the capa-
city of the use of this determination as a biomarker for a preinvasive state
[38]. It is obviously included among tests for early detection of occult
neoplasia.

4. Stratification and Chronology of Markers

Potential molecular markers for clonal expansion can be devided in two
types according to their specificity for cancer progression.

1) Generalized markers reflect genetic damage, instability, and molecular
alterations which may not exclusively be a pathway to cancer, and are
reversible. These are part of the genetic and molecular alterations
observed within the cancerization field.

2) Specific markers identify genetic abnormalities definitively on a irre-
versible pathway to cancer progression.
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This distinction is obviously provisional and depends on further prospec-
tive studies including patients with cancer progression and control patients
without history of cancer. The list of potential generalized biomarkers to
evaluate field cancerization includes early histopathological changes like
hyperplasia, metaplasia and low grade dysplasia, morphometric changes
and proliferation markers as well as differentially expressed proteins (enzy-
mes, proteases, retinoic acid receptors, apoptotic factors and telomerase
activity). The question of whether growth factors and growth factor
autocrine loops (EGF receptors (EGFR), c-erb-2R GRPR, IGFR, AMR)
belong to the first generalized or more specific markers needs further com-
parison between cohorts of patients with and without history of cancer. As
an example, EGFR is produced in metaplasia and dysplasia adjacent to CIS
at equal or higher levels than in invasive carcinoma, in parallel with the
increasing proliferation index. Moreover, EGFR upregulation is common
to all squamous metaplasia and dysplasia encountered in patients with or
without developing cancer, as experienced by the present author.

In contrast, oncogene activation (myc or cyclin D1 amplification, ras
mutation) and inactivation of both alleles of identified or putative tumor
suppressor genes, are examples of specific markers for tumor progression.
LOH at specific sites for tumor suppressor genes, identification of genetic
abnormalities of the remaining allele, or absence of protein product are
also ways to detect specific markers. The following guidelines to tumor
suppressor gene inactivation can be given: LOH could be searched for at
multiple 3p regions: 3p25, 3p21, 3p12 and 3pl4 associated with identi-
fication of FHIT mutation; pl6 inactivation could be detected by LOH at
9p21, immunohistochemistry for pl6 expression, study of pl6 mutation
and methylation; p53 inactivation can be studied by LOH at 17pl3,
immunohistochemistry to detect p53 stabilizing mutation, SSCP single
strand conformation polymorphism and sequencing; Rb inactivation could
rely on LOH at 13q14, immunohistochemistry to detect Rb loss of expres-
sion, or even Western blot demonstrating abnormal phosphorylation.

Establishing a defined sequence of expression for particular markers
may make possible the clinical application of particular biomarkers. Early
markers can be applied to identify the field cancerization. Late markers
could then be used for cancer progression and early detection of clinically
occult cancers. However, our knowledge of the chronology of these dif-
ferent genetic events is sparse; 3p and 9p LOH as well as general
aneuploidy and aneusomy can be considered as early markers for clonal
expansion; 3p and 9p deletions precedes p53 mutation. Mutation of p53
(and ras in preneoplastic lesions for adenocarcinoma), LOH at 5q and p16
loss of protein expression are currently regarded by some as rather late
genetic molecular abnormalities, more predictive of progression to inva-
sion. As a matter of fact, there is a high discrepancy between 9p21 and
13q14 rate of LOH in preneoplastic lesions as compared to corresponding
P16 and Rb loss of protein expression, which may indicate other tumor
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genes at these sites. An alternative strategy is to develop genetic assays that
reflect, on a random biopsy, the extent of an ongoing process of genetic
instability. If the genetic change is proceeding at a high rate on this random
biopsy (aneusomy ...), there would be an increased possibility that speci-
fic genetic changes (for tumor development) occur somewhere in the tissue
field [39]. .

A tempting hypothesis from the overall results, which has the attraction
of embracing apparently discordant theories of field cancerization, is that
loss of several chromosomes (3p, 9p), aneuploidy and aneusomy (tri-
somy 7) allow cell transformation, replacement and spreading of clonally
related cells, insuring horizontal stepwise progression. In contrast, p53
mutation, high telomerase activity and matrix degrading enzymes could
arise independently at each tumor focus, increasing the slope of progression
towards invasion and “verticalization” of the multistep process. Alterna-
tively, one or several transforming events including p53 mutation could
occur early in a progenitor cell before migration or later, explaining both
concordant or discordant p53 mutations at different sites in the same
patients. These hypotheses of the chronology of cancer development
should be evaluated in larger clinical trials.

Correlating histopathological changes with marker phenotypes is of
interest since this is the mainstay of current diagnosis for invasive carcinoma.
Evidence is mounting that extensive genetic damage precedes morphologi-
cal change and correlation of these could be a further challenge. So far, most
of the lung biology studies have concentrated on proximal airways. The
morphological changes involved in preneoplastic peripheral lesions for
adenocarcinoma are poorly understood and require more morphological and
molecular study. The definition of a preneoplastic lesion will soon include
both histology and genetic/molecular pathology, and we hope that this com-
bination will provide a better predictor for risk of progression.

5. Selection and Validation of New Lung Cancer Markers

The main objective is to identify a strategy for the selection and validation
of biomarkers of preclinical lung cancer that will allow stratification of
patients and the selection and implementation of rational management
approaches.

5.1. New Validation of Markers

For clinical application of a new marker, the validation steps include:

1) A clear definition of the particular clinical application (early diagnosis,
progression marker, metastatic marker, intermediate endpoint and
treatment response);
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2) The marker must be expressed by a large proportion of clinical speci-
mens which eventually develop lung cancer (retrospective study on
archived material);

3) The marker must allow stratification of individuals by clinical risk,
must be expressed at high enough levels to allow detection, must be
detectable in small samples by technologically feasible methods
(feasible in this context means the assay should have low cost and high
throughput capacity).

Prospective clinical trials are necessary to define the performance charac-
teristics of any new marker rigorously, which implies that a comprehensive
data base (demography, smoking history, environmental or occupational
exposure, clinical, epidemiological and genetic susceptibility) and other
potentially confounding variables (medical history, social status, family
history) should be included in the trial design.

Specimens to include when possible in this approaches for marker
validation are normal DNA, blood plasma, serum, fresh frozen and patho-
logically characterized affected tissues associated with adjacent or distant
normal tissue, formalin-fixed paraffin-embedded tissues (also including
pathological and adjacent or distant normal tissue) and sputum.

5.2. Strategy

Clinical application of early lung cancer detection markers does not dilute
the fundamentally important role played by smoking cessation in the mana-
gement of this disease. However, the number of lung cancer cases arising
from former smokers is now approaching the number of lung cancer cases
arising from current smokers. Early detection and effective chemopreven-
tion may be the most promising clinical approach to benefit former
smokers. If we can be optimistic about rapid improvement and early detec-
tion tools validated with high positive predictive value emerging from
already ongoing clinical trials, a separate concern is how those early detect-
ed cohorts are going to be managed clinically. This warrants enhanced
research efforts to develop chemoprevention alternatives to control lung
cancer confined to the bronchial tree. Only with a coordinated clinical
management strategy appropriate to the early stage of lung cancer will the
optimal benefit of effective early lung cancer detection be realized [40].
Further research to elucidate useful intermediate biomarkers to monitor
the success of chemoprevention measures should be encouraged. There is
currently no reliable evaluation of disease progression and response to use
which could establish the benefit or duration of clinical intervention.
Among other things, this calls for a more active and thorough programme
of sputum analysis and more early and systematical recognition of preneo-
plastic lung lesion using fluorescent endoscopy. This is an important new
application in which biologically defined markers can play a fundamental
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role. Currently existing markers should be used as tools to select popula-
tions of cells or tissue specimens that represent the disease and for the
identification of new and more specific biomarkers as well as targets for
intervention. The expression of an intermediate endpoint biomarker should
reflect disease progression and predict the response to various options for
clinical intervention.

It is highly unlikely that any smgle marker will have sufficient sensitivity,
specificity and predictive value to stratify all patients according to risk for
lung cancer progression. Algorhythms, based on panels of markers will
have to be developed and validated for use in patient management. New
technologies may allow for multiple marker determinations to be per-
formed (at acceptable cost) on routine clinical specimens.

Enhanced understanding of tumor biology and of the preneoplastic stage
should not replace or divert attention away from detection of clinical
malignancy. Some markers, expressed both by the archived sputum cells
(with the earliest morphological changes) and also by a subsequent tumor,
could enable recognition of all the invasive but occult malignancies. For
example, 703D4 immunodetection of hn-RNP could predict lung cancer in
68% (positive predictive value) within 1 to 2 years, a sensitivity greater
than cytological detection [24]. Continued followup of clinical populations
is necessary to define the ultimate performance characteristics of these
antibodies.

Patients with previous lung cancer
Symptomatic patients with
radiologically occult disease
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- epidemiological risk

/ \
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Sputum blood
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In order to move important new molecular markers into a clinical setting
that will help the health service, it is imperative that this research is carried
out in a clinical environment where the relevant specimens are generated.
The specimens also need to be subjected to a quality control procedure to
provide the most accurate information which in time will be useful for
health care. Early detection of lung cancer is a major challenge and in-
volves a wide spectrum of research technologies and this effort is a model
for early detection of epithelial cancers. This challenge requires a cross-
disciplinary approach, between fundamental research and the clinical
environment.

Planning should begin now, for trials to determine whether localization
(e.g. by fluorescent endoscopy, segmental washing and brushings, or PET
scanning) followed by local surgical, radiation or photodynamic therapy
has an advantage over chemoprevention with several promising new
agents. A proposal for how the early detection issues can be phased in with
the clinical management of patients, while moving towards early detection
in oncology, is summarized in Figure 1 (E. Edell, unpublished data).

It is now believed that molecular and genetic characteristics of cells
during the preclinical phase could provide us with an opportunity to
intervene in the transformation process, by gene therapy, immunotherapy,
pharmacological intervention in the methylation process and so on [41].
There is therefore a growing interest in integrating this knowledge with
practical applications, commonly referred to as translational research, in
order to benefit the ultimate users: the physicians and (most importantly)
the patients.
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1. Introduction

Lung cancer is the most frequent cause of cancer death in both men and
women in the USA [1] and tobacco smoking is accepted to be the number
one cause of this devastating disease [2, 3]. As with other epithelial tumors,
lung carcinoma is believed to arise after a series of progressive pathological
changes (preneoplastic lesions) in the bronchial epithelium, that develop
and progress over a period of several years [4]. While the sequential
preneoplastic changes have been defined for centrally arising squamous
carcinoma [4], they have been poorly documented for large cell carcino-
mas, adenocarcinomas and small cell carcinomas. For squamous cell
carcinomas, the morphological preneoplastic steps include hyperplasia,
metaplasia, dysplasia and carcinoma in situ (CIS) [4]. Peripherally arising
cancers (most adenocarcinomas and large cell carcinomas) also appear to
be accompanied by hyperplastic and dysplastic changes in peripheral
airway cells [5, 6]. Presumably, adenocarcinomas must go through a non-
invasive (CIS) stage prior to becoming invasive. Although currently available
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information obtained by extensive airway sampling is sketchy in regard to
premalignant changes, the information that is available suggests that lung
preneoplastic lesions are frequently extensive and multifocal throughout
the lung, indicating a field effect (“field cancerization”) by which much of
the respiratory epithelium has been mutagenized, presumably form ex-
posure to carcinogens [8, 9]. Thus, lung carcinoma may occur anywhere
in the vast and anatomically complicated respiratory tree including the
peripheral lung.

Advanced lung preneoplastic changes occur far more frequently in
smokers than lifetime nonsmokers and increase in frequency with amount
of smoking, adjusted for age [10, 11]. Although morphological recovery
occurs after smoking cessation [10, 12], elevated lung cancer risk persists
[13]. From the current smoking trends, it appears that former smokers will
account for a growing percentage of all lung cancer patients. While the risk
population has been defined to target the early detection and chemo-
prevention efforts (currént and former heavy smokers, and patients who
have been cured of cancer of the upper aerodigestive tract), the limitations
of conventional morphological methods in identifying premalignant cell
populations in the airways have led to a search for other biological pro-
perties of respiratory mucosa that may predict the future development of
carcinoma. These markers (also referred to as “intermediate markers”)
include immunophenotypic changes in airway epithelium as well as genetic
abnormalities in bronchial epithelial cells.

2. Lung Cancer Molecular Changes

Several allelotyping and comparative genomic hybridization (CGH)
studies have revealed that multiple genetic changes (estimated at be-
tween 10 and 20) are found in clinically evident lung cancer involving
known and putative recessive oncogenes and several dominant oncogenes
[14, 15]. Examples of abnormal dominant oncogenes in lung cancer are
the ras family members (K-ras, H-ras and N-ras), the myc family members
(c-myc, N-myc, and L-myc) and the Her-2/neu gene [14]. Ras mutation
occurs in approximately 20 % of non-small cell lung carcinomas (NSCLC),
mainly in adenocarcinomas. Ras mutations have however not been
detected in any small cell lung carcinoma (SCLC) [16—18]. Another ex-
ample of a dominant oncogene in lung cancer is overexpression of the myc
family of genes, which occurs in nearly all SCLC and in many NSCLC
[19-22].

The list of recessive oncogenes involved in lung cancer is likely to in-
clude as many 10 to 15 known and putatives genes [23]. These include
changes in p53 (17pl13), Rb(13q14), CDKN2 (9p21), 5q (MCC, APC
region) and new candidate recessive oncogenes in the short arms of chromo-
some 8 (8p) and 3 (3p) at 3p12—-14, 3p21 and 3p25 regions. Two key ex-
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amples in lung cancer are the p53 and the Rb genes. Mutations of p53 are
very common in lung cancer, occurring in over 90% of SCLC and approxi-
mately 50% of NSCLC [24]. Another well-documented genetic change
that occurs frequently in lung cancer is that of the Rb gene. In more than
80% of SCLC and 20% to 30% of NSCLC, the protein has been mutated,
so that it cannot fulfill its normal regulatory function [25—28].

Many recessive oncogenes remain to be identified, although in most
instances their chromosomal locations are known from cytogenetic and
molecular analysis. Loss of heterozygosity (LOH) analysis using poly-
morphic microsatellite markers is frequently used to identify allelic losses
at specific chromosomal regions. The most common of these changes in
both SCLC and NSCLC is loss of genetic material on chromosome 3p,
which involves at least three distinct regions at 3p12—14, 3p21 and 3p25
[23]. Presumably, these regions are sites of undiscovered recessive onco-
genes, inactivation of which is critical for the development of lung cancer.
At 3p21 several groups have found large homozygous deletions in lung
cancers, indicating the presence of one or more recessive oncogenes in this
area [29, 30]. Recent attention has focused on FHIT, a candidate tumor
suppressor gene at 3pl4.2 which spans FRA3B, the most fragile of the
common fragile sites [31]. Molecular abnormalities of the FHIT gene and
the FRA3B region are frequent in lung cancer [32]. Analyses of micro-
satellite markers within FHIT have shown that LOH is found in 70% of
both major types of lung cancer [33]. However, the frequent deletions
involving FHIT may only reflect the fragility of the fragile site in which this
gene is located.

Another relevant recessive oncogene area for lung cancer is the inter-
feron gene cluster in chromosome region 9p21-22 [34, 35]. A putative
tumor suppressor gene in 9p has been identified [36, 37]. The gene,
CDKN?2 (also known as MTS1 or pl6™%) encodes a previously identified
inhibitor (p16) of cyclin-dependent kinase 4. A second related cyclin/cdk
inhibitor, p15, was also found in chromosome 9p adjacent to the gene
coding for p16™%[38], and homozygous loss in lung cancer at chromosome
9p frequently encompasses both p15 and p16 [39, 40]. LOH at 9p21-22
locus has been reported to be 33% in NSCLC, with a much higher
frequency in squamous cell carcinomas (55 to 59 %) than adenocarcinomas
(21% to 36%) [41, 42].

3. Tumor Type Specific Molecular Changes are Found in Lung Cancers

Studies of large numbers of lung cancers have shown different patterns of
involvement between the two major groups of lung carcinomas (SCLC and
NSCLC), with mutations in Rb, p53, and 3p21 allele loss found in >90%
of SCLC but only uncommon mutations of CDKN2, whereas p53, 3p21,
and CDKNZ2 mutations/deletions occur frequently in NSCLC [23]. Our
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results of allelotyping lung tumor cell lines and microdissected invasive
primary tumors indicate that SCLC also demonstrated more frequent losses
at 5q (MCC/APC region) and 10q loci, while losses at 9p are more frequent
in NSCLC. Our unpublished data and those of others [42] have found
different patterns of LOH involving the two major types of NSCLC
(squamous carcinoma and adenocarcinoma), with higher incidence of
LOH at p53(17p), Rb (13q), 9p21 and 3p regions in squamous cell car-
cinomas.

4. Molecular Changes Found in Preneoplastic Lung Lesions

Although or knowledge of the molecular events in invasive lung cancer is
relatively extensive, until recently our knowledge about the sequence of
events in preneoplastic lesions was limited. A few studies have provided
suggestions that molecular lesions can be identified at early stages of the
pathogenesis of lung cancer [23, 43—45]. Mutant K-ras has been detected
in the sputum up to several months prior to diagnosis [46] and K-ras muta-
tion has been detected in bronchoalveolar lavage fluid in a high proportion
of patients with adenocarcinoma (56 %), but not in patients with squamous
cell carcinoma or with another diagnosis [47]. Although p53 mutations
have been demonstrated in nonmalignant epithelium of lung specimens
resected for lung cancer [43, 45, 48], little information is available on the
chronology of p53 mutation in preneoplastic epithelium. Whether or when
Rb genetic abnormalities occur prior to the occurrence of invasive tumor is
not known.

4.1 Sequential Molecular Changes in Lung Preneoplastic Changes

To understand the sequential molecular changes involved in lung cancer
pathogenesis, we have developed a scheme to search systematically for
mutations in preneoplastic lesions and normal epithelium using archival
paraffin-embedded materials. Microsection from lung cancer resections
and bronchoscopy biopsies containing preneoplastic lesions and normal
respiratory epithelium are examined for the presence of genetic changes.
Using a precise microdissection technique under direct microscopic ob-
servation a variable number of cells form these areas are precisely isolated
along with invasive primary tumor and stromal lymphocytes (as a source of
normal constitutional DNA). Using PCR-based techniques, these different
specimens are typed for ras and p53 mutations, for allele loss for 3p (at
different chromosomal regions such as 3pl12, 3p14.2 FHIT gene, 3pl4,
3p21 and 3p24-25), 5q, 9p21, 13q (Rb gene) and 17p (p53).

Our published [49—51] and unpublished data have demonstrated that in
lung cancer the developmental sequence is not random, with LOH at one
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or more 3p regions and 9p21, and to a lesser extent at 13q (Rb) and 17p
(p53), being detected quite frequently at the early stage of hyperplasia in
most of the major types of lung carcinoma (SCLC and NSCLC). By
contrast, LOH at 5q and K-ras mutations were only detected at the
carcinoma in situ (CIS) stage, and p53 mutations appear at variables
times. Our preliminary data also indicate that different patterns of
sequential mutations (either LOH and point mutations) are detected in the
pathogenesis of the different histological types of lung cancers. Overall,
more cumulative and earlier molecular changes (LOH and point
mutations) are found in centrally arising SCLC and squamous cell
carcinomas than in peripheral adenocarcinomas (our unpublished data).

We have detected some of these early allelic losses in normal-
appearing respiratory epithelium accompanying invasive carcinoma
in a subset of cases. It is believed that the developmental of epithelial
cancer requires multiple mutations [52], the stepwise accumulation
of which may represent a mutator phenotype [53, 54]. Thus, it is pos-
sible that those preneoplastic lesions that have accumulated multiple
mutations are at highest risk for progression to invasive carcinoma.
As some of these lowgrade preneoplastic lesions and normal-appearing
epithelia have demonstrated multiple genetic changes, we postulat-
ed that CIS and invasive tumors may arise directly either from normal
or abnormal epithelium, without passing through the entire histo-
logical sequence (parallel theory of cancer development) [55]. A
similar process may be involved in the pathogenesis of breast cancer
[56].

4.2 Similar Molecular Changes are Found in Invasive Lung Cancer
and Accompanying Preneoplastic Lesions

We and others have noted that the precise molecular changes (specific base
substitution or allele loss) found in primary cancer were also found in the
preneoplastic changes [45, 49, 51, 57] and normal appearing epithelium
(our unpublished data), even at a distance from the primary cancer. We have
referred to this phenomenon as allele specific loss. We have proposed two
possibilities for allele specific loss: a) a single cell or small clone of
cells develops loss or point mutation at a specific allele at one or more loci,
migrates widely throughout the respiratory epithelium of both lungs and
eventually gives rise to a tumor; or b) in individuals, one of any pair of
alleles has a greater tendency to be lost, perhaps as a result of some form
of genomic imprinting or the presence of fragile sites. Whatever its
mechanisms, allele specific loss is likely to be a phenomenon of major
biological significance. Our more recent observations confirm that allele
specific loss is a widespread phenomenon involving several tumor types
and involving genes on multiple chromosomes.
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4.3 Microsatellite Alterations

In addition to the specific genetic changes discusses above, other evidence
indicates that genomic instability occurs in lung cancer and its preneo-
plastic lesions.

This evidence includes our finding of widespread aneuploidy throughout
the respiratory epithelium of lung cancer patients [58]. Another molecular
change frequently present in a wide variety of cancer types is microsatellite
alterations (MAs), also known as genomic alterations. MAs represent
changes in the size of polymorphic microsatellite markers compared to the
normal germline in individual persons. They have been described in human
lung cancers at frequencies ranging from 0 to 45 % [59—62]. While lesions
in mismatch repair genes account for the more generalized microsatellite
instability seen for example in cancers in hereditary nonpolyposis coli
patient [63], the mechanism underlying the less frequent MAs in lung and
other cancers is currently unknown. However, it is believed that MAs reflect
a form of genomic instability [64]. Nevertheless, MAs are attractive candi-
dates for the early molecular detection of cancer [59, 65]. Our preliminary
results demonstrated the presence of MAs in a subset of lung carcinomas
(either SCLC and NSCLC), as well in their accompanying preneoplastic
lesions and normal appearing epithelium.

4.4 Smoking-Related Damage

Of great interest, we have recently identified multiple molecular changes
(LOH and MAs) in bronchial biopsies form current and former smokers.
These changes, present in about 50% of biopsies, are present both in
preneoplastic and normal appearing epithelium. The changes are similar in
those detected in preneoplastic lesions accompanying invasive lung cancers
[66, 67].

5. Conclusions

In summary, lung cancer cells appear to require many mutations in both
dominant and recessive oncogenes to become clinically evident. The
identification of the specific genes undergoing such mutations and the
sequence of cumulative changes that lead to the neoplastic changes is
still in progress. Our recent findings suggest that identifying biopsies
with extensive or certain patterns of mutations may provide new methods
for assessing the risk in smokes of developing invasive lung cancer
and for monitoring response to chemoprevention. However, many un-
answered questions regarding premalignant changes and early malignant
lesions in respiratory mucosa must be addressed before advances in
their clinical application to individuals at high risk can be achieved.
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1. Introduction

Lung cancer is the result of chronic exposure of a range of normal respira-
tory epithelial cells to carcinogens. This exposure produces a complicated
biology which is reflected by the numerous histologies of lung cancer [1].
Currently, the precise sequence of genetic events leading to an invasive
cancer is speculative, but the development of new techniques offers possi-
bilities of understanding this process. In addition, these techniques could
be instrumental in identifying early markers for the detection of lung
tumors before they metastasize [2].

We have applied in situ methods for the detection of particularly relevant
nucleic acids and their protein products in tissue sections, in an attempt to
characterize the involvement of these molecules in lung carcinogenesis.
Our approach involves in situ hybridization for mRNA when the expression
of the specific gene is abundant enough [3, 4] or in situ RT-PCR, which
involves amplification of the template nucleic acid, for the detection of
mRNA from low-expression genes [5—7]. The colocalization of the nucleic
acids with the protein for which they code in the same cells can be achieved
by a combination of the previous techniques with immunohistochemistry,
further strengthening the initial observations [4]. Another important appli-
cation of in situ gene amplification techniques could be the detection of
single point mutations in tissue sections, as we have recently reported [8].
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In the following pages we summarize the techniques used in our labora-
tory, paying special attention to in situ gene amplification.

2. In Situ Hybridization

In situ hybridization has become an important tool for the detection of
specific nucleic acid sequences (both DNA and RNA) in chromosome pre-
parations, cytospins and tissue sections. Since the first procedures were
published [9], continuous improvements have been made in the dif-
ferent steps that are essential for successful hybridization of the target
nucleic acid, which lies buried in the tissue section (for reviews, see
[10, 11].

Preparation of cells and tissue sections for in situ hybridization usually
involves fixation with a crosslinking fixative (10% formalin or 4% para-
formaldehyde) and attachment to a glass slide, followed by proteolytic
digestion to allow penetration of the probes. This requires a delicate balance
between preservation of cell morphology and the efficiency of the hybrid-
ization procedure. Usually a series of slides is required to establish the
optimal digestion.

Different probes can be used for in situ hybridization including double-
stranded DNA, single-stranded RNA and oligonucleotides. Each of them
has its advantages and disadvantages and the decision to use one or the
other depends on the abundance and nature of the target. Another factor to
consider is how to label the probe. Although the first protocols made use of
radioisotopes, the introduction of stable, nonradioactive labels has become
the method of choice, and since many hapten-labelling protocols are avail-
able [12], the possibilities for combination with other techniques are also
numerous. On top of that, the nonradioactive methods have the added
bonus of a better localization of the signal.

Special care has to be taken when attempting the detection of mRNA
since the ubiquitous, rather efficient and very stable RNases can easily
contaminate the tissue section and render our efforts unfruitful.

3. In Situ Gene Amplification

The possibility of performing DNA or mRNA amplification in tissue
sections has been proposed since the beginning of the polymerase chain
reaction (PCR) era. Unfortunately, the technique has proved to be more
elusive than a quick glance at various protocols [13, 14] suggests. Never-
theless, the reward to those able to master the technique is high: unlimited
sensitivity in the detection of specific nucleic acids expressed in subpopu-
lations of cells. A single “available’” molecule is enough to produce a detect-
able signal. This promise has persuaded a great number of investigators
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dealing with low levels of expression (growth factors, receptors, develop-
mental signals, etc.), with newly acquired DNA (viral infections, point
mutations, transpositions, deletions, etc.), or trying to follow vectors after
gene therapies, to pursue in situ PCR technology.

The advent of specific thermocyclers for tissue sections has solved
many of the technical problems and our laboratory has recently developed
a protocol for the direct detection of DNA and mRNA in archival material
using one such instrument [15]. In the past, one of the bigger problems
accompanying this technique was the lack of reproducible results, which
arose from: (1) difficulties in performing synchronized “hot Start”
applications; (2) limitations in the number of slides that can be processed
at the same time; (3) heterogeneous heating of the slides (they were
usually placed on top of a regular thermocycler block, with holes for
the tubes, and even if a small aluminium foil boat was used great varia-
tions in temperature between different areas of the section occurred). We
overcame the first obstacle using a monoclonal antibody that blocks
the Taq polymerase until the temperature reaches 70 °C and the denatur-
ed antibody liberates an active enzyme to the PCR solution [16], and
the other two difficulties were resolved by performing the reaction
in a specifically designed thermocycler (OmniSlide System, Hybaid, UK).

The conceptual protocol is simple: if we want do detect DNA, after
dewaxing and rehydrating the sections three steps must be performed: (1)
protein digestion to facilitate reagent penetration, (2) PCR reaction with
simultaneous labelling of the PCR products, and (3) visualization of
the labelled products by immunocytochemical methods. The detection of
mRNA incorporates a reverse transcription step, to generate cDNA, before
amplification.

Fixation is critical for obtaining positive results. It has been reported that
in samples treated with alcohol — or acetone — based fixatives the PCR pro-
ducts ended up in the supernatant. Conversely, crosslinking fixatives like
paraformaldehyde or formalin were able to retain the labelled products in the
tissue, possibly because of the lattice they created among the proteins [17].

In situ amplification combines all the advantages of histological and
PCR technologies but, unfortunately, it also suffers from the possible
artefacts of both of them. This is why attention to appropriate controls is
of paramount importance for successful interpretation of the results.

These are some of the controls we use: (1) positive control, which in-
cludes a section of a tissue or cell line known to have high expression
of the target nucleic acid as determined by other techniques (Northern
blotting, regular PCR, in situ hybridization); (2) negative control, where
substitution of the primers by water in the PCR mixture will reveal
nonspecific endogenous priming (necrosis, apoptosis, repair processes);
(3) negative control when looking for mRNA, by RNase pretreatment or
omission of the reverse transcriptase; (4) colocalization of the signals for
the mRNA (in situ RT-PCR) and its translated protein (immunocyto-
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chemistry); (5) extraction of the DNA from the tissue section after
amplification and analysis by electrophoresis and Southern blot; (6)
in situ hybridization with a labelled nested probe after amplification. This
last procedure is routinely used in the indirect method of in situ PCR.

3.1. Protocol

In situ amplification can be done on cytospin preparations, or on sections
from paraffin-embedded and frozen tissues. Here we present a protocol for
the detection of mRNA in paraffin sections, because of the importance of
archival material. For the detection of DNA step No. 4 is omitted.

1. Take the usual precautions for working with RNA, even when cutting the
sections: wear gloves, bake the glassware, use DEPC-treated water, etc.

2. Sections are deparaffinized by immersion in xylene (20 min) and
rehydrated in decreasing concentrations of ethanol in DEPC-treated
water. Always use new solutions for in situ RT-PCR: you can reuse them
for regular histological procedures.

3. Permeabilization of the tissue is achieved by incubation with protein-
ase K. We found that a concentration of 10 pg/ml proteinase K at 37 °C
for 15 min is appropriate for most archival material, but variations of
concentration or exposure time are recommended to optimize the
results.

4. Reverse transcription. The reverse transcriptase needs to be primed and
it is possible to use either specific primers designed to target the requir-
ed message or an oligo (dT) that binds to the polyA tail of the mRNAs.
For this step we use the SuperScript Preamplification System (Gibco
BRL, Gaithersburg, MD): a drop (60 pl) containing the primers is
placed on top of the section and covered with parafilm and the sections
are incubated for 10 min at 70 °C in the thermocycler. After removing the
coverslips, another solution containing the enzyme (100 U/section) is
added and covered with a new piece of parafilm. The slides are then
maintained at room temperature for 10 min, at 45 °C for 45 min, and at
70°C for 10 min.

Alternatively, a single reaction mixture for RT and PCR can be per-

formed when using the rTth DNA polymerase. In the presence of Mn

salts this enzyme has an efficient enough RT activity [18]. Whether it
acts as RT or DNA polymerase depends on the temperature profile as

established by the thermocycler [19].

5. PCR. All the parameters for the PCR reaction must be optimized by
regular PCR before attempting in situ amplification.

a) In a sterile microcentrifuge tube mix 0.5 pl of Taq polymerase
(Perkin-Elmer Cetus, Norwalk, CT) and 0.5 pl of TaqStart antibody
(Clontech, Palo Alto, CA) per slide and incubate for 5 min at room
temperature to block the enzyme.
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b) Add the rest of the components of the PCR mixture to obtain the
following composition: 2.5 mM MgCl, (has to be tested for each set
of primers), 200 pM dNTPs, 100 pM digoxigenin-11-dUTP (Boeh-
ringer Mannheim, Indianapolis, IN), 1 ng/pl primers, 50 mM KClI,
10 mM Tris-HCl.

¢) An 80 pl aliquot of solution is applied to each slide, the section is
covered by a glass coverslip which is sealed with rubber cement to
prevent evaporation and placed in the thermocycler. Recently,
efficient coverslipping systems, able to survive thermocycling, have
been developed.

d) The number of cycles and the annealing temperature have to be opti-
mized for each tissue and target nucleic acid. A standard run could be
like this: begin with 2 min at 72 °C; 15 cycles of 94 °C for 15 sec,
55°C for 15 sec, 72 °C for 60 sec; finish with 5 min at 72 °C.

e) Remove coverslips and wash the sections twice in 0.1xSSC at 45 °C,
20 min each.

6. Detection of digoxigenin-tagged DNA. We use the Digoxigenin Detec-
tion kit (Boehringer Mannheim): it involves a 2-hour incubation with an
antidigoxigenin antibody bound to alkaline phosphatase at a dilution of
1:500, thorough washes and incubation with the appropriate substrates
(nitroblue tetrazolium and a complex phosphate) to produce a dark blue
precipitate.

7. Check under the microscope until the proper color intensity is reached.
Stop the reaction before the background in the negative controls begins
to increase. Mount the slides in a water-soluble mounting medium
because the blue precipitate is soluble in organic solvents.

8. Compare the test slides with the controls.

3.2 Additional Comments

3.2.1. DNase or no DNase? In some protocols for in situ RT-PCR the
authors recommend a digestion with RNase-free DNase before the reverse
transcription step. This treatment is intended to remove nuclear and
mitochondrial DNA to avoid genomic amplification during PCR. We
repeatedly observed, using a variety of DNases, that this digestion step
resulted in nonspecific nuclear staining [15]. This problem seems to be due
to the behaviour of the DNase enzyme which cuts the DNA into oligo-
nucleotides but does not reduce it to mononucleotides. The remaining
oligonucleotides are used as primers by the DNA polymerase and non-
specific staining occurs. Therefore we strongly recommend the omission of
this step. A careful choice of the primers and a reduced number of cycles
(15 to 20) is useful to avoid nonspecific nuclear staining.

3.2.2. Designing primers: When choosing primers consider the following:
(a) A good size range for the PCR product is 100 to 500 bp. If the product
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is too small it could leak out of the fixative-induced lattice and be washed
away from the tissue. On the other hand products which are too long could
be hard to amplify in the tissue sections and, especially when looking at
archival material, the probability of finding nicks (that will prevent amplifi-
cation) in the nucleic acid template increases with size. (b) If the primers
bridge an intron it is easier to eliminate the possibility of genomic ampli-
fication. (c) Take the usual precautions with palindromic sequences and
hairpin formation.

3.2.3. Double labelling: It is possible to combine in situ amplification with
immunocytochemistry or in situ hybridization. In the first case, we suggest
performing the immunological detection first because the thermal cycles
could destroy most of the antigens present in the tissue. If trying to do
mRNA localization, remember to use RNase-free reagents during the whole
process by using DEPC-treated water in all the solutions and adding RNase
inhibitors to the antisera. .
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1. Introduction

Lung carcinomas are heterogeneous in composition. The malignant cells
are surrounded by a specialized connective tissue called stroma, consisting
of an extracellular matrix (ECM) and a cellular compartment made of
fibroblasts, inflammatory cells and endothelial cells. The ability of carci-
noma cells to induce a stroma is a phenotypic trait that is maintained at
metastatic sites. Stromal tissue is qualitatively distinct from the connective
tissue which develops in inflammatory conditions: for instance, stromal
inflammatory and mesenchymal cells have distinct phenotypic character-
istics, and specific spliced variants of ECM components, such as fibron-
ectin and tenascin, have been reported in carcinomas. Blood vessels are
another essential component of the stroma. A vascular supply is necessary
for tumor growth over 2 mm?. This is achieved by the complex multistep

* Autor for correspondence.
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process of angiogenesis (see chapter by Castronovo et al., this volume).
Moreover, the stroma, as opposed to normal connective tissue, is an un-
stable structure, remodelled throughout tumor development. This plasticity,
controlled in part by the neoplastic cells themselves, is the result of a
spatially and temporally changing imbalance between the agonist and
antagonist stromal mechanisms that control tumor progression.

It is now currently accepted that stroma acts for tumor cells as: (1) a
mechanical support, (2) a feeding support and pathway for metabolic
wasteproducts, (3) a participant in the control of differentiation, proli-
feration, adhesion, and migration via a complex network of extracellular
signals, and (4) ultimately promotes the tumor invasive phenotype and the
metastatic process, although a number of histochemical studies have
demonstrated the presence of infiltrating immune cells within carcinomas.
Understanding the complex relationships established between neoplastic
cells and cellular and non-cellular stroma components may lead, in the near
future, to the design of new anticancer treatments targeted against tumor
stroma constituents.

2. Extracellular Matrix Components of Lung Carcinomas

2.1. Carcinoma Cell-ECM Interactions are Mediated by Surface
Receptors: Integrins, Non-integrins and Cell Surface Proteoglycans

The most extensively studied of ECM receptors is the integrin family, a
group of transmembrane « and 8 subunit glycoprotein heterodimers [1, 2].
Integrins play an important role in both tumor cell-ECM and carcinoma
cell-stromal cell interactions, especially with endothelial cells and leuko-
cytes. Integrins and the mechanisms coupled to them undergo extensive
changes during malignant transformations and tumor progression. For
instance, in normal lung tissue a6 4 integrin was found at a low level, but
its expression increased significantly in epidermoid carcinomas and adeno-
carcinomas, mostly at carcinoma/stroma interfaces [3]. In small cell lung
carcinoma (SCLC) cell lines, 1 expression is predominantly associated
with the a3 subunit (and to a lesser extent, with aM and al [4]. This
a3 Pl integrin is involved in laminin adhesion of SCLC cells.

Among non-integrins, the laminin/elastin receptors and the collagen
receptors-cell surface proteoglycans (including CD44) play a central role.
The latter are less specified elements, but provide an important support for
cell-ECM interactions.

2.2 Extracellular Matrix Components

The ECM is composed of four major classes of component (collagens,
elastin, proteoglycans and hyaluronic acid, and glycoproteins), a wide range
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of molecules that constitute a very complex network. During the last decade,
the presence of homologous sequences repeated in different proteins of the
ECM has been extensively demonstrated. Motifs that share a common
structure are called modules, and the great diversity of ECM proteins can be
reduced to a relatively small number of distinct modules such as epidermal
growth factor (EGF), fibronectin (FN) type III and proteoglycan tandem
repeat. The modules from which a particular protein is built up can play
both a structural and a functional role. The resulting interactions account
for the integrity of the ECM, and a mutation affecting a single module can
induce a loss of function of the protein.

2.2.1. Collagen and elastin fibers: Each tumor builds a specific stroma,
using different quantities of ECM and cellular components. A wide range of
ECM stroma patterns has been described, each of them broadly related to a
histological type: for instance, while abundant in non-small cell lung cancer
(NSCLC) the stroma is sparse in neuroendocrine carcinomas, especially
SCLC, and in bronchioalveolar carcinomas. These distinct ECM patterns
are mainly supported by qualitative and quantitative differences in collagen
and elastic fiber content as shown in Table 1 [5, 6]. Concerning the nature
of the cells that constitute the ECM, experimental studies have clearly
demonstrated that, in accordance with their embryological origin, sarcoma
cells produce the ECM that surrounds them, but carcinoma cells subcontract
their ECM production to the surrounding fibroblasts [7]. Elastin, collagens
(particularly type I and IIT) and basement membrane type IV, the major con-
stituents of the ECM, may act as a barrier for tumor cell invasion, but can
also favor the migration of tumor cells. When carcinoma cells move through
the stroma, their cytoplasmic membrane interacts with both elastin and
collagen fibers. The interaction between carcinoma cells and elastin fibers
[8] is mediated, in sarcomas and in some carcinomas [9], by both insoluble
and soluble elastin binding receptors (IEBR, SEBR). IEBRs bind the tumor
cells to elastic fibers and allow surface elastase to release elastin peptides.
SEBR binding of the elastin peptides may stimulate cells to increase levels
of the membrane-bound protein phosphokinase C, which is thought to
correlate with an increase in migratory activity [10].

Table 1. Extracellular matrix profile in lung cancer (adapted from [5])

NSCLC SCLC BAC
Collagen type III et A+ +
Pro collagen III +++ - +/—
Collagen type VI - -+ _
Oxytalan fibers - ++ 4+
Elastic fibers + +++ 4+

NSCLC: non-small cell lung carcinoma; SCLC: small-cell lung carcinoma; BAC: bronchiolo-
alveolar cell carcinoma.



78 J.-M. Vignaud et al.

2.2.2. Proteoglycans: Proteoglycans (PGs) are macromolecules consisting
of a core protein covalently linked to one or more glycosaminoglycans
(GAG) side chains that are sulfated or non-sulfated repeating dissacharide
units. GAGs have a strongly negative charge that makes them able to bind
growth factors and proteins specific to them. For instance, hyaluronic acid,
a free GAG that lacks sulfate, is the ligand for CD44, a lymphocyte-homing
receptor [11]. Many PGs are constituents of the ECM (e.g. aggrecan,
decorin, fibromodulin and perlecan) [12]. PGs act as modulators of growth
factor activity [12]. Decorin, associated with type I collagen, binds
transforming growth factor-f (TGF-p) in an inactive form through its core
protein [13]. The binding of TGF-f to decorin is reversible; as a conse-
quence, decorin may form a reservoir of this growth factor. In colonic
carcinoma stroma, the amount of decorin is markedly increased and the
glycosylation pattern is modified and identical to that found in embryonic
tissues [14]. These changes correlate with an increase in decorin mRNA
and the hypomethylation of the decorin gene [15] in stromal cells. In the
same way, perlecan, a basement membrane PG, interacts with basic- and
acid-fibroblast growth factors (FGFs) [16] and granulocyte-macro-
phage-colony stimulating factor (GM-CSF) [17], regulating the corre-
sponding growth factor activities. Furthermore, perlecan, by promoting the
binding of bFGF to its receptor, is a potent inducer of angiogenesis [18],
and PGs, such as versican, have EGF-like domains [19]. It has also been
suggested that the accumulation of hyaluronic acid in tumors, providing a
well-hydrated matrix, may favor the growth and migration of carcinoma
cells [20] by creating a loose hydrated extracellular pathway which is
conducive to cell migration, in addition to a direct interaction via carcinoma
cell surface hyaluranan specific receptors [21]. Although data on the GAG
profile of different tumors are very variable, there is a consistent tendency
to produce more hyaluronic acid than sulfated GAG [22]. Lung carcinomas
and mesotheliomas are highly enriched in hyaluranan [23, 24], although in
lung adenocarcinoma, staining for hyaluranan is confined to the remnants
of the infiltrated connective tissue stroma [25]. Furthermore, it has been
suggested that tumor cells stimulate stromal mesenchymal cells to synthe-
size PGs rather than producing PG themselves. Thus an increased content
of PGs in stroma could (1) favor tumor cell migration in a highly hydrated
tissue, (2) promote tumor cell growth through reservoir-bound growth
factors and (3) participate in the process of angiogenesis.

2.2.3. Stromal glycoproteins: Fibronectin might be considered as the
prototype of stromal glycoproteins. FNs are glycoproteins present in the
ECM, which play a crucial role in cell adhesion, spreading and migra-
tion. A single pre-mRNA is transcribed from the FN gene, which under-
goes alternative splicing in three regions referred to as EDB, EDA and III
CS. The expression of FN isoforms can vary in an oncodevelopmental
manner, and in general, EDB*, EDA* and III CS*FN mRNAs are ex-
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pressed in foetal and tumor tissue rather than adult or normal tissue [26].
Carcinoma cells do not express FN, but stromal fibroblasts surrounding
the tumor are positive for FN. In well-differentiated laryngeal and cer-
vical carcinomas, the level of FN mRNAs is increased 7- to 13-fold in
stromal fibroblasts versus fibroblasts of healthy tissues [27]. This
decreases in corresponding poorly differentiated tumors. The induction
of FN mRNAs is associated with the release of growth factors by
carcinoma cells into the peritumoral stroma. It has been reported that
TGF-p, and its extracellular deposition, could stimulate the synthesis of
FN, especially the isoforms containing EDB*, EDA* and the III CS variant 2,
encoding FNs that initiate the fibrillogenesis of the ECM [28, 29]. Since FN
participates in the maintenance of normal cell phenotype, the FN produced
by fibroblasts and deposited around carcinoma cells may antagonize tumor
cell growth and invasion. However, tumor cells and stromal fibroblasts
release proteases leading to the degradation of FN (and other matrix
proteins), with the generation of FN fragments. These fragments exhibit
proteolytic activities for FNs and collagens [30, 31], and probably other ECM
proteins, and could favor tumor invasion. The imbalance between the
antagonistic function of fibroblasts producing FNs and tumor cells leading to
FN fragment release may contribute to the regulation of mechanisms that
control the dormancy or growth and invasion of carcinoma cells.

The functions of many glycoprotein molecules remain unclear. Tenascin,
a good example, is expressed at the embryonic stage, but no expression is
found in adult lung. In benign tumors and cancer, tenascin reappears in the
stroma [32], but there is no fixed level of expression: some lung carci-
nomas show an increased expression of tenascin mRNA, while others have
a low expression [33]. Tenascin shows various, and sometimes opposite,
effects: cell adhesion/anti-adhesion, promotion/inhibition of cell growth
according to assay conditions used. The multidomain structure of the
molecule, and the different isoforms regulated by alternative splicing,
allow us to speculate that cells can produce different types of tenascin,
depending on the tissue environment, which may explain the various
actions of this molecule in cancer development. Indeed, only the high
molecular weight variant, containing a type II fibronectin repeat, supports
mitogenic activity [33] and the ability to downregulate focal adhesion [34].
This isoform has been suggested as a marker of stromal proliferation
and tumor invasion [35]. Furthermore, in some adenocarcinomas, large
cell carcinomas and many squamous cell carcinomas, a significant in-
crease of the tenascin/ fibronectin mRNA ratio has been shown [36, 37].
The value of such a high ratio, in prognostic terms, has not yet been in-
vestigated.

In summary, the ECM, as a result of the cooperation between host stromal
mesenchymal cells and tumor cells, strongly influences the histological
characteristics and behavior of lung carcinoma cells (cell adhesion, migra-
tion and differentiation). If tumor cells can modify their extracellular
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environment, the ECM in turn may also control tumor cell behavior by
modulating the activity of growth factors/cytokines.

3. Stromal Cell Populations

3.1. Fibroblasts

Tumor associated fibroblasts (TAF) are an important subpopulation of
stromal cells in NSCLC, synthesizing collagen and elastic fibers and other
ECM components. TAF are phenotypically distinct from their counterparts
in healthy tissues. They display characteristics similar to those of foetal
cells: in particular they have an extended in vitro lifespan [38, 39], and
express foetal-specific cell surface antigens [40]. They also synthesize
tumor-specific isoforms of ECM components such as EDB fibronectin.
Furthermore, they can produce proteases (particularly stromelysin-3,
gelatinase-A and -B) and growth factors such as interleukin (IL)-6, and so
participate in ECM remodelling, angiogenesis and tumor progression [41,
42]. However, these fetal-like TAFs are not tumor-specific. They are ob-
served in noncancerous tissues in diverse pathological conditions such
as wound healing. They also represent a phenotypically heterogeneous
population, with respect to their distribution inside the tumor [43]. The
factors that allow the persistence of foetal cell phenotypic characteristics
by TAFs have yet to be specified, but probably involve the complex inter-
actions of cytokines and matrix molecules. For instance, in NSCLC tumor
associated macrophages (TAM), and to a lesser extent tumor cells, strongly
express platelet-derived growth factor (PDGF) A and B proteins and TAF
constantly express PDGF receptor a and f subunits. There is also a super-
position of the sites where PDGF-producing TAM are present in high
concentration and the sites where TAF are replicating, which strongly
suggests the role of PDGF in TAF growth [44]. Other growth factors such
as TGF-B[45] increase collagen and fibronectin synthesis and secretion in
several fibroblast cell lines [46, 47]. Thus TAF, by interacting with inflam-
matory cells and carcinoma cells, favor carcinoma cell progression through
the ECM, angiogenesis and ultimately the metastatic process.

3.2. Tumor Stroma Inflammatory Cells

Lymphocytes and macrophages are the main inflammatory cells infiltrat-
ing lung carcinomas, but we should not underestimate the role of other cell
populations such as Langerhans cells, polymorphonuclear leukocytes and
mastocytes.

3.2.1. Tumor-infiltrating lymphocytes (TIL): TIL, in lung carcinomas, are
a heterogeneous population consisting of mainly CD3* T lymphocytes, a
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minority of B lymphocytes, and a few natural killer (NK) cells. These
represent, in NSCLC (independently of histological type), an average of
80%, 20% and 1% respectively of TIL population (personal data). TIL are
mainly CD8*, with a low (5% to 20%) CD4/CDS ratio [48]. When com-
pared to peripheral blood lymphocytes (PBL), TIL show an increased
expression of several activation markers (CD45 Ro, HLA-DR, CD25,
CD69), indicating that they have been activated, possibly by encountering
specific tumor antigens. CD8* TIL may kill carcinoma cells that express
peptides derived from mutant cellular proteins and presented in association
with class I MHC (major histocompatibility complex) molecules. The lytic
capacity of CD56* NK cells is MHC-unrestricted. NK cells can be targeted
to antibody-coated cells because they express low affinity Fc receptors
(CD16) for IgG molecules. Their lytic capacity can be increased by inter-
feron-y (IFN-y), tumor necrosis factor-a (TNF-a), IL-2 and IL-12.
Therefore, their cytotoxic potential may depend on the simultaneous
activation of CD4* TIL, tumor cells and TAM producing these cytokines.
Although CD4* T-cells are not generally cytotoxic for tumor cells, they

are necessary for a successful antitumor immune response mediated
via the cytokines secreted by the Th1 subset (IL-2, IFN-y, TNF-f) and the
Th2 subset (IL-4, IL-5, IL-10, IL-13) [49], that regulate the induction of
immune cells. TNF-a and IFN-y can increase tumor cell class I MHC
expression and sensitivity to lysis by CD8* TIL. A minority of tumors
that express class II MHC molecules may directly activate tumor-specific
CD4* T cells.

However: (1) class I MHC molecule expression in vivo is strongly down-
regulated on epidermoid and lung adenocarcinoma cells (personal data), as
well as in SCLC [50], so that efficient complexes of processed tumor
antigen peptides and MHC molecules required for CD8" Tcell recognition
cannot be formed; (2) using RT-PCR a decreased expression of mRNA has
been shown for IL-2, IL-4, IL-6, GM-CSF and IFN-y in TIL freshly iso-
lated form lung cancer [51] versus PBL; (3) using iododeoxuridine (IdU)
technique to follow TIL kinetics in vivo [44], we observed a low rate of
replication of these cells (2%). These three observations suggest that TIL
are relatively functionally deficient in their capacity to mediate a strong
antitumor cytotoxicity, to release cytokines, and to proliferate. However, the
extension of the T helper 1 and 2 paradigm of functional CD4 subsets into
the CDS8 lineage suggests that complex subsets of functionally distinct
CD8" T cells may be present within tumors. One or several of them, al-
though few in number, could display significant cytotoxic capacity using
the perforin-dependent induction of membrane lysis, and/or the Fas-in-
duced DNA fragmentation and apoptosis [52]. Furthermore, through the
complex network of cytokines they produce, CD4* T cells can interfere with
the mechanisms regulating ECM production, and the functions of tumor
cells and other inflammatory cells. In contrast, carcinoma cell products
such as TGF-f may decrease the antitumor immune response [45]. It has
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also been shown that NSCLC carcinoma cells express a type 2 lymphocyte-
like cytokine pattern [53] that can facilitate the immune response. Thus,
although the interactions between TIL and cancer cells are not fully under-
stood, clinical observations and experimental studies may lead to clinical
trials of adoptive immunotherapy.

3.2.2. Tumor-associated macrophages (TAM): TAM are a major com-
ponent of the stroma in NSCLC, with many sometimes contradictory func-
tions [54]. These pleiotropic cells have the capacity (1) to affect production
and remodelling of the ECM, (2) to exert a cytotoxic influence but also pro-
mote carcinoma cell growth and (3) to favor the process of angiogenesis.
Currently some evidence suggests that the protumor functions of TAM
prevail over their cytotoxic functions.

Macrophage infiltration of tumors is mainly relevant to a superfamily of
cytokines called chemokines, which are produced by tumor cells, but also
by mesenchymal cells, endothelial cells and mononuclear phagocytes. A
kinetic study showed that TAM replicate weakly in NSCLC (1 £0.5%) [44]
but are mainly recruited at a tumor site [55]. Monocyte chemotactic protein
1 (MCP-1), a chemoattractant active on monocytes (but inactive on lym-
phocytes and neutrophils) is the major chemokine, a family which includes
other members such as MCP-2, -3, MIP-1q, -1 and gro-a. It has been
shown that local inoculation of MCP-1 determines monocyte infiltration in
rats [56], and MCP-1 gene transfer into murine melanoma cells results in
an increased infiltration by blood monocytes in nude mice [57]. Factors
other than chemokines, such as M-CSF and GM-CSEF, are also involved in
TAM recruitment, as demonstrated by gene transfer experiments in mice
[58]. TIL produce GM-CSF [59] and participate in monocyte recruitment.
Anti-inflammatory cytokines such as TGF-B and IL-10 may counter-
balance the action of these chemokines.

The activation of macrophages is a prerequisite for cellular cytotoxicity.
Many factors produced by carcinoma cells and stromal cells, especially by
inflammatory cells, are potent activators of TAM (e.g. IFN-y, TNF-a, -f,
and GM-CSF) [60]. Appropriately activated macrophages can kill cancer
cells via different mediators, including cytokines (IL-12, TNF-a, IL-6)
and reactive intermediates of oxygen or nitrogen. The cytolytic process is
dependent upon cell-cell contact, mediated by specific cell-surface re-
ceptors present on macrophages. Adhesion molecules, particularly of the
B-integrin family, are clearly involved in several forms of TAM-tumor cell
interaction, antibody-independent as well as dependent forms. 64 % of
TAM from NSCLC express low affinity Fc receptor III (CD16) [61], which
makes them potent effectors for killing antibody-sensitized carcinoma
cells. However, this cytolytic potential may be modulated by the fact that
TAM, in lung cancer, are relatively poor producers of IL-1 and TNF-a [51].
Furthermore, carcinoma cells produce IL-10 [62] which demonstrates
various immunosuppressive bioactivities, including alteration of monocyte
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cytotoxicity, downregulation of class II MHC molecule expression and
inhibition of proinflammatory cytokine production [63].

TAM interactions with carcinoma cell growth and ECM production take
place through growth factor synthesis, and interact within the intratumoral
cytokine network. Mononuclear phagocytes are capable of producing high
amounts of growth factors (such as EGF, GM-CSF, IL-1, IL-6, IL-12,
PDGE TGF-a, TNF-a, VEGF), and can respond to effectors (such as
GM-CSE, IFN-y, IL-3, IL-4, IL-7, IL-10, MCP-1, PDGF, TGF-8, TNF-a
and VEGF). It is therefore not surprising that these cells, in association
with cytokines produced by other stromal cells and by carcinoma cells
themselves [64], can promote ir vitro growth of tumor cells, favor ECM
production and participate in angiogenesis. However, in this tightly meshed
network, the key cytokines to control stroma development are not known.
But it can be hypothesized that growth factors directly involved in ECM
production and angiogenesis play a central role. PDGF and TGF-f are thus
serious candidates for the control of ECM regulation, since NSCLC cell
lines expressing these genes induce a significant tumor stroma when in-
jected into nude mice [65].

A potent chemotactic and growth factor for mesenchymal cells and
endothelial cells is PDGE. It is composed of two chains, A and B, the B
chain being coded for by the c-sis proto-oncogene. PDGF interacts on
target cells with a receptor composed of two subunits, a and B. Besides
being involved, in a paracrine fashion, in different human fibrotic disorders
(especially lung fibrosis) [66, 67], PDGF has been suggested to participate,
in an autocrine and paracrine fashion, in both the production of ECM and
the replication of endothelial cells and cancer cells in NSCLC [44]. In this
process, TAM may play a central role. In 92% of lung cancers, TAM
express PDGF A and B chain genes and produce PDGF proteins. These
PDGF-producing TAM are found mainly in the peripheral part of the
tumor, in close connection with the surrounding normal lung tissue. In this
area 10%—25% of PDGF-positive TAM are observed. TAM also express
both PDGF receptor a and S subunits. Furthermore, stromal mesenchymal
cells, as well as endothelial cells, strongly express PDGF receptors. In
addition, 30% of NSCLC express PDGF genes and proteins at carcinoma
cell level, with frequent co-expression of receptors. We propose a sequence
of events contributing to stroma formation [44]: (1) recruitment of TAM
from blood monocytes by the release of chemotactic factors such as
MCP-1 by tumor cells, and then (2) recruitment and local proliferation of
mesenchymal and endothelial cells due to the release of PDGF by TAM and
to a lesser extent by tumor cells. This concept is further supported by the
fact that the higher levels of PDGF-producing TAM and of replicating
endothelial and mesenchymal cells are observed in the same area.

TGF-p proteins belong to a superfamily of structurally related regulatory
proteins. TGF-p1, the most abundant isoform, is a multifunctional cyto-
kine, acting in both autocrine and paracrine ways, producing a wide range
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of frequently opposing effects on different cells and human tissues. TGF-
B1, both a stimulator and inhibitor of cell replication, may control the pro-
duction of many components of the ECM, and modulate cell differentia-
tion, angiogenesis and cellular migration [68, 69]. In most cells, TGF-f1 is
secreted as a latent complex (LTGF-p1). TGF-pf1 is activated when cleaved
from the LTGF-p1 complex by acidification or proteolysis [70], catalyzed
by different proteolytic enzymes, such as plasmin and cathepsin D. The
active form of TGF-f1 binds to TGF-f receptors (I, II and III) present on
virtually all cells. In NSCLC, the major sources of TGF-f1 are tumor cells,
ECM components and TAM. It has been demonstrated that the rapid release
of TGF-P1 induced by treatment with plasmin was due to TGF-p1 release
from ECM [71].

TGF-p1 stimulates the expression of a wide range of ECM proteins,
including FN, laminin, elastin, thrombospondin and various collagens [72].
TGF-f1 modulates the expression of these proteins at transcriptional or
post-transcriptional levels. ECM synthesis and deposition, in turn, regulate
TGF-p1 expression, leading to a negative feedback mechanism [73]. It has
been shown that the appearance of central fibrosis in lung adenocarcinoma
is significantly related to positive staining for TGF-f1, which suggests that
TGF-p1 plays some role in central fibrosis formation [74]. In addition to
the induction of ECM proteins, TGF-f1 also increases the amount of ECM
by inhibiting ECM degradation (inhibition of preteolysis), especially by
inducing the release of protease inhibitors [75]. Furthermore, TGF-f1
stimulates the adhesiveness of both normal and malignant cells, in part by
modulating the integrin-mediated adhesion.

Most knowledge of TGF-f and cell proliferation in lung cancer comes
from investigations carried out in cell cultures. These have clearly demon-
strated the growth inhibitory effect of TGF-p for cells of ectodermal origin,
and conversely, its ability to stimulate the growth of most cells of
mesodermal origin such as fibroblast cell lines. Little is known about the
intracellular signaling cascade which mediates the growth inhibitory effect
of TGF-p, but its growth stimulatory action is thought to be due to the
induction of PDGF synthesis [76]. Thus PDGE, in addition to an ability to
induce carcinoma cell proliferation, may counterbalance the inhibitory
effect of TGF-p1 on carcinoma cells. This hypothesis correlates with the
observation that in NSCLC, TGF-B1 and PDGF A and B chains are
strongly expressed, both by tumor cells and TAM. In addition to the strong
expression of PDGF by TAM (and to a lesser extent by tumor cells them-
selves), two immunohistochemical studies of tissue sections have shown
that half of lung adenocarcinomas strongly express TGF-p1 [77, 78].
Similarly, a variety of TGF-f1 effects has been shown in NSCLC cell lines,
including growth inhibition [79], increased in vitro invasion, and cell
attachment [80].

TGF-p stimulates angiogenesis [81], although TGF-f1 exerts a prono-
unced anti-proliferative effect on endothelial cells in vitro by increasing
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production of thrombospondin, an ECM associated anti-angiogenic protein
[82]. In vivo studies have revealed that the angiogenic effect of TGF-f is
operative in tumorigenesis and metastasis. TGF-p1-transfected rodent cells
inoculated into nude mice were found to induce a marked angiogenesis,
which was completely abolished by TGF-f1 neutralizing antibodies [83].
TAM may be important for intratumoral fibrin formation and the fibrino-
lytic process. Extensive studies have provided evidence that intratumoral
fibrin plays an important role in tumor growth, invasion and metastasis
formation [84]. It may have a barrier function, interfere with antitumoral
immunity, and favor angiogenesis. ECM macromolecules are embedded in
fibrin deposits, in most if not all lung cancers, although the extent of fibrin
deposition varies from one tumor to another. TAM, from NSCLC, show
increased amounts of procoagulant activity [85], as do intra-alveolar
macrophages collected from areas close to the tumor [86]. Fibrinogen
extravased from leaky blood vessels is quickly clotted. The clotting cascade
is activated, either by tumor cells themselves producing coagulation activa-
tors, and/or by TAM, triggered by carcinoma cells to express procoagulant
activity. TAM can provide all the clotting factors (factors II, V, VII and X)
necessary for in situ thrombin generation [87] and the stabilization of the
fibrin network (factor XIII) [88]. TAM can also produce two main com-
ponents of the fibrinolytic mechanism: the urokinase-plasminogen acti-
vator (u-PA) [89] and the plasminogen inhibitor type 2 [90]. They also
express surface receptors for u-PA and plasminogen. Upon binding to its
receptor, u-PA is converted into an active form that catalyses plasmin
formation from plasminogen on the cell surface. Plasmin is a serine
protease with a broad substrate specificity, able to degrade the majority of
ECM components. Part of its activity is due to the induction of a proteolytic
cascade that activates other proteases, such as metalloproteases (MMPs)
and latent growth factors as FGFs, TGF- and insulin-like growth factor-1.

4. Extracellular Matrix Remodelling

The stroma is a continuously expanding and remodelling structure,
characterized by both active degradation and synthesis of ECM com-
ponents. These tightly regulated processes are the consequence of complex
relationships. Degradation of basement membranes containing type IV
collagen and other ECM components is required as cancer cells locally
invade, enter vessels, and exit vasculature into metastatic sites. Matrix
degradation is controlled by proteases grouped into four main classes:
serine-proteases (such as plasmin, elastase), cysteine-proteases (e.g. cathep-
sin B and L), aspartyl proteases (cathepsin D) and MMPs. MMPs are a
family of zinc atom-dependent endopeptidases (14 have so far been de-
scribed) with specific and selective activities against many classical com-
ponents of the ECM including growth factor/cytokine domains [91, 92].
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They are secreted as proenzymes, extracellularly activated and classified
into three subgroups: gelatinases, stromelysins, and interstitial and neutro-
phil collagenases. The functions of MMPs in the ECM can be regulated at
many stages from gene activation to proenzyme activation and inactivation
by inhibitors. Gelatinase-A excepted production of MMPs is induced by
IL-1B, TNF-a, PDGF, TGF-a, EGF and b-FGF. However, most of these
reagents stimulate only one or two MMPs, and many are repressed by
TGF-B[91]. Most MMPs may be activated by the plasmin cascade. All the
MMPs are inhibited by a group of inhibitors known as tissue inhibitors of
metalloproteases (TIMPs). MMPs, except stromelysin-3, are secreted in
inactive forms, and bound to their natural inhibitors (TIMPs). Several
TIMPs have been identified: TIMP-1, that preferentially forms complexes
with interstitial collagenase, stromelysin-1 and gelatinase-B; TIMP-2, that
presents a high affinity for progelatinase-A; and TIMP-3, with a preferential
binding to ECM components. The activation of MMP-2 takes place after
binding of the proenzyme, or its complex with TIMP-2, to the cytoplasmic
membrane of tumor cells. Activation is due to a tumor cell membrane type-
matrix metalloproteinase (MT-MMP). A strong correlation between the
existence of the activated form of MMP-2 and the expression of MT-MMP
is observed in lung carcinomas [93]. The imbalance of MMP/TIMP ratios
and other local determinants in the tumor determines net MMP activity. In
NSCLC [42], stromelysin-3 transcripts and protein are constantly expressed
in stromal mesenchymal cells, but not in carcinoma cells. Gelatinase-A
(MMP-2) and -B (MMP-9) mRNAs are present in both tumor and stromal
cells, but proteins are mainly observed in tumor cells. One study has loca-
lized MMP-2 mRNAs exclusively to stromal cells [94]. Discrepancies be-
tween the cellular localization of transcripts and protein could be due either
to the transfer of the enzyme from fibroblasts to the tumor cell surface, or to
the methodological procedure used for immunohistochemistry. TIMP-1 and
-2 mRNAs are mainly localized to the stroma. The observation of a strong
expression of MMP-2, MMP-9 and stromelysin-3 in fibroblasts (rather than
in tumor cells themselves), suggests that peritumoral fibroblasts are induced
to produce MMPs by factors derived from tumor cells, such as the tumor cell-
derived collagenase-stimulating factor that can increase the expression of
MMP-1, -2, -3 in breast cancer [95]. Numerous studies correlate low TIMP
expression with enhanced invasive and metastatic properties [96, 97]. There-
fore, TIMP-1 and -2 may function as natural suppressors of cellular invasion.
There is also evidence for the role of MMPs and TIMPs in angiogenesis [98,
99]. Early stages of endothelial tube formation are dependent on a critical
balance of active gelatinase-A versus TIMP-2. It has also been shown that
TIMP-2 can block b-FGF-stimulated endothelial cell growth [100].

In summary, it appears that peritumoral fibroblasts are the major source of
MMPs. MMPs, in association with other proteinases produced by inflamma-
tory cells (especially macrophages) and tumor cells themselves, (1) contrib-
ute to the control of ECM turnover, (2) allow the progression of carcinoma
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cells through the ECM, (3) favor angiogenesis and (4) finally the metastatic
process. However, it is currently accepted that an adequate level of MMP-
inhibitors in situ counterbalances these effects, at least temporarily.

5. Submucosal Modifications in Preneoplastic Lesions
of the Bronchial Tree '

The literature provides extensive studies concerning the premalignant
lesions of the bronchi. Most focus on the events occurring in the epithelial
compartment [101—-103], but a few investigate submucosal modifications
occurring beneath the precancerous lesions. In situ carcinoma (CIS) and
severe dysplasia obviously show submucosal modifications, consisting of
an increased number of vessels and strong infiltration by inflammatory
cells, that may account for a stroma. However, in the earlier steps of the
preneoplastic process, from basal cell hyperplasia to mild dysplasia, pre-
sence of stroma components is less obvious. There is no specific accumu-
lation of inflammatory cells underneath the epithelial lesions, and when
present, these cells are generally part of a nonspecific bronchitis observed
in smokers.

One study of ECM modification in preneoplastic lesions [104] noticed a
progressive decrease of basement membrane thickness from mild dysplasia
(5.3 pm) to CIS (1 pm), an accumulation of type I and III collagens and in
the more advanced lesions an increased number of capillary vessels stained
for laminin. In a recent paper on the frequency of matrix protease mRNA
expression in epithelial cells and submucosa cells [105], the authors
concluded that (1) matrilysin and stromelysin-3 are expressed, in the
epithelial compartment, very early in the carcinogenesis process and (2)
stromelysin-1, -3, matrilysin, and collagenase-1 in stromal cells from the
stage of dysplasia. This clearly demonstrates that myofibroblasts of the
submucosa present a tumor-like phenotype, at least in the dysplasia stage.

Neovascularization was also recently investigated in preneoplastic
lesions by evaluation of microvessel density [106]. For this purpose, micro-
vessels were counted in selected areas of highest neovascularization under-
neath the basement membrane in the tunica propria. This microvessel count
showed, in parallel with a more severe dysplasia, an increasing neovascu-
larization close to the basement membrane: 33 vessels/0.6 mm? were found
associated with squamous cell metaplasia, 50 vessels with squamous cell
metaplasia with different degrees of dysplasia, and 61 vessels with CIS.
These results are in agreement with our data: we investigated preneoplastic
lesions for endothelial cell density and IdU labelling index of endothelial
cells present underneath the basement membrane of preneoplastic lesions.
These parameters were counted all along the epithelial lesion in a 1 mm
thick band of submucosa, compared to the same surface in the surrounding
normal looking mucosa. Samples with inflammatory cell infiltration were
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rejected, to eliminate angiogenesis due to a nonspecific inflammatory
process. This study showed a progressive increase in the density of endo-
thelial cells from the slight dysplasia stage, and an 1dU labelling index of
endothelial cells gradually increasing from the squamous metaplasia, to the
more advance dysplastic lesions (7-fold increase of IdU labelling index asso-
ciated with severe dysplasia versus normal mucosa). The angiogenic factors
controlling the neovascularization process have yet to be investigated.

Thus, in the preneoplastic lesions that develop in the bronchial tree, the
basis of stromal construction is already present, consisting of phenotypic
modifications of fibroblasts, production of matrix proteases, and angio-
genesis, followed in the more advanced stages by the recruitment of inflam-
matory cells.
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1. Summary

There is now abundant experimental and clinical evidence that angio-
genesis is an essential phenomenon for tumor growth and dissemination.
Major progress has been achieved this last decade in both the under-
standing of the molecular bases for the change to an angiogenic phenotype,
and the development of natural and synthetic angiogenesis inhibitors.
Some of these have already reached clinical trials and are likely to improve
cancer treatment profoundly in the very near future. Evaluation of the
angiogenic phenotype of a patient’s individual tumor by microvessel density
count, or by serum angiogenic factor titration, appears to be of great in-
dependent prognostic value. In this chapter, we present an overview of
some of the more interesting new developments in prognostic evaluation
and cancer treatment following recent tumor angiogenesis research.

2. Introduction

Formation of new blood vessels is essential for embryogenesis, growth,
reproduction and wound repair. During embryogenesis two processes,
vasculogenesis and angiogenesis, generate blood vessels. During vasculo-
genesis, blood vessels derive directly from endothelial cell progenitors

* Author for correspondence.
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while angiogenesis capillaries derive from pre-existing blood vessels [1].
In adult new blood vessels are formed only through angiogenesis. Under
physiological conditions, angiogenesis is highly spatiotemporally regulat-
ed and is mainly activated during ovulation, menstruation, implantation
and pregnancy. Angiogenesis is also activated during wound healing [2].

Persistent angiogenesis is involved in several diseases. Among them are
some of the most frequent ocular diseases: diabetic retinopathy, retrolental
fibroplasia, trachoma, glaucoma and corneal graft neovascularizations.
Persistent vascularization is one of the most common causes of blindness
worldwide [3]. Abnormal vascularization is also present in joint diseases
such as rheumatoid arthritis, where newly proliferating capillaries penetrate
the cartilage of a joint, eventually leading to its destruction [4]. Psoriasis, a
skin disease, appears to depend on abnormal capillary proliferation in the
dermis [5]. A malignant tumor is dependent upon angiogenesis for its growth
and dissemination. Cancer cells continuously stimulate the formation of
new capillaries which, in turn, support tumor growth and provide a gateway
for tumor cells to enter the circulation and metastasize to distant sites [6,
7]. There is now a body of experimental and clinical evidence to support the
hypothesis that angiogenesis is a key event in the complex process leading
to tumor progression. It is considered that any cancer cell more than 200 pm
distant from a blood vessel is a dead cell. Modulation of angiogenesis could
therefore represent a potential therapeutic approach in the treatment of
diseases implicating abnormal vascularization. In particular, angiogenesis is
an interesting target for the development of new anticancer therapies. It has
been postulated that inhibition of tumor angiogenesis will restrain the
growth of the primary tumor as well as the metastasis. Angiogenesis inhibi-
tors could potentially be inducers of tumor dormancy.

3. Switching to the Angiogenic Phenotype

Like other morphogenic events, angiogenesis is a complex process, during
which endothelial cells are subjected to important changes which include
proliferation, motility, production of matrix degrading enzymes and selec-
tive interactions with other cells and the extracellular matrix [2]. In
response to an appropriate stimulus, quiescent endothelial cells (with turn-
over time exceeding 1000 days) are induced to proliferate with a turnover
time of around five days [8]. This proliferation of endothelial cells is
accompanied by degradation of the basement membrane surrounding the
blood vessels, invasion of the underlying stroma, cell migration and
reorganization into tube-like structures. The switching on or off of the
angiogenic phenotype depends on the relative balance of angiogenic in-
ducers and inhibitors [8]. Low concentrations of angiogenesis inducers or
the presence of angiogenesis inhibitors keep the switch off, while either
reduction of angioinhibin concentrations or increase of angiogenic factor
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Table 1. Endogenous stimulating factors of angiogenesis

Stimulating factors Reference
Acidic fibroblast growth factor [2]1[9]
Angiogenin [10]
Basic fibroblast growth factor [2]1[9]
Hepatocyte growth factor . [11]
Interleukin-8 [12]
Platelet-derived endothelial cell growth factor [13]
Transforming growth factor o [14]
Transforming growth factor 8 [15]
Tumor necrosis factor a [16]

Vascular endothelial growth/factor/Vascular permeability factor [17-19]

Table 2. Endogenous inhibitors of angiogenesis

Inhibitory factors Reference
Angiostatin [20]
Cartilage-derived inhibitor [21]
Interferon o [22]
Platelet factor 4 [23]
Prolactin 16k fragment [24]
Placental proliferin-related protein [25]
Thrombospondin-1 [26]
Tissue inhibitors of metalloproteinases (TIMP) [27]

unbalance this dynamic equilibrium and turn on the angiogenic phenotype.
Table 1 and Table 2 list the more important angiogenic factors and angio-
inhibins respectively.

Some angiogenesis inducers, like basic fibroblast growth factor (bFGF)
and vascular endothelial growth factor (VEGF) are polypeptide growth
factors that have a direct mitogenic effect on endothelial cells, induce endo-
thelial cell migration and capillary-like structure formation in vitro. Others
like tumor growth factor-B (TGF-f) and tumor necrosis factor-a (TNF-a)
inhibit endothelial cells growth in vitro, and their angiogenic effect is prob-
ably partly mediated by angiogenic factors released from chemoattracted
inflammatory cells. VEGF and bFGF have been demonstrated to have a
synergistic effect in the induction of angiogenesis in vitro [28].

4. Tumor Angiogenesis

Tumor growth and metastasis require the development of new blood
vessels. Without angiogenesis, a tumor cannot expand to a volume larger
than 2 to 3 mm3. Tumor cells become necrotic and/or apoptotic and their
rate of proliferation reaches equilibrium with their rate of dying. A tumor
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becomes vascularized and begins to grow rapidly when a clone of tumor
cells “switches” to an angiogenic phenotype and the equilibrium between
positive and negative regulators of tumor growth is disrupted [8]. The
model of the endothelial cell and the tumor cell compartment in a tumor,
described by Judah Folkman [2], is important for understanding how tumor
and endothelial cells can stimulate each other to grow. Tumor cells can
stimulate endothelial cell proliferation and migration by production of
bFGF, VEGEF, platelet-derived endothelial cell growth factor (PD-ECGF)
and other angiogenic factors. Endothelial cells can stimulate, in a paracrine
fashion, the growth of tumor cells by production of platelet-derived growth
factor (PDGF), insulin-like growth factor 1 (IGF-1), bFGE heparin binding-
epithelial growth factor (HB-EGF), granulocyte-colony stimulating factor
(G-CSF) and interleukin-6 (IL6). In addition, a vascularized tumor is per-
fused by nutrients and oxygen and the catabolites can be easily removed
from it. All these together permit tumor and metastasis expansion.

5. Evaluation of the Angiogenic Phenotypes as a Means of Tumor
Prognosis and Diagnosis

Quantification of angiogenesis in cancer specimens can help to predict the
risk of metastasis or recurrence [29]. The number of vessels, visualized by
immunostaining of endothelial cells, provides reproducible prognostic
information. The prognostic significance of microvessel density was found
to be a marker independent of traditional prognostic markers [30]. Many
studies performed on different types of tumors show an association be-
tween increasing intratumor microvessel density and tumor aggressiveness,
incidence of metastases and/or decreased patient survival. This association
was found in breast [31-33], lung [34—36], prostate [37—39], squamous
head and neck [40, 41], ovarian [42], rectal [43], testicular [44] and bladder
carcinoma [45], malignant melanoma [46, 47], soft tissue [48], central
nervous system tumors [49], and multiple myeloma [50]. In other studies,
no relationship was found between intratumor microvessel density and
prognosis in breast carcinoma [51, 52]. No relationship was found either
between intratumor microvessel density and prognosis in patients with
malignant melanoma and lymph nodal metastases [53], or in patients with
squamous carcinoma of the tongue [54]. Discrepancies in these results
probably derive from methodological differences. Another method which
has been proposed to quantify angiogenesis in patients with solid cancers
is to measure the level of bFGF in the urine or serum [55] or, for the pa-
tients with brain tumors, in the cerebrospinal fluid [50]. Measuring bFGF
does give an indirect indication of angiogenic activity and can be used
as a predictor of outcome once a cancer has been diagnosed [60]. The
third model of multistage tumorigenesis is epidermal carcinogenesis. The
development of squamous cell carcinoma begins as hyperplasia of kera-
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tionocytes, with a mild increase in vessel density which progresses to
dysplasia, marked by morphologically aberrant kerationocytes with a high
proliferation index and by abundant neovascularization; finally two classes
of squamous carcinoma arise, both showing extensive angiogenesis [58]. A
similar pattern of angiogenesis activation has been described for several
premalignant lesions that precede several human cancers, including
dysplastic melanocytic lesions (naevi) thought to precede malignant mela-
noma [61], mammary ductal carcinoma in sifu (CIS) seen in association
with invasive breast carcinomas, and moderate to high-grade cervical
dysplasias implicated as progenitors of uterine cervical carcinomas [8].
These human cancers and their murine models suggest that premalignant
activation of angiogenesis is a general parameter of tumor development and
predict early activation of the angigenic switch as a distinct, potentially rate
limiting step in the pathway of cancer. Following these observations, there
are now experimental studies on the mechanism of activation of the angio-
genic switch, and on new preclinical and clinical tests of compounds that
interfere with angiogenesis.

6. Angiogenic Inhibitors and Cancer Therapy

In the last few years, the importance of endogenous or exogenous angio-
genic inhibitors for cancer therapy has become evident. These compounds
have been found to inhibit endothelial cell functions like secretion of
proteases, chemotaxis and proliferation, inhibiting production of angio-
genic factors by tumors, or antagonizing the action of angiogenic factors.
Some of these angiogenesis inhibitors are already used in clinical trials or
have been used to synthesize analogs with characteristics more useful for
therapy (solubility, yield of synthesis, less degradability, less toxicity and
so on). Anti-angiogenic therapy can be used to potentiate conventional
chemotherapy and radiotherapy, and to maintain metastases and tumors in
a “dormant” state.

One of the most promising angiogenic inhibitors seems to be angiostatin,
a 38 kD fragment of plasminogen secreted by tumor cells and purified from
urine of mice with primary tumors [20]. Anigostatin has been shown to
inhibit neovascularization and growth of metastases and to increase tumor
cell apoptosis. No resistance to this compound seems to develop even after
prolonged treatment. Another endogenous inhibitor of angiogenesis with
considerable therapeutic potential for cancer treatment is the 16 kD
fragment of prolactin. Like angiostatin and plasminogen, the intact mole-
cule does not appear to have any anti-angiogenic effect but the 16 kD
fragment inhibits proliferation of endothelial cells [62], organization into
capillary-like structures in type I collagen gels [24] in vitro, and capillary
formation in the chick embryo chorioallantoic membrane assay [24]. Other
endogenous inhibitors of angiogenesis are a-interferon [22], platelet
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factor 4 [23], thrombospondin-1, a p53-regulated glycoprotein [26], the
29 kD fragment of fibronectin [63], tissue inhibitor of metalloproteases
(TIMP) [27], and cartilage extracts [21]. Cartilage was the first reported
biological inhibitor of neovascularization. It was shown to inhibit blood
vessel development in the chick chorioallantoic membrane and in the rab-
bit cornea, and proliferation and migration of endothelial cells. A liquid
extract of shark cartilage has been developed by a Canadian company and
given as a food supplement to cancer patients who have not responded to any
conventional therapy. Because of several anecdotal reports of tumor stabiliza-
tion or regression, this product is being developed as a anticancer drug.

Several synthetic inhibitors of angiogenesis have been also developed,
characterized and used in clinical trials. Among these, Batimastat [64] (an
inhibitor of metalloproteases), and TNP-470 (AGM-1470 (a derivative of
fumagillin), an antibiotic produced by the fungus Aspergillus fumigatuss
serenius, (reviewed in [65]) are the most promising.

7. Conclusions

The importance of angiogenesis for tumor growth and metastasis develop-
ment is well recognized, but the mechanism by which tumor cells develop
the ability to stimulate new capillary formation is not yet fully elucidated.
Evaluation of the angiogenic potential of a malignant tumor is seen as one
of the most potent predictors of disease progression. Furthermore, the use
of angiogenesis inhibitors offers a new and promising concept for anti-
cancer therapy. Rather than directly attacking the cancer cells, anti-angio-
genesis therapy aims to stop the energy supplies that cancer cells need in
order to expand. These new approaches could therefore turn the deadly
disease cancer into a chronic one. Long-term treatment will therefore
probably be necessary. Because most anti-angiogenic factors under evalua-
tion do not have any major side effects, and no resistance to angiogenesis
inhibitors has been reported to date, it is very likely that this new anticancer
treatment will soon be available to cancer patients.
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1. Introduction

The last several years have seen an explosion in our understanding of the
components and mechanisms involved in regulation of the eukaryotic cell
cycle. The explosion began with the discovery of cyclins and the identifi-
cation of Xenopus maturation promoting factor as a complex of cyclin B
and a cdc2-related protein kinase [1]. Since then cyclins and the cyclin-
dependent kinases (CDKs) have been identified as the key mediators of cell
cycle progression, and the cast of known players has expanded to include
cyclins A, B1,B2,C,D1-3,E, F, G, H, and I and CDKs 1-7, as well as in-
hibitors and mediators of CDK activity [2—5].

The most complicated array of proteins now appears to be involved in the
regulation of progression through the G1 phase of the cell cycle [5], the
stage at which virtually all mammalian growth regulation occurs. Cells in
G1 face decisions regarding their environment (presence or absence of
growth factors), their readiness to divide (e.g. DNA damage checkpoints),
their age (senescence involves arrest in GO) and their developmental
destinies (whether to divide, differentiate, or undergo apoptosis). The evi-

* Author for correspondence.
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dence increasingly suggests that the cyclin-CDK pathway is involved in all
of these decisions. Since one aspect of oncogenesis is the loss of normal
growth controls, it is not surprising that the evidence also increasingly
indicates that one of the molecular events required for tumor development
is a perturbation of the cell cycle machinery involved in G1 regulation.

2. Cell Cycle Regulators

2.1. CDKs

The actual promoters of cell cycle progression are the cyclin-dependent
kinases (CDKs, reviewed in [6]). These highly regulated serine/threonine-
directed protein kinases are best understood in yeast, where a single CDK
is responsible for both the G1/S and G2/M transitions. In mammalian cells
at least seven different CDKs have been identified. At least four of these
clearly have roles in cell cycle progression with different CDKs acting at
different stages and on different substrates (Fig. 1).

2.2. Cyclins

The activity of the CDKs is regulated by several different post-translational
mechanisms including phosphorylation, which will not be addressed
further here, and subunit interactions [6]. The kinase subunit is typically
present at a constant level throughout the cell cycle but is inactive as a
monomer. The activating subunit, a cyclin, is an unstable protein that is
synthesized only at a specific time in the cell cycle and then rapidly de-
graded. Different cyclins are synthesized at different stages, interact with
specific CDKs, and may have distinct effects on a given CDK. Thus, CDK
kinase activity is regulated throughout the cell cycle. The number of known
cyclins now stands at twelve and continues to grow. In general, not all
possible cyclin/CDK complexes form. Instead, specific CDKs interact only
with certain cyclins, although the subsets do overlap. For instance, cyclin
B interacts only with CDK1, but CDKI1 can also interact with cyclin A,
which can also interact with CDK2, and so on. Thus, the cyclin/CDK
complexes form an interlocking network around the cell cycle with any
specific point in the cycle being represented by a characteristic CDK/cyclin
profile, and an orderly, regulated progression through the numerous events
of the cell cycle is assured (Fig. 1).

The mid-G1 phase of the cell cycle, during which the decisions described
earlier are made, is characterized by high levels of the D-type cyclins. The
three different D-type cyclins, D1, D2 and D3, are closely related and
appear to differ primarily in tissue specificity, although some evidence for
functional differences also exists [7]. Cyclin D2 expression is limited to
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Figure 1. Cell cycle regulation by cyclins, CDKs, CKIs, and retinoblastoma protein. CDKs are
regulated by a combination of cyclin activation (+) and CKI inhibition (-) through the cell cycle.
Although several other CDKs and cyclins are involved in cell cycle progression, only those
whose roles are best understood are illustrated here. Retinoblastoma protein, an inhibitor of the
G1 to S phase transition that is inactivated by phosphorylation, is one of the important
cyclin/CDK substrates. (+) = activation. (—) = inhibition.

hematopoietic lineages, while D3 appears to be ubiquitously expressed at
very low levels. Cyclin D1, the best characterized of the three, is expressed
at high levels in many cell types, including the frequently cultured fibro-
blasts, macrophages, and epithelial cells.

The D-type cyclins activate primarily CDK4 and CDK6 and are unusual
in that their levels do not oscillate with the cell cycle as dramatically as
those of other cyclins. That their role is in G1 is, however, clear. Injection



108 I.E. Schauer and R. A. Sclafani

of anti-cyclin D1 monoclonal antibodies into cells results in G1 arrest if the
cells are injected during G1 [8—10]. Injection at other times does not inter-
fere with cell cycle progression. Furthermore, cyclin D1 levels are also
responsive to certain extracellular factors that affect G1 progression such
as growth factors [11], cell-cell contacts, and anchorage to a solid medium
[12]. This is consistent with a cell cycle regulatory role in G1 that monitors
not only intrinsic readiness to divide, but also external influences.

Since mammalian cell growth is highly externally regulated, and the
D-type cyclins appear to integrate extracellular signals into internal cell
cycle regulation, it is perhaps not surprising that cyclin D1 has also recent-
ly been shown to act as an oncogene [13—15]. Cyclin D1 was originally
identified as the product of the bcl/l gene [16, 17]. In certain B cell lym-
phomas a translocation between chromosomes 11 and 14 places the bcll
gene under the control of the immunoglobulin heavy chain promoter,
leading to dramatic and unregulated overexpression of cyclin D1. At the
same time cyclin D1 was also identified as the product of the PRAD1 gene
[18, 19]. In this case cyclin D1 is unregulated and overexpressed in para-
thyroid adenomas due to a chromosomal inversion that places the PRADI
gene under the control of the parathyroid hormone promoter. Overex-
pression of cyclin D1 in cultured cells has been shown to shorten G1 and
decrease growth dependence on mitogens, but it does not lead to a fully
transformed phenotype [20—23]. However, further experiments have shown
that the cyclin D1 gene can cooperate with other oncogenes including
c-myc, activated Ha-ras and defective adenovirus E1A protein to give full
transformation [24—26]. Thus, cyclin D1 overexpression is not sufficient for
transformation, but can complement other partially transforming events and
could constitute one step in a multistep oncogenic pathway.

Finally, herpes saimiri virus has recently been shown to encode a novel
cyclin, v-cyclin, which is most closely related to the D-type cyclins and is
a very strong activator of CDK6 [27]. Since this virus can cause malignant
lymphomas, leukemias, and lymphosarcomas in new world primates,
v-cyclin may also play a role in viral oncogenesis.

2.3. CDK inhibitors

The most recently discovered cell cycle regulators are the cyclin-dependent
kinase inhibitors or CKlIs [28, 29]. Like the cyclins, these proteins function
as regulatory subunits of the CDKs. However, while the cyclins activate
CDKs, the CKIs act to inhibit CDK kinase activity. Since unregulated
kinase activity due to cyclin overexpression can be oncogenic, unregulated
kinase activity due to CKI loss might also be expected to be oncogenic.
Thus the genes for the CKlIs would appear to be potential tumor suppressor
genes. The known CKIs fall into two major groups, the p21 family and the
p16 family.
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2.3.1. The p21 family: Members of the p21 family including p21 (CIP1,
WAF1), p27 (KIP1), and p57 (KIP2) act by forming higher order com-
plexes with the CDK/cyclin complexes and are nonspecific, interacting
with all CDK/cyclin complexes tested [28, 29]. Expression of the p2] gene
is regulated by p53, the product of a known tumor suppressor gene [30].
DNA damage induces p53 gene expression and leads to G1 cell cycle
arrest, during which cells assess the damage and either repair it or undergo
apoptosis. It is likely that the p53-mediated cell cycle arrest is the result of
p21 induction. However, while p53 is clearly a tumor suppressor that is lost
in a large percentage of tumors, there is no direct evidence identifying p21
as a tumor suppressor gene [31, 32]. It is likely, therefore, that p53’s role as
a tumor suppressor goes beyond its induction of p21. Thus far a role for loss
of p21 protein or any of the p21 family members in oncogenesis remains to
be established.

2.3.2. The pl6 family: In contrast the gene for at least one member of the
pl6 family, p16 itself, clearly does function as a tumor suppressor gene in
several kinds of cancer [15, 28]. The p16 family of inhibitors consists of a
number of related low molecular weight proteins including p15 (MTS2),
pl6 (MTS1), p18 and p19. These CKIs act as cyclin competitors, forming
dimers with the CDKs and displacing or blocking the cyclin activator.
They are more specific than the p21 family CKIs, interacting only with
CDK4 and CDKS6, the D-type cyclin specific kinases.

p16 was originally identified as the product of the melanoma tumor sup-
pressor 1 (MTS1) gene, a gene that was localized by mapping the overlap of
the regions of loss of heterozygosity on chromosome 9p21 among a large
collection of melanomas [33]. Loss of heterozygosity at 9p21, implicating
a tumor suppressor gene in the area, occurs in many cancers including non-
small cell lung cancer (NSCLC). It is now clear that MTS! does function as
a tumor suppressor gene for melanoma and certain other cancers, including
T cell leukemias and gliomas [28]. However, although loss of heterozygosi-
ty analysis has clearly demonstrated a 9p21 tumor suppressor gene in many
other cancer types, the lack of mutations in the remaining copy of MTS! has
led to considerable controversy regarding the identification of MTSI as the
relevant tumor suppressor gene. Most recently experiments have demon-
strated that in many cancers, including NSCLC, the remaining MTS! gene,
though unmutated, is hypermethylated and consequently not expressed [34].
Thus MTSI may function as a tumor suppressor gene that is inactivated by
a completely novel mechanism in a variety of different cancers.

The pl15 CKI is encoded by the MTS2 gene which lies within about
20 kilobases of MTS1. An exon for an alternately spliced form of p16 is
also located almost within the MTS2 gene [35, 36]. This proximity to MTS!
has made it very difficult to assess the role of MTS2 in tumor suppression.
Finally, very little is known regarding p18 and p19 cell cycle functions, and
no direct evidence exists implicating their genes in tumor suppression.
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2.4. Retinoblastoma protein

At the heart of Gl regulation is the retinoblastoma protein (pRb).
Originally identified as the tumor suppressor gene involved in the retinal
cancer retinoblastoma, the Rb gene is now known to function as a tumor
suppressor gene for many cancers including small cell lung cancer (SCLC)
[37]. In these cancers the Rb gene is usually deleted and/or mutated such
that the tumor cells contain no detectable pRb. In addition a number of
oncogenic viruses encode proteins such as SV40 T antigen, papilloma virus
E7 protein, and adenovirus E1A protein that can bind to and inactivate pRb.

The product of the Rb gene, pRb, is a key regulator of G1 progression in
many, if not all, cell types [37, 38]. Active pRb binds to and inhibits tran-
scription factors required for transcription of genes essential for DNA
replication and, therefore, for entry into S phase. Thus, active pRb acts as
brake in the G1 phase of the cell cycle. pRb is active in an underphos-
phorylated form which can be inactivated by hyperphosphorylation, a reac-
tion catalysed by cyclinD/CDK4,6 complexes. As was described earlier,
injection of anti-cyclin D1 monoclonal antibodies into G1 phase cells can
arrest cells in G1. This arrest can only be achieved in Rb* cells. In contrast
injection of antibody into cells that are deficient for pRb has no effect on
cell cycle progression [39]. These experiments suggest that cyclin D1/CDK
complexes are essential for pRb inactivation in vivo and cannot be substi-
tuted by other normal cyclin/CDK complexes. They further suggest that
this inactivation of pRb is the only essential cell cycle function of cyclin
D1/CDK complexes.

3. Cell Cycle Regulators in Lung Cancer

When we began our studies on cell cycle regulators in lung cancer cell
lines, one part of the story was already known. It was clear from a number
of earlier studies that most SCLC tumors and cell lines lacked pRb
[40—42]. However, the status of cell cycle regulators in NSCLC and the
connection between pRb and other cell cycle regulators were not yet under-
stood. Since then a much clearer picture of cell cycle regulation in lung
cancer has emerged.

Our studies of levels of cell cycle proteins in SCLC, NSCLC, and
primary culture normal human bronchioepithelial (NHBE) cells have
revealed some significant differences between these cell types [43, 44]. A
summary of the major differences is shown in Table 1. Of the cell lines
tested all of the SCLC lines (11/11) produce no detectable pRb while all of
the NSCLC lines contain normal levels of apparently wildtype pRb
distributed between the hypo- and hyperphosphorylated forms. The p16
protein shows the exact opposite pattern, with all of the SCLC lines
containing normal levels while all 17 of the NSCLC lines are completely
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Table 1. Differences in cell cycle regulatory protein levels between SCLC and NSCLC

pRb? Cyclin D1 plé6® CDK4 CDK6
SCLC - low + high low
NSCLC + high - low high

a +, presence; —, absence.

deficient. Cyclin D1 also show tumor type specific differences in that all
but one of the SCLC lines have little or no detectable cyclin D1, while the
NSCLC lines contain variably elevated levels relative to normal bronchio-
epithelial cells.

Further experiments with the NSCLC lines indicate that the elevation of
cyclin D1 levels occurs at the transcriptional level (Schauer and Sclafani,
unpublished results). We do not observe the cyclin D1 gene amplification
or protein stabilization found in breast cancer cell lines (e.g. [45] and Daly,
Langan, Schauer and Sclafani, unpublished results). Since the cyclin D1
level in the NHBE cells is intermediate to those seen in the two types of
tumor cell lines, we conclude that the tumor cell line levels reflect both
underexpression in SCLC lines and variable overexpression in NSCLC
lines. Since active pRb is a positive regulator of cyclin D1 expression [46],
at least some of the underexpression in SCLC lines is easily explained.
Loss of pRb protein results in loss of some positive regulation of cyclin D1
expression and levels of the unstable cyclin D1 drop. We are currently inve-
stigating the mechanism of overexpression in NSCLC lines.

The NSCLC lines are also deficient for the CKI, pl16. Analysis of gene
copy number and mRNA levels indicate that this deficiency is the result of
multiple mechanisms (Schauer and Sclafani, unpublished results). Nearly
half the lines are deficient due to homozygous deletion of the MTS1 gene.
A few of the remaining lines make apparently normal mRNA but fail to
accumulate protein, suggesting that they contain p16 mutations. The rest of
the lines contain no detectable p16 mRNA. Our preliminary experiments
suggest that some of the NSCLC lines that fail to express pl16 may also
have inactivated their M7TS1 genes by hypermethylation. These results are
consistent with results from other laboratories reporting multiple mecha-
nisms of p16 loss, including hypermethylation, in NSCLC cell lines [47].

One problem with using cell lines to investigate oncogenesis is that cell
lines consist of a selected population of cells that may not represent the
tumor as a whole, or that changes may have occurred during the culturing
of the cells. The lack of pRb seen in SCLC cell lines has also been observ-
ed by others by the immunohistochemical staining of tumor samples and is
clearly not such an artefact of cell culture [40, 42, 48]. Analysis of cyclin D1
levels in breast and esophageal tumors by immunohistochemistry has
indicated that overexpression of cyclin D1 also occurs in primary tumors
[10, 49—-52]. We are currently extending our studies to include immuno-
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histochemical and RT-PCR determinations of pRb, cyclin D1, and pl6
levels in primary lung tumor samples.

Taken together with the current understanding of G1 cell cycle regula-
tion, our results are consistent with a model in which the two types of lung
cancer typically bypass the pRb mediated G1 arrest by alternate mecha-
nisms (Fig. 2). In normal cells (top panel) pRb brakes the cell cycle in G1.

growth factors, age, growth factors?
anchorage, other factors?
other factors?

/
O3
Normal Cells
(Regulated growgh)

G1———l—->s

SCLC
(Unregulated growth)

NSCLC
(Unregulated growth)

S

Figure 2. Model for the loss of cell cycle regulation in lung cancer. In normal cells growth is
regulated at least in part by a pRb-mediated inhibition of the G1 to S transition (top panel).
When conditions are appropriate, the balance of cyclin D1 and p16 shifts to allow CDK4,6
activation, pRb inactivation, and entry into a new round of cell division. Lung tumors cells typi-
cally are defective for this key regulatory event by one of two mechanisms. In most SCLC
(middle panel) pRb is missing or mutant, leading to unregulated G1/S progression. This mecha-
nism also occurs in retinoblastoma, osteosarcoma, extrapulmonary SC carcinomas, some
esophageal cancers, glioblastoma, virally-mediated cancers, etc. In NSCLC (bottom panel)
elevated cyclin D1 and/or a lack of the p16 CKI lead to inappropriate inactivation of pRb and
the same loss of G1/S regulation. Other cancers that depend on this mechanism include
melanoma, B-cell lymphoma, T-cell leukemias and lymphomas, glioblastoma, and some breast,
colon, and esophageal carcinomas.



Cell Cycle Regulators and Mechanisms of Growth Control Evasion in Lung Cancer 113

The balance of p16 and cyclin D1 levels maintains the G1 arrest until the
appropriate conditions signal that cell division should occur. Increased
cyclin D1 and, perhaps, decreased pl6 levels then allow activated
CDK4/CDKG6 to inactivate pRb. This allows one round of cell division
before the pRb brake is reset. In SCLC (as well as many other pRb™ and
virally induced cancers) pRb is absent, effectively removing at least that
brake on cell division (middle panel). In this case levels of cyclins, CDKs,
and CKlIs are irrelevant, and external control of the cell division is lost. In
NSCLC (and other cancers such as melanoma) pRb is still present and
active. However, the loss of p16 and artificial elevation of cyclin D1 levels
have impaired the regulatory system. pRb is now inappropriately inactivat-
ed by the activated CDKs and regulation of cell division is lost or impaired
(bottom panel). Studies of pRb expression in tumors have also found a
high, but not perfect correlation between tumor type and pRb expression.
That is, most, but not all, SCLC tumors lack pRb while most, but not all,
NSCLC tumors express pRb [40—42, 53, 54]. The exceptions may indicate
that in actual tumors a given tumor type shows a strong preference for
a specific mechanism for overcoming the pRb cell cycle block but is not
absolutely committed to that mechanism. Consequent selection during
growth of cell lines may then enhance the apparent tumor type mechanism
preference.

4. Implications for Diagnosis

One of the significant handicaps in lung cancer treatment today is the
difficulty of early diagnosis. Mortality rates for cervical and breast car-
cinoma have decreased in recent years largely because the PAP smear and
mammography have allowed for early diagnosis and early, premetastatic
treatment of the disease. In lung cancer early lesions are difficult to detect
and, once detected, are difficult to predict as many precancerous lesions do
not appear to develop into metastatic disease. A clearer understanding of
the early molecular changes involved in lung tumorigenesis could lead to
new early detection methods. Since p16 and pRb are involved in growth
regulation, their loss would be expected to lead to increased cell division,
i.e. neoplasia, an early step in tumor progression. We are attempting to
determine whether the pRb and pl6 alterations are, in fact, present in
precancerous lung lesions and might be good markers for early detection.

5. Implications for Gene Therapy
An understanding of the molecular changes involved in lung cancer would

also present an opportunity for new treatment in the form of gene therapy.
Experiments with tumor cell lines suggest that although multiple changes
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are involved in tumorigenesis, the reversal of any of these changes is suf-
ficient to halt cell growth. Our results so far, as well as the results of others,
indicate that p16 and antisense cyclin D1 expression in NSCLC tumor cell
lines do effectively block cell growth ([9, 10] and Schauer, Siriwardana and
Sclafani, unpublished results). We are currently developing systems for
regulated p16 and antisense cyclin D1 expression which will be tested for
efficacy in inhibiting the growth of NSCLC tumors in nude mice. If these
experiments are successful, this area of research has the potential to trans-
late into a gene therapy approach to the treatment of this most common
form of lung cancer.
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1. Genetic Changes in Multistep Lung Carcinogenesis

The specific genetic and epigenetic events leading to neoplastic transfor-
mation differ among tumor types, but several cellular pathways and im-
portant regulatory genes are known to be frequently involved. In lung
cancer they include G protein signal transduction (ras genes and gastrin
releasing peptides [GRPs]); epidermal growth factor (EGF), transforming
growth factor alpha (TGF-a) and their family of receptors (EGFR and the
products of the erbB-1 and erbB-2 proto-oncogenes); cell cycle regulation
(involving the RB gene product, cyclins, cyclin-dependent kinases (cdk)
and cdk inhibitors); and the p53 tumor suppressor gene, which integrates
functions of DNA repair, genomic stability, transcription control and
programmed cell death (apoptosis). Studies have also demonstrated or
implied abnormal regulation and mutation of other genes and proteins,
including c-myc, bcl-2, unidentified tumor suppressor genes on chromo-
somes 3p and 9p, and transforming growth factor-beta (TGF-p) [1, 2]. The
biological and clinical significance of most of these alterations, and the
nature of differences between small cell (SCLC) and non-small cell lung
cancers (NSCLC), remain to be determined.

2. Functional Implications of Molecular Changes in Lung Cancer
Mutations in K-ras are thought to have important consequences for bron-

chial cell growth deregulation. Activating K-ras mutations are found in
25%—-30% of adenocarcinomas and 15% of large cell carcinomas, but
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rarely in squamous cell carcinomas and never in SCLC [3]. Transfected
K-ras causes neoplastic transformation of immortalized human bronchial
epithelial cells; the transformed cells produce adenocarcinomas when
xenografted into athymic nude mice [4]. Transfection of activated K-ras
into an SCLC line induces features of NSCLC differentiation [5, 6]. Other
G protein pathway events are implicated in SCLC, despite the absence of
ras mutations. Gastrin-releasing peptides (GRP, including bombesin) are
important autocrine growth factors for SCLC [7], and also stimulate
growth of normal human bronchial epithelial (NHBE) cells [8].

The protein encoded by the p53 tumor suppressor gene performs many
critical cellular functions, including cell cycle arrest, regulation of DNA
repair in response to DNA damage, transcriptional activation and suppres-
sion, and triggering of apoptosis [9—11]. Mutations of p53 can both ab-
rogate its normal tumor suppressor functions and produce gain of new
functions, which stimulate cell growth and neoplastic transformation [12,
13]. Mutations have been found in 72% of SCLC and 47% of NSCLC,
with differences among histological types (see section 2.c.) [2]. Because of
p53’s role in the maintenance of genomic stability, loss of its function is
expected to produce progressive genetic abnormalities, some of which
could contribute to tumor progression. Other p53 pathway events may
occur, but so far genes modulated by p53 (e.g. mdm2, WAFI, and
GADD45) have not been found to be altered in lung cancer.

Several other known tumor suppressor genes have been shown to be
mutated or deleted in lung cancers (Table 1). The best characterized is the
retinoblastoma gene Rb, which is abnormal (loss of expression, mutation,
or loss of heterozygosity) in over 90 % of SCLC and 20%—30% of NSCLC
tumors and lines [3, 14, 15]. Analysis in the same tumors of the expression
and mutational status of Rb and two other cell cycle proteins, pl6™K4
(MTS1) and cyclin D1, supports the hypothesis that a single abnormality
in this pathway is sufficient for dysregulation of the cell cycle G1 check-

Table 1. Classes of oncogenes and tumor suppressor genes, with examples of genes found to
be altered in lung cancer

Growth Factors: PDGF-B
Signal Transduction Proteins:

Growth Factor Receptor Tyrosine Kinases: EGFR, erbB-1, erbB-2 [Her2/neu)
Non-receptor Membrane-Associated Kinases: fms, fes

Cytoplasmic Kinases: raf

G Proteins: ras, GRP

Nuclear Proteins:

Transcription Factors, DNA Binding Proteins: p53, myc, fos, jun
Cell Cycle Regulators: p53, Rb, p16, cyclin D1

Apoptosis Regulators: p53, bcl-2
Genomic Stability Regulators: p53
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point. Okamoto et al. [16] found that loss of either R expression (3/9) or
p16 expression (6/9), but not both, occurred in NSCLC lines. Schauer et al.
[17] found that 11/12 NSCLC lines overexpressed cyclin D1 but did not
lose Rb protein, whereas 9/9 SCLC lines had lost Rb protein but only one
overexpressed cyclin D1. These results are analogous to the differences in
G protein pathway abnormalities seen between SCLC and NSCLC (GRP
expression in SCLC, ras mutation in NSCLC), implying separate patho-
genesis for these tumor types.

Studies demonstrating consistent chromosomal deletions or loss of
heterozygosity suggest that other tumor suppressor genes contribute to
lung carcinogenesis. Strong evidence exists that unidentified tumor
suppressor genes critical in SCLC and often NSCLC development reside
on chromosome 3p21 and 3p14 [3, 18, 19]. Candidate genes at these loci
include the beta-retinoic acid receptor (3-RAR) and protein-tyrosine phos-
phatase-gamma (P7TP-y) [20, 21]. A tumor suppressor gene on chromo-
some 5 important in colon carcinogenesis, APC, also shows frequent loss
of heterozygosity in SCLC, without mutations in the remaning allele [22],
which suggests the involvement of an adjacent tumor suppressor gene.
Cytogenetic analyses frequently demonstrate losses of chromosome 9p21
in NSCLC; a tumor suppressor gene may reside in the interferon gene
cluster in this region [1, 23—-25]. p16™%4 (MTSI) and p15™%¢ (MTS2) are
candidate tumor suppressor genes at this locus [26] which are infrequently
involved in primary lung cancers [16]. Other chromosomes frequently
deleted in lung cancers (e.g. chromosome 11) also may contain tumor
suppressor genes [27—-29].

The bcl-2 gene, identified at the breakpoint of the t (14;18) translocation
in lymphomas, is one of many factors in the programmed cell death
pathway. When complexed with Bax, another protein in this family, Bcl-2
inhibits apoptosis; Bax homodimers accelerate apoptosis. Study of the
interactions of these and other families of genes in the apoptosis pathway
promise to yield an improved paradigm of cell death [30]. Bcl-2 is expres-
sed in some NSCLC [31], but the balance between Bax homodimers and
Bax-Bcl-2 heterodimers, and its relationship to apoptosis in lung cancers,
remains to be determined.

The myc gene, whose product binds DNA and regulate gene transcrip-
tion, is overexpressed in 10%—15% of primary lung cancers, more often
in SCLC than NSCLC [3], and activated c-myc may correlate positively
with poor prognosis [28, 32]. Other DNA binding oncogene products such
as fos and jun also are overexpressed in lung cancer [33, 34]. The down-
stream genes in these pathways which might be relevant to lung carcino-
genesis are unknown.

As cells age, normal cellular senescence is partially regulated by the
progressive shortening of chromosomal telomeres, the repetitive DNA
sequences at chromosomal ends. The enzyme telomerase can elongate
telomeres by replicating these sequences. Telomerase activity generally is



120 X.W. Wang, M. S. Greenblatt and C.C. Harris

not present in normal somatic cells, but is reactivated in immortalized cells
[35]. Dysregulation of the telomerase pathway is thought to be a major event
in cellular immortalization, and has been described in some lung cancers
[36]. The first gene in this pathway, T7LCI, has recently been discovered
[37]; rapid advances in this area of carcinogenesis research are anticipated.

Growth factor pathways, autocrine and paracrine, are important in lung
carcinogenesis. EGF and TGF-a both act by binding to the EGF receptor
[38]. They stimulate proliferation, and may be important autocrine and
paracrine agents in lung regulation as they are produced by a variety of lung
cells [39]. Evidence to suggest the importance of these growth factors in
lung carcinogenesis is the frequent overexpression and amplification of
EGF and other genes in the EGF receptor family. These include the pro-
ducts of the erbB-1 and erbB-2 (Her2/neu) oncogenes, whose native
ligands are unknown [28]. EGFR, erbB-1, and erbB-2 have tyrosine kinase
activity and can neoplastically transform cells when overexpressed; trans-
fection of c-erbB-2 into nontumorigenic bronchial cells can contribute to
but is not sufficient for malignant transformation [40]. Overexpression of
EGFR, erbB-1, and erbB-2 is common in NSCLC [3, 33, 38, 41].

Retinoids are important regulators of bronchial epithelia, inhibiting
squamous and promoting mucociliary differentiation [39], and inhibiting
NHBE squamous differentiation in vitro [42]. The recent identification of
retinoid receptors as transcription factors [39] suggests that regulation of
the genes involved in the pathways of growth arrest and squamous dif-
ferentiation, (such as cell cycle proteins Rb and cdc2-kinase, and trans-
cription factors c-myc and E2F-1) [43], may be the mechanism of action.

Other growth factors important in lung carcinogenesis include TGF-p, a
cytokine produced by various normal and malignant cells that inhibit pro-
liferation and induce terminal squamous differentiation of NHBE cells
[44]. Receptors for TGF- are present on lung and many other cells, but its
signal transduction pathways are still being defined. Several members
downstream from TGF-f receptors (including DPC4 and SMAD?2) have
been implicated the tumor suppressor genes that are important in lung
carcinogenesis [45,46]. TGF-f exposure reduces phosphorylation of the
retinoblastoma protein, which may account for the growth arresting activi-
ty of TGF-B [39]. Insulin and insulin-like growth factors (IGFs) also
stimulate bronchial epithelial cells irn vitro; production of IGFs by pulmo-
nary macrophages may play a role in lung neoplasia in vivo [39]. Platelet
derived growth factor (PDGF-B) is not a common autocrine growth factor
in lung cancers, but may participate in paracrine growth loops between
lung epithelial and mesenchymal cells [47]. Dopamine pathways have also
been implicated in SCLC growth control [48].



Molecular Genetics of Lung Cancer 121
3. Timing and Sequence of Genetic Abnormalities

Knowledge of the sequence of genetic and epigenetic changes in multi-
stage lung carcinogenesis is still sparse [1]. Correlation of genetic events
with detectable phenotypes might define patients who can benefit from
chemoprevention, resection, or molecularly targeted therapy to halt or
reverse progression of premalignant lesions. Squamous cell carcinomas
(25% of lung cancers) usually progress through multiple, histologically
recognizable stages of dysplasia (usually subdivided as mild, moderate, and
severe), carcinoma in situ (CIS) and invasive cancer, marked by trans-
gression of the basement membrane. The phenotypes of premalignant
lesions of other histological types of lung cancer are unclear. Some studies
of genetic and biochemical markers, including allelic deletion, sequence
analysis, and immunohistochemistry (IHC) have been carried out on
premalignant mucosae.

Molecular and cytogenetic analyses of bronchial dysplasia have shown
that p53 mutations and 3p deletion can occur in dysplastic lesions, and ras
mutations usually occur at the development of CIS [49—53]. Composite
data from IHC studies show a progressive increase in the frequency of p53
protein accumulation from 0% of normal bronchial mucosae to two thirds
of severe dysplasias, CIS and microinvasive carcinomas [49—51, 54—56],
although one study has found that staining did not occur in early dysplasias
and was rare in high grade dysplasias [57]. Most of these studies support a
multistage model for squamous lung carcinoma in which p53 mutation
occurs in 25 % of the earliest neoplastic lesions, and most mutations occur
before invasion develops. The sequence of events may or may not be
identical in all cancers; study of carefully characterized premalignant
lesions may clarify this. The accumulation of a critical amount of damage,
or of abnormalities in a threshold number of key cellular pathways, may be
more important than the precise sequence of events. In addition, the rate
and probability of progression of a dysplastic lesion to carcinoma may
depend on the genetic changes present in the lesion. For example, a mild
dysplasia containing cells with mutant p53 may progress to malignancy at
a faster rate than one containing only normal p53.

The genetic events associated with tumor progression are unclear. Study
of primary tumors and lymph nodes suggests that some changes, such as
expression of oncogenes c-jun and c-myc, occur more frequently in metas-
tases than in primary tumors. Ras mutations usually precede metastasis,
whereas other changes such as c-fos, c-erbB-1, and c-erbB-2 may or may
not precede metastasis [34]. The use of these markers as prognostic indi-
cators is discussed below. Tumor angiogenesis is thought to be critical to
metastatic potential in vitro and in vivo [58]. In preliminary studies,
expression of the extracellular matrix molecule thrombospondin, which is
regulated by p53 [59], has been shown to correlate inversely with tumor
progression in cell lines derived from lung and other cancers [60].
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4. Therapeutic Implications

Molecular targets promise future cancer therapy. Potential avenues include
gene therapy, antisense DNA, monoclonal antibodies carrying toxins, and
combinations of cytotoxic and biological agents to enhance programmed
cell death.

Surprisingly, correction of one molecular abnormality can reverse a
malignant phenotype in vitro, even in a cancer cell with multiple genetic
anomalies [61—64]. In vitro and animal studies have demonstrated that
antisense inhibition of mutated K-#as or introduction of wildtype p53 gene
via a retroviral vector can suppress growth and tumorigenicity of NSCLC
cell lines [61, 62, 64]. The use of cell type-specific promoters may allow
the introduction of toxic genes with specificity for cell types, including
lung cancers [65]. Cytotoxicity is seen in nontransduced cells adjacent to
cells incorporating the new gene; this “bystander effect” may make gene
therapies more effective [66]. The identification of other molecular
changes in lung cancers will provide new potential therapeutic targets for
gene or antisense DNA therapy.

Recent clinical and laboratory evidence has emphasized the importance
of programmed cell death in the response of cancer cells to treatment [67].
Programmed cell death is a cellular phenomenon involved in normal
development, characterized by specific biochemical and morphological
criteria [68]. Aberrations in this pathway are important in carcinogenesis
[69]. Multiple endogenous and exogenous inducers of programmed cell
death have been identified, including cytokines, DNA damaging chemo-
therapeutic agents and opioids; nicotine suppresses apoptosis in vitro in
lung cancer cells [70]. These agents transmit signals through at least two
poorly understood biochemical pathways, one of which depends on wild
type p53 protein [71, 72].

The p53-dependent programmed cell death pathway (Figure 1) can be
initiated by DNA damage, especially single strand breaks. Putative mecha-
nisms include transcriptional control of specific genes and protein-protein
interactions with multicomponent protein machines that are involved with
DNA replication and repair [73]. In cells with wildtype p53, DNA damage-
induced p53 expression leads to cell cycle arrest in the G1 phase, during
which DNA repair might occur prior to DNA synthesis in S-phase. If repair
is inadequate, wildtype p53 may then trigger programmed cell death as a
protective mechanism. In cells with loss of p53 function due to mutation,
this growth arrest and cell death would not occur. These cells therefore have
a growth advantage, and are more likely to survive and produce daughter
cells with additional mutations.

The hypothesis that tumors containing wild type p53 protein are more
responsive to ionizing radiation and DNA damaging drugs is supported by
direct laboratory data and some inferences derived from clinicopatho-
logical findings in human cancers [67]. Ionizing radiation and cancer
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Figure 1. Events in the pathway of programmed cell death (apoptosis) include regulation by
p53, bel-2, bax, cdk, and other cell cycle pathways.

chemotherapeutic agents such as adriamycin, etoposide and cisplatin
produce DNA damage and induce programmed cell death in sensitive cells
[74]. Levels of normal p53 protein rise in cells thus damaged, and the pre-
sence of normal p53 protein is necessary for programmed cell death to
occur in response to these agents [71, 72, 75]. After wildtype p53 is trans-
fected into p53 null lung carcinoma cells, they acquire the ability to under-
go programmed cell death in response to cisplatin iz vitro and in nude mice
[76]. The relationship between p53 function and response to chemo- or
radiotherapy in human tumors in vivo has not yet been directly assessed,
although one study in primary breast cancers suggests a negative correla-
tion between elevated p53 levels (presumably representing mutant protein)
and chemosensitivity in vitro [77].

Monoclonal antibodies against tumor-specific antigens have produced
disappointing results in therapeutic trials for carcinomas. More detailed
knowledge of the mechanisms of cell death and receptor signalling
pathways suggests some new strategies. For example, anti-erbB-2 anti-
bodies can inhibit and kill breast cancer lines overexpressing erbB-2 and
could be used in erbB-2-overexpressing lung cancers. Proteins involved in
programmed cell death (such as those in the bcl-2 pathway) are other
potential targets for monoclonal antibodies [78].
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Introduction

Small cell lung carcinoma (SCLC) constitutes 25 % of all lung cancers and
despite initial sensitivity to chemotherapy and radiotherapy has a 5 year
survival of less than 5%. Consequently there is an urgent need to develop
new therapies and this is most likely to arise from a better understanding of
the biology of the disease. There is increasing evidence that multiple neuro-
peptides including bombesin/GRP, vasopressin, galanin, gastrin, brady-
kinin and neurotensin can act as autocrine/paracrine growth factors for
SCLC cell lines. Therefore, elucidation of the signalling pathways that lead
from neuropeptide receptors to the nucleus where mitogenesis is induced
may provide important clues for developing new therapeutic strategies.

* Author for correspondence.
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Many studies to identify the molecular pathways by which neuropeptide
mitogens elicit cellular growth have exploited cultured murine Swiss 3T3
cells as a model system [1, 2]. These cells cease to proliferate when they
deplete the medium of its growth-promoting activity, and can be stimulat-
ed to reinitiate DNA synthesis and cell division by the addition of various
growth factors in serum-free medium [12]. In particular, bombesin [14],
vasopressin [15], bradykinin [16], vasoactive intestinal peptide [17], endo-
thelin [18] and vasoactive intestinal contractor [19] can act as growth
factors for cultured 3T3 cells. An important feature of mitogenic signalling
which has emerged from these and other studies is that cell proliferation
can be stimulated through multiple, independent signal transduction
pathways which act in a synergistic and combinatorial fashion. In what
follows, some fundamental features of the mechanism of action of bombesin
and other neuropeptides as growth factors in 3T3 cells will be discussed and
subsequently the evidence for multiple neuropeptide growth factor action
in SCLC will be considered. The review will then focus on the development
of substance SP analogue broad spectrum neuropeptide antagonists as a
novel SCLC therapy.

2. Early Signaling Events Induced by Bombesin

The early cellular and molecular responses elicited by bombesin and struc-
turally related peptides have been elucidated in detail in Swiss 3T3 cells
(Figure 1). Bombesin is a 14 amino acid peptide first isolated from the skin
of the frog Bombina bombina [3]. Many bombesin-related peptides have
subsequently been isolated from various species and classified into the three
subfamilies bombesin, ranatensin and litorin according to their C terminal
hexapeptide sequence homology. The principal mammalian counterparts
are GRP and neuromedin B, members of the bombesin and ranatensin
subfamilies, respectively.

2.1 Inositol Phosphatidyl Turnover, Ca®* Mobilization
and Activation of Protein Kinase C

Binding of neuropeptides such as bombesin/GRP to their receptors initiates
a cascade of intracellular signals culminating in DNA synthesis 10 to
15 hours later. The bombesin/GRP receptor like many other neuropeptide
receptors [4, 5] belongs to the superfamily of heterotrimeric G protein-
coupled receptors. These are characterized by seven transmembrane
domains which are thought to cluster to form a ligand binding pocket
[4—7]. One of the earliest events to occur after the binding of bombesin to
its specific receptor is the activation of the heterotrimeric G protein Gagq,
which in turn stimulates the phospholipase C S (PLC ) isoform of PLC.
This catalyses the hydrolysis of phosphatidyl inositol 4,5-bisphosphate
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Figure 1. Bombesin-mediated signal transduction. Initiation of cell proliferation in Swiss 3T3
cells is stimulated by multiple signal transduction pathways that act in a synergistic and
combinatorial fashion. The interactions have been well defined in these cells and provide ex-
perimental evidence for a model that involves multiple pathways. The mechanisms of action of
neuropeptide growth factors are explained within the framework of this model. PLA,, phospho-
lipase A2; PLCp, phospholipase Cf; PIP,, phosphatidylinositol 4,5-bisphosphate; DAG, dia-
cylglycerol; p125%K, p125 focal adhesion kinase; MAPK, mitogen activated protein kinase,
PGE,, prostaglandin E,; PKC, protein kinase C; PKD, protein kinase D; EGFr, epidermal
growth factor receptor.

(PIP,) in the plasma membrane to produce inositol 1,4,5-trisphosphate
(IP;) and 1,2-diacylglycerol (DG). IP; binds to a specific intracellular
receptor which releases Ca?* from internal stores [8]. Depletion of Ca?*
from internal stores (as induced by bombesin, other mitogenic neuropep-
tides and growth factors), could play a role as one of the synergistic signals
that contribute to stimulating the transition from G, to DNA synthesis [9].

DAG, the other product of bombesin-induced PLC-mediated hydrolysis
of PIP,, directly activates protein kinase C (PKC) [10, 11]. In accordance
with this, bombesin increases the phosphorylation of a major PKC sub-
strate which is identical to myristolated alanine rich C kinase substrate and
is termed 80K/MARCKS [12—15]. PKC activation induced by bombesin
causes a translocation of 80K/MARCKS from the membrane to the
cytosolic fraction [16] and a dramatic downregulation of the expression of
mRNA and protein of the 80K/MARCKS substrate in Swiss 3T3 cells [14,
17, 18]. This result suggests that S0K/MARCKS, which appears to be a
calmodulin- and actin-binding protein [19], may play a suppressor role in
the control of cell proliferation. As shown in Figure 1, bombesin/GRP
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induces a variety of responses via PKC including the transmodulation of
the epidermal growth factor (EGF) receptor [6].

2.2 Stimulation of Protein Kinase D by PKC

Protein kinase D (PKD) is a new cytosolic serine/threonine kinase that has
been recently cloned [20]. It is distantly related to Ca?*-regulated kinases
but does not belong to any of the protein kinase subfamilies including PKC
[21]. The sequence of PKD reveals several interesting structural motifs
including a cysteine rich domain which binds DAG and phorbol esters [20,
22]. Indeed, DAG and phorbol esters directly stimulate PKD activity [20,
22]. The addition of serum or other growth factors including bombesin to
living cells also stimulates PKD activation ([23] and unpublished observa-
tions). Interestingly, the pathway leading to the activation of PKD in living
cells involves PKCs [23]. Thus PKD may function downsteam of PKCs in
a novel signal transduction pathway.

2.3 Stimulation of Monovalent Ion Fluxes

The stimulation of the monovalent K*, H* and Na* ion fluxes is a general
early response seen in most types of quiescent cells stimulated to pro-
liferate by multiple combinations of growth promoting factors (reviewed in
[24]). Addition of bombesin and other neuropeptides to quiescent 3T3 cells
also causes a rapid increase in the activity of the ouabain-sensitive Na*/K*
pump via PKC-dependent and independent pathways.

2.4 Stimulation of Mitogen-Activated Protein Kinase
and Early Response Genes

Mitogen-activated protein (MAP) kinases are activated in response to a
wide range of extracellular signals and are thought to play an important
role in transducing growth signals. The two best characterized isoforms,
p42MAPK (ERK?2) and p44MAPK (ERK1) can be stimulated both by hetero-
trimeric G protein-linked receptors and receptors that possess intrinsic
tyrosine kinase activity [25—27]. The pathway coupling receptor tyrosine
kinases to the activation of MAP kinase is well understood and involves the
stimulation of p217s, which activates an enzyme cascade consisting of Raf,
MEK and finally MAP kinase [27]. In contrast, it is less clear how seven
transmembrane domain receptors achieve activation of MP kinases. Bom-
besin stimulates MAP kinase and its upstream activating enzyme MEK via
a PKC-dependent pathway without involving p21% or Raf in Swiss 3T3
cells [28—30]. However, in Rat-1 fibroblasts, 1-oleoyl-lyso-phosphatidic
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acid (LPA; like bombesin, signals via heterotrimeric G proteins), has been
shown to activate MAP kinase via a Ras-dependent pathway which pre-
sumably involves Raf [31]. Similarly, both bombesin and neuromedin B
induce MAPK activation via a Ras-dependent pathway in Rat-1 cells stably
transfected with the respective receptors [32]. These data indicate that G
protein-linked receptors may activate MAP kinase via separate pathways in
different cells.

Bombesin and other neuropeptides rapidly and transiently induces the
expression of the cellular oncogenes c-fos and c-myc in quiescent fibro-
blasts [33]. There is evidence implicating PKC activation in the sequence
of events linking receptor occupancy and proto-oncogene induction [33].
Accordingly, bombesin-induced oncogene expression is markedly reduced
by downregulation of PKC. As mentioned above, PKC activation leads to
the activation of MAP kinase, which directly phosphorylates transcription
factor regulators resulting in the increased expression of c-fos [26, 34].

2.5 Arachidonic Acid Release and Prostaglandin Synthesis:
Differential Effects of Bombesin and Vasopressin

While bombesin and GRP stimulate DNA synthesis in the absence of other
factors, vasopressin is mitogenic for Swiss 3T3 cells only in synergistic
combination with other factors [35, 36]. Comparison of the early signal
transduction events elicited by vasopressin with those of bombesin has
shown that although most events appear identical there is at least one
fundamental difference. Bombesin, but not vasopressin, induces a marked
biphasic release of arachidonic acid into the extracellular medium [37, 38].
The arachidonic acid release by bombesin is likely to contribute to bom-
besin-induced mitogenesis because: (1) externally applied arachidonic acid
potentiates mitogenesis induced by agents that stimulate polyphosphoino-
sitide breakdown but not arachidonic acid release (e.g. vasopressin) [37];

(2) arachidonic acid released by bombesin is converted into E type
prostaglandins which elevate intracellular levels of cyclic adenosine
monophosphate (cAMP), which is a mitogenic signal for Swiss 3T3 cells
(see Figure 1 and [39, 40]).

2.6 Bombesin Stimulation of Tyrosine Phosphorylation:
Focal Adhesion Kinase (p125%K), Paxillin and p130°*; Cytoskeletal Link

Although neuropeptide receptors do not possess intrinsic tyrosine kinase
activity, they rapidly increase tyrosine phosphorylation of multiple sub-
strates in quiescent Swiss 3T3 cells [41, 42]. These substrates include the
focal adhesion-associated proteins p125 focal adhesion kinase (FAK),
paxillin, p130° and pp60s° [43—46]. FAK is a cytosolic tyrosine kinase
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that is also tyrosine phosphorylated in response to other agents that regulate
cell growth and differentiation, including bioactive lipids, growth factors
and ligands of the integrin family [43, 47—51]. Thus, FAK appears to be a
point of convergence in the action of multiple extracellular signals and
could be involved in the regulation of cell shape, adhesion, growth and
motility [47, 51, 52]. Furthermore, FAK may play a role in tumour meta-
stasis formation and proliferation.

At present, it is unclear how neuropeptide receptors couple to tyrosine
phosphorylation. Stimulation of FAK, paxillin and p130° tyrosine
phosphorylation by bombesin and other neuropeptides is independent
of PKC activation, Ca?*-mobilization [43—-45] and PI3 kinase activity
[53]. Disruption of the actin cytoskeleton with cytochalasin D or high
concentrations of platelet-derived growth factor (PDGF) blocks tyrosine
phosphorylation. Furthermore, Clostridium botulinum toxin which specifi-
cally inactivates the small GTP binding Ras-related protein, p21¥°,
blocks neuropeptide-induced actin cytoskeletal rearrangements and the
induction of tyrosine phosphorylation [44, 54—56]. Thus, p21%° is likely
to mediate neuropeptide-induced tyrosine phosphorylation. This pathway
appears to be distinct from that leading to MAPK activation in response to
bombesin [57].

Neuropeptides also induce a rapid and transient activation of another
cytosolic tyrosine kinase, pp60 that is not dependent on either PLCp-
mediated pathways or the integrity of the actin cytoskeleton [46]. Hence,
there appear to be two distinct pathways leading from the bombesin receptor
to tyrosine kinase activation which are either dependent (FAK) or indepen-
dent of the actin cytoskeleton (pp60:).

The importance of tyrosine phosphorylation in neuropeptide mitogenic
signalling has been investigated. The tyrphostins selectively inhibit tyrosine
kinases and provide potential antiproliferative agents that block cell divi-
sion through a novel mechanism [58]. In Swiss 3T3 cells, tyrphostin in-
hibits both bombesin stimulation of tyrosine phosphorylation, including
FAK, and bombesin-induced DNA synthesis over a similar concentra-
tion range, suggesting that tyrosine phosphorylation may play a role in
bombesin-mediated mitogenesis [59].

2.7 The Bombesin/GRP Receptor Transfected into Rat-1 Cells Couples
to Multiple Pathways

It has been suggested that each of the signalling pathways elicited by bom-
besin (Figure 1) emanate form different bombesin receptor isoforms; in
this way one bombesin receptor subtype may couple to tyrosine
phosphorylation while another may couple to the PLCf pathway [60].
However, a single bombesin receptor subtype transfected into Rat-1 cells
can couple to multiple signaling pathways including Ca?" mobilization,
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80K/ MARCKS phosphorylation and tyrosine phosphorylation of FAK and
paxillin [61]. The conclusion that a single receptor of the bombesin-like
receptor family is linked to multiple intracellular pathways is further sub-
stantiated by similar results obtained with the transfected neuromedin B
receptor in Rat-1 cells [62].

3. Neuropeptides and Small Cell Lung Carcinoma

The growth promoting effects of neuropeptides, and the elucidation of the
signalling pathways that mediate their effects, assume an added importance
since multiple neuropeptides may play a role in sustaining the proliferation
of cancer cells. Indeed, bombesin/GRP has been implicated in carcinomas
form lung, colon, prostate and breast. Interestingly, the neurosecretory
granules of SCLC cells are now know to contain many different peptide
growth factors [63—71]. In what follows, recent evidence implicating
neuropeptide mediated proliferation in SCLC and the use of SP analogue
broad spectrum neuropeptide antagonists as potential anticancer agents
will be discussed.

3.1 Ca?*-Mobilization in SCLC Cell Lines

Studies with SCLC have demonstrated that GRP stimulates mobilization of
intracellular Ca?" and inositol phosphate turnover in SCLC cells. These
early events are similar to those previously elucidated in murine 3T3 cells
(Figure 1). Subsequent work has shown that multiple neuropeptides in-
cluding vasopressin, bradykinin, neurotensin, galanin, cholecystokinin
and gastrin stimulate IP; production and/or Ca?" mobilization in different
SCLC cell lines [72—77]. The Ca*-mobilizing effects are mediated
by distinct receptors, as shown by the use of specific antagonists and by
the induction of homologous desensitization [72—75]. Collectively, these
studies indicate that SCLC cells express many different neuropeptide
receptors which are coupled to the mobilization of Ca?'. Furthermore,
the expression of these receptors is heterogeneous among SCLC cell
lines.

3.2 Neuropeptides Stimulate MAPK Activation, Arachidonic Acid
Mobilization and Tyrosine Phosphorylation in SCLC Cells

Several recent studies have revealed that human SCLC cells exhibit other
early signalling pathways that are very similar to those induced by neuro-
peptides in Swiss 3T3 cells (Figure 1). SCLC cells express multiple diacyl-
glycerol and phorbol ester-sensitive PKCs, including «, S, 6, and € [78].
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Activation of PKCs by phorbol esters has been demonstrated to stimulate
MAP kinase and p90= activation [79], growth and transcription of GRP
mRNA in SCLC cells [78]. Just as in Swiss 3T3 cells, PKC mediates both
MAP kinase and p90=* activation by neuropeptides in SCLC cells [79].
Furthermore, neuropeptides have been shown to cause rapid mobilization
of arachidonic acid [80] and induction of tyrosine phosphorylation of
multiple substrates migrating with an apparent Mr very similar to that seen
in Swiss 3T3 cells [81].

3.3 Multiple Neuropeptides Stimulate Clonal Growth in SCLC Cells

In view of these findings, it has been hypothesized that SCLC growth is
regulated by multiple autocrine and/or paracrine circuits involving
Ca?*-mobilizing neuropeptides [72—75, 82]. In accord with this hypo-
thesis, multiple Ca?-mobilizing neuropeptides interact with specific
receptors to promote the growth of different SCLC cell lines in semisolid
medium in a dose-dependent fashion [73, 75, 82]. Furthermore, many of
the peptides are produced by the SCLC cells or in adjacent tissues [63—71].
Thus, multiple Ca?*-mobilizing neuropeptides, via distinct receptors, can
act directly as growth factors for SCLC. Approaches designed to block
SCLC growth must take into account this mitogenic complexity.

3.4 Blocking the Action of Multiple Neuropeptides: Broad Spectrum
Antagonists

It follows from this discussion that antagonists capable of blocking the bio-
logical effects of multiple neuropeptides (i.e. broad spectrum neuropeptide
antagonists) could provide an effective approach in the treatment of SCLC.

The substance P (SP) analogue [DArg', DPro?, DTrp” °, Leu!''] SP
(Table 1) provided the first clue that broad spectrum neuropeptide inhibition
was possible. This analogue not only blocked the actions of SP but also in-
hibited the secretory effects of bombesin on a pancreatic cell preparation
[83]. It was subsequently found to block '»I-GRP binding, some bombesin-
stimulated early signalling events, and mitogenesis in Swiss 3T3 cells
[11, 33, 84—86]. It did not affect mitogenesis stimulated by polypeptide

Table 1. Comparative structures of bombesin, SP and some SP analogues

Bombesin pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH,
Substance P Arg-Pro-Lys-Pro-GIn-Gln-Phe-Phe-Gly-Leu-Met-NH,

Substance P DArg-DPro-Lys-Pro-GIn-Gln-DTrp-Phe-DTrp-Leu-Leu-NH,
Analogues DArg-Pro-Lys-Pro-DPhe-Gln-DTrp-Phe-DTrp-Leu-Leu-NH,

DArg-Pro-Lys-Pro-DTrp-Gln-DTrp-Phe-DTrp-Leu-Leu-NH,
Arg-DTrg-MePhe-DTrp-Leu-Met-NH,
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growth factors, such as EGF and PDGF [84], but it was found to block
vasopressin-stimulated mitogenesis [87]. Further SP analogues were there-
fore synthesized in order to clarify their mechanism of action and identify
more potent antagonists that could be tested in SCLC [87-91].

Several interesting compounds were found and some are shown in Table 1.
[Args, DTrp’- %, MePhe®]SP(6—11), [DArg!, DPhe®, DTrp”-?, Leu!!]SP and
[DArg!, DTrp> 7 °, Leu!']SP have been extensively investigated. All three
inhibit signal transduction and DNA synthesis stimulated by bombesin, GRP,
vasopressin and bradykinin by preventing agonist receptor binding in a
reversible fashion [88-92]. However, the antagonists neither block DNA
synthesis by PDGEF, which stimulates Ca?" mobilization through a different
mechanism from neuropeptides (i.e. mediated by tyrosine phosphorylation
rather than by a G protein), nor inhibit mitogenesis stimulated by vasoactive
intestinal peptide, which induces cyclic AMP accumulation without Ca?
mobilization [88-90]. Thus, the SP antagonist showed broad spectrum spe-
cificity against the neuropeptide mitogenes bombesin/GRP, vasopressin,
bradykinin and endothelin, which act through distinct receptors in Swiss 3T3
cells but activate common signal transduction pathways (e.g. Figure 1). The
facts that neuropeptide ligand binding is competitively inhibited, all down-
stream signalling events are reversibly blocked and that G protein activation
is not independently affected by these SP analogues strongly indicates that
they act at the receptor level [88—90, 92]. This hypothesis is supported by the
fact that a deletion mutant of [DArg!, DPhe’, DTrp” °, Leu!!]SP analogue
lacking the terminal Leu loses its inhibitory effect against bombesin but
not vasopressin-induced signal transduction and mitogenesis [90]. Never-
theless, the precise mechanism by which SP analogues inhibit the action of
Ca?*-mobilizing neuropeptides remains to be defined.

The compounds characterized as broad spectrum antagonists in Swiss
3T3 cells were tested as inhibitors of neuropeptide-mediated signals and
growth in SCLC cell lines. The broad spectrum antagonists inhibited Ca?*
mobilization stimulated by GRP, vasopressin, bradykinin, CCK and
galanin in diverse cell lines [73, 89, 91] and inhibited the growth of SCLC
cell lines in liquid and semisolid media [73, 89, 91, 93, 94]. Moreover, the
antagonists inhibited the growth SCLC tumours iz vivo and the inhibitory
effect was clearly maintained beyond the duration of administration
[91, 94]. These results demonstrate that SP analogue broad spectrum
neuropeptide antagonists may be of interest as a novel SCLC therapy.
Indeed, on the basis of these and other studies, one of the SP analogues is
now in a Phase I clinical study.

4. Conclusions

Neuropeptides are increasingly implicated in the control of cell proli-
feration and their mechanisms of action are attracting intense interest.
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The peptides of the bombesin family, including GRP, bind to specific
surface receptors and initiate a complex cascade of signalling events
(Figure 1) that culminates in the stimulation of DNA synthesis and cell
division in Swiss 3T3 cells in the absence of other growth promoting
factors. These peptides also act as autocrine growth factors for certain
SCLC cells. The results discussed here strongly suggest that multiple
Ca?"-mobilizing neuropeptides. drive SCLC growth in an autocrine/
paracrine fashion. Consequently, broad spectrum neuropeptide inhibitors
that prevent the function of multiple Ca?*-mobilizing receptors are of
special interest. Indeed, certain SP analogues block neuropeptide-medi-
ated signals in the 3T3 and SCLC cells and inhibit SCLC growth in vitro
and in vivo. Thus, broad spectrum neuropeptide antagonists constitute
potential anticancer agents.
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1. Summary

Bombesin/gastrin releasing peptide receptors (GRP-R, or bb2) mediate a
broad spectrum of biological responses including secretion of other peptide
hormones, gastric acid secretion, smooth muscle contraction, modulation
of neuron firing rate, and growth regulation of both normal and neoplastic
cells. Of particular interest, bombesin and its receptor have been shown to
promote the growth of some human lung carcinoma cells by an autocrine
mechanism, a phenomenon that is thought to play a pivotal role in the
pathogenesis and progression of these tumors. These observations make
the bb2 receptor a potentially important target for early intervention and
prevention strategies. To develop these strategies, it is essential to under-

* Author for correspondence.
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stand the initial events in receptor mediated signal transduction: ligand
binding and activation of Gg, a cognate heterotrimeric G protein for this
receptor. We have developed in vitro assays for both ligand binding and
G protein activation, which allow a quantitative analysis of the molecular
pharmacology of both processes. In addition to providing important in-
sights into the pharmacology of bb2, these in vitro assays provide a means
to evaluate the utility and efficacy of compounds or drugs which may inter-
fere with ligand binding and/or receptor/G-protein coupling.

2. Introduction

Bombesin is an amidated tetradecapeptide, originally identified in extracts
from frog skin as an agent promoting smooth muscle contractility [1]. In
mammals, there are two bombesin-like peptides known at present: gastrin-
releasing peptide (GRP)[2] and neuromedin B (NMB)[3]. These peptides
elicit a broad range of responses, including secretion of gastrointestinal,
adrenal and pituitary hormones, gastric acid secretion, regulation of
smooth muscle contraction, and modulation of neuron firing rate. In the
central nervous system, bombesin-like peptides are thought to regulate
homeostasis, body temperature, metabolism and behavior [4, 5]. The
mammalian bombesin-like peptide, GRP, can stimulate the airway growth
and development of rhesus monkey lung [6], which shows that lung tissue
can be stimulated to grow by bombesin under some circumstances.
Bombesin-like peptides can also serve as mitogens in Swiss 3T3 fibro-
blasts [7], Rat-1 fibroblasts expressing a transfected bombesin receptor
gene [8, 9], and human bronchial epithelial cells expressing a transfected
bombesin receptor gene [10]. Some small cell lung cancer cells also se-
crete biologically active bombesin-like peptides, resulting in autocrine
growth stimulation [11]. Since nonmalignant pulmonary endocrine cells
synthesize bombesin peptides, it is thought that bombesin-mediated
growth stimulation may be a relatively early step in neoplastic trans-
formation and tumor progression. These observations suggest that the
bombesin growth signaling pathway may be a useful target for early
intervention strategies aimed at early detection and prevention of lung
tumors.

Bombesin-like peptides exert their effects by binding to a family of
heptahelical G protein-coupled receptors. Three human bombesin recep-
tors have so far been isolated and characterized: a GRP-preferring receptor
(GRP-R, or bb2) [12], a NMB-preferring receptor (NMB-R, or bbl) [12]
and bombesin receptor subtype 3 (BRS-3, or bb3) [13] which has several
orders of magnitude lower affinity for GRP, NMB and bombesin. All three
receptors have a similar signal transduction cascade after binding an
agonist ligand, including heterotrimeric G protein activation leading to
activation of phospholipase C, elaboration of inositol 1,4,5-trisphosphate,
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calcium mobilization from intracellular stores, and consequent activation
of protein kinase C [14—16]. In addition, rapid tyrosine phosphorylation of
p125 focal adhesion kinase and other proteins that modulate the cytoske-
leton follows bombesin receptor activation [17, 18], although the rela-
tionship between these two signal transduction pathways remains to be
elucidated. After binding an agonist, the bombesin receptor is rapidly phos-
phorylated [19] and internalized [15, 20, 21], events which probably lead
to termination of the receptor-catalyzed exchange of GDP for GTP on
heterotrimeric G proteins and a reduction of receptor responses to sub-
sequent challenges by agonists.

To understand in detail the initial events in the bombesin receptor signal
transduction pathway, we have developed in vitro assays which define
(in quantitative terms) the molecular pharmacology of ligand binding and
subsequent receptor-catalyzed activation of heterotrimeric G proteins.
These assays provide important insights into the biochemistry of these
processes; in addition, they can be used to identify and evaluate the mecha-
nism of action, efficacy and potency of agents that may interfere with the
first two biochemical events in GRP-R signalling.

3. Materials and Methods
3.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum and
aminoglycoside G418 were obtained from BRL Life Technologies, Inc.
(Gaithersburg, MD). The GRP-R agonists GRP and bombesin were
purchased from Peninsula Laboratories (Belmont, CA). Purified squid
Gag was prepared as described by Hartman and Northup [22]. Purified
bovine brain By was prepared as described previously [23]. AEBSF(4-(2-
Aminoethyl)-benzenesulfonyl fluoride) was purchased from ICN Bio-
medical, Inc. (Aurora, OH). Nitrocellulose filters were obtained from
Millipore Corporation (Bedford, MA). All other chemicals used in these
experiments were reagent grade. ['%I]-[D-Tyr®]|Bn(6—13) methyl ester
(['**1]-Tyr-ME), the radiolabelled GRP-R antagonist used in whole cell
binding studies, was prepared as described previously [24, 25]. 35S-GTPyS
was purchased from NEN/DuPont (Boston, MA).

3.2 Cell Culture

The cells used for these assays were Balb/c 3T3 cells transfected with an
epitope-tagged mouse GRP-R cDNA (5ET-4), or Balb/c 3T3 cells trans-
fected with the wildtype mouse GRP-R (BN7.9). The epitope-tagged GRP-
R behaves identically to the wildtype GRP-R when assayed for ligand



146 G.S. Kroog et al.

binding, coupling, internalization and desensitization [19]. The cells were
maintained in DMEM containing 300 pg/ml G418 and 10% (v/v) fetal
bovine serum, and grown at 37 °C in 5% CO,.

3.3 Whole Cell Binding Assay

On the day before binding is performed, transfected cells are plated at
10* cells/well in 24-well microtiter dishes (Costar), and binding buffer
(BB) is prepared. BB consists of 140 mM NaCl, 5 mM KCl, 0.1% (w/v)
bovine serum albumin, 1 mM CaCl,, 0.03% (w/v) bacitracin, 50 mM
HEPES pH 7.4. On the day the assay is performed, the protease inhibitors
AEBSF and leupeptin are added to the BB at final concentrations of
100 pM and 1 pg/ml respectively. Immediately before beginning the
binding assay, growth medium is removed from each well, and the cells are
washed with 1 ml BB, followed by a 5 minute incubation with 0.5 ml BB
supplemented with protease inhibitors. Following this incubation, 0.5 ml
BB supplemented with protease inhibitors, and 25000 cpm ['?I]-Tyr-ME
(about 13 pM concentration) is added. In some cases unlabelled peptide
ligands as indicated are added to each well. Binding proceeds at room tem-
perature (23 °C) for the indicated times, and is terminated by removal of the
buffer containing radioligand. The cells are washed with 1 ml BB without
inhibitors three times. After the three washes, the cells are detached by
incubation in 0.2 ml 0.2 M NaOH, 1% (w/v) sodium dodecyl sulfate for 5
minutes. The cells and debris are removed by serial pipetting of the 0.2 ml
detachment solution until all cells are in solution. The detachment solution
is transferred to a tube appropriate for gamma counting, and the well wash-
ed one final time with 0.25 ml BB without protease inhibitors. The wash is
transferred to the tube containing detachment solution, and the 0.45 ml
volume is counted in a gamma counter (Cobra II, Packard Instrument Com-
pany, Downers Grove, IL 60515). Curve fitting and data analysis for the
ligand binding experiments were performed using the LIGAND program
[26] and a Macintosh LCII computer.

3.4 Membrane Preparation for Coupling Assay

To measure GRP-R coupling to heterotrimeric G proteins, it was neces-
sary to prepare a GRP-R containing membrane fraction with minimal
residual background GTP binding activity. 5-ET4 cells adhering to
growth dishes were washed twice with 10 ml phosphate buffered saline at
room temperature, and incubated at 4°C for 15 minutes in hypotonic
solution A (10 mM HEPES pH 7.4, 1 mM EGTA) fortified with 100 pM
AEBSE. Swollen cells were harvested by scraping, homogenized in a
Dounce homogenizer (15 strokes with a tight pestle), and nuclei and cell
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debris removed by centrifugation at 750 x g for 10 minutes at 4°C. A
post-nuclear membrane fraction (P2) was pelleted by centrifugation at
75000 x g for 30 minutes at 4 °C. The P2 pellet was suspended in soluti-
on A supplemented with the chaotropic agent urea at 6 M concentration,
and membranes were incubated on ice for 30 minutes. The membranes
were collected by centrifugation at 75000 X g for 30 minutes at 4 °C,
extracted a second time with solution A fortified with 6 M urea on ice,
collected by centrifugation at 75000 x g for 30 minutes at 4 °C, washed
once with solution A alone, and resuspended in solution A supplemented
with 12% (w/v) sucrose. Aliquots of chaotrope-extracted membranes
were frozen on dry ice and stored at —80°C until used for coupling
assays.

3.5 Assay for GRP-R Coupling to Heterotrimeric G proteins

The first event in G protein-coupled receptor coupling to heterotrimeric G
protein is the receptor-catalyzed exchange of GTP for GDP bound to the
Ga subunit. In our experiments, GRP-R mediated nucleotide exchange was
determined in vitro using a procedure modified from the method of Fawzi
et al. [27]. Membranes containing GRP-R (final concentration about 3 nM
GRP-R) were incubated in a 50 pL binding reaction buffer containing
20 mM HEPES pH 7.5, 100 mM NacCl, 3 mM MgSO,, 1 mM DTT, 1 mM
EDTA, 1 pM GDP, 0.3% (w/v) BSA, 400000 cpm [**S]GTPyS, with or
without 280 nM Gag, 1 pM By, and/or 1 pM GRP as indicated. Binding
proceeded at 30°C for 10 minutes, and was terminated by addition of
2ml ice-cold solution B (20 mMTris-HCl, pH 8.0, 100 mM NaCl,
25mM MgCl,). After addition of ice-cold solution B, the bound
[**SIGTPyS was collected by filtration using a nitrocellulose filter and a
vacuum manifold. Filters were washed four times, each time using a 2 ml
aliquot of ice-cold solution B, dried, and counted by liquid scintillation
using a beta counter (Wallac 1219). The counts bound reported in this
manuscript are the mean of three independent experiments.

4. Results
4.1 Binding Properties of ['*I]-Tyr-ME Radioligand

Ligand binding to a receptor is the first event in a cascade of biochemical
reactions of signal transduction. It is therefore important to establish a
reliable assay to measure ligand binding that can give accurate, quantitative
results. Figure 1A shows a time course for binding of the ['?°I]-Tyr-ME
radioligand to the GRP-R expressed in the transfected Balb/c 3T3 cell line
5-ET4. We elected to use a pure GRP-R antagonist as the radioligand in this
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Figure 1A. Time course of ['?’I]-Tyr-ME radioligand binding to (1A), and dissociation from
(1B), the GRP-R. Figure 1A shows the rate and extent of binding of the radioligand over a 180
minute time period. Equilibrium binding is achieved by about 90—120 minutes, and there is no
evidence for instability of the radioligand.

whole cell binding assay to avoid internalization of the radioligand, which
occurs within minutes of agonist binding to the receptor in whole cells
[15, 20, 21]. Internalization would confuse the quantitative analysis of
radioligand binding to GRP-R by generating a pool of radioligand inside
the cell that is associated with the cells but is not bound to GRP-R in the
cell membrane. The binding reaches a plateau after about 90— 120 minutes
at room temperature, indicating the amount of binding where the GRP-R
binding and dissociation rates are at dynamic equilibrium in the presence
of 13 pM radioligand tracer. There is no change in this plateau if the
binding assay progresses for as long as 4 hours, consistent with structural
stability of the radioligand during the time required to come to equilibrium
binding.

To confirm ligand stability, we compared the high performance liquid
chromatographic properties of the radioligand after binding for eight hours
with the radioligand before exposure to the binding assay. Over 95 % of the
radioligand incubated in a binding reaction for up to eight hours elutes in
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Figure 1B. The time course of dissociation of radioligand bound to the GRP-R. About half of
the radioligand has dissociated by 38 minutes. Data shown in this figure are representative of
experiments repeated at least three times.

the same fractions as the radioligand before binding, confirming the struc-
tural integrity of the radioligand in this binding assay (data not shown).

In Figure 1B, the GRP-R is brought to dynamic equilibrium by binding
to about a 13 pM radioligand for two hours, after which time 1 pM un-
labelled ME or bombesin is added to the binding assay. By following the
time dependent decrease in radioligand bound in the assay, we can deter-
mine quantitatively the off-rate of bound radioligand [28]. Radioligand
dissociation from the GRP-R is relatively rapid, with a t;,, of 38 minutes.
By taking into account the specific activity of the radioligand (2200 Ci/
mmole), these data allow a calculation of the off-rate constant k,, which is
about 3.0 x 10~ sec”!, and the on-rate constant k;, which is about 5.1x
106 M! sec™! [28]. The dissociation constant K, can be calculated as the
ratio of kyk; =6.0x 10! M, or 60 pM, indicating that this radioligand
antagonist has a very high (sub nM) affinity for GRP-R in this whole cell
radioligand binding assay.

Figure 2A shows a typical ligand displacement analysis of binding to the
GRP-R in the presence of varying concentrations of unlabelled ligand.
Note that about half of the binding is inhibited by addition of 100 pM un-
labelled ligand, consistent with a K, value of about 100 pM. In Figure 2B,
the same binding data are plotted to give a Scatchard curve, and the best
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Figure 2A. Quantitative displacement analysis of ['%I]-Tyr-ME radioligand binding in the
presence of varying concentrations of unlabelled ME. Figure 2A shows the displacement curve
for radioligand binding, with about half of the binding inhibited by addition of approximately
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Figure 2B. Shows the same data from Figure 2 A plotted in Scatchard format, indicating a
single high affinity binding site with a K4 0f 0.92 x 10-'© M. Data shown in this figure are re-
presentative of experiments repeated at least three times.
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linear fit predicts K4 of 92 pM, and a B,,x of about 2 X 10° receptors/cell.
These measurements of K, are in close agreement with that derived in-
dependently from the kinetic data in Figure 1 (K4 = 60 pM).

The ['#I]-Tyr-ME radioligand has been shown to function as a pure
antagonist, with no evidence for partial agonism [24]. If this radioligand is
in fact a pure antagonist, there should be no internalization of bound radio-
ligand. This lack of internalization is supported by the kinetic data shown
in Figure 1B, where the majority of radioligand bound to the receptor over
a two hour time period at room temperature is competed off by unlabelled
radioligand within two hours. These results are consistent with the majority
of the bound radioligand remaining at the cell surface, and not internalized
within the cell. To confirm that the bound ['*°I]-Tyr-ME radioligand anta-
gonist is not internalized, we determine that >99% of the bound ['*°I]-
Tyr-ME radioligand can be removed by treating the cells with 0.2 M acetic
acid (pH 2.5)/0.5 M NaCl for 5 minutes at 22 °C. In contrast, when the radio-
ligand is an agonist such as ['?’I]-Tyr*-bombesin, about 30% of the label
remains associated with the cells after treatment with acid, which confirms
that this agonist radioligand is internalized after binding (data not shown).

4.2 GRP-R Coupling to G, in Vitro

Heterotrimeric G proteins that couple to G protein-coupled receptors are
composed of the products of three distinct gene families, each of which
encodes a, f or y subunits. When activated by agonist binding, the receptor
catalyzes the release of GDP from the Ga subunit of the heterotrimer,
which in turn leads to dissociation of the heterotrimer into distinct o and
By subunits, and GTP binding to the a subunit. Thus, receptor coupling can
be measured by assaying the agonist stimulated binding of a nonhydro-
lysable GTP analog (such as [**S]JGTPyS) to the Ga subunit.

At least 20 distinct mammalian Ga subunits are known at present, and
have been classified according to sequence homology and intracellular
effector regulation [29, 30]. In mammals, the G, subfamily of G proteins
has been shown to be insensitive to pertussis toxin, and to activate
phospholipase C and stimulate phosphoinositide hydrolysis [31, 32], the
initial events known to be involved in GRP-R signal transduction [33].
Based on this information, we chose Ga, as a logical coupling partner for
the GRP-R coupling assay. Squid transducin, a member of the G, sub-
family, is the major heterotrimeric G protein in the squid photoreceptor
[34], which makes this a good source for purification of active Ga, with
appropriate post-translational lipid modifications.

Table 1 shows the results of GRP-R-catalysed exchange binding of
radiolabelled [*S]GTPyS for GDP, a measure of receptor coupling. Note
that the radioligand bound remained at background levels (<5000 cpm) in
the absence of agonist. GRP-stimulated nucleotide exchange levels above
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Table 1 GRP-R coupling to Ga,. The binding of *S-GTPyS is measured after addition of dif-
ferent combinations of heterotrimeric G protein subunits, with or without addition of GRP
(a GRP-R agonist). Note that any binding observed over background required addition of GRP,
Gpy and Ga,. The numbers reported in this figure are CPM bound during the assay, and are
representative of data from experiments repeated at least three times.

GRP-R Coupling to Ga,

GRP(1 pM) + -

Membranes alone 4840 4346
Membranes + a 6321 4462
Membranes + By 3433 5466
Membranes + ag + By 46321 5756

this background required the presence of Gay, By and agonist, as predicted
from the model of receptor-G protein interaction. When all G protein
subunits and agonist are present, nucleotide exchange is catalysed, result-
ing in the binding of >40000 cpm of [**S]GTPyS (Table 1). This reaction
is saturable for addition of both Ga, and By [35] and the ECs, for GRP-
stimulated exchange of [3*S]GTPyS is 3.5 nM [35], in close agreement
with the reported K, of 3.1+1.4 nM for GRP-R expressed in Balb/c 3T3
cells [15]. Taken together, these data indicate that this assay reconstitu-
tes GRP-R coupling to G, in vitro, and that the coupling can be measured
using the nucleotide exchange of [*S]GTPyS for GDP bound to the Gay,
subunit.

5. Discussion

We have developed in vitro assays to characterize the first two biochemical
events involved in GRP-R signal transduction, ligand binding and G pro-
tein coupling. The ligand binding assay is a reliable tool to determine both
steady state and kinetic parameters of GRP-R interaction with ligands. In
addition, it establishes binding conditions where the ['?I]-Tyr-ME radio-
ligand interacts with GRP-R with high affinity. This radioligand is stable in
the binding assay for long periods, compared to the time required for
binding to come to dynamic equilibrium in the presence of low concentra-
tions of ligand (13 pM). The ['*I]-Tyr-ME radioligand is an antagonist
which will not rapidly internalize after receptor binding, in contrast to
radioligand agonists for GRP-R such as ['?’]]-Tyr*Bombesin or [!*I]|GRP
used in other GRP-R binding assays. For this reason, the ['?’I]-Tyr-ME
radioligand is better suited for studies designed to measure binding, or in-
hibition of binding, to GRP-R expressed in intact cells. Furthermore, this
assay could be adapted to characterize molecules that interfere with
binding, or for screening libraries of nonpeptide small molecules that
function as pure antagonists for GRP-R binding. These specific GRP-R
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antagonists would prove very useful in determining the function of GRP-R
in complex organ systems such as the brain or digestive tract, and might
also prove useful in early intervention strategies where GRP-R mediated
growth is an important step in establishing growth deregulation, neoplasia
or tumor progression.

We have also developed an assay to measure GRP-R coupling in vitro,
which is the step in GRP-R signal transduction immediately after agonist
binding. Our studies indicate that GRP-R coupling, as measured by
exchange of [**S]GTPyS for GDP bound to the a subunit of Gy, requires
GRP agonist, a, and By subunits as expected. In future studies, it will be
interesting to see if there are any differences in coupling properties observ-
ed when the four mammalian Ga, family members (ag, a1, o4 and ays/16)
are compared. This study awaits the expression and purification of ade-
quate amounts of these four Ga proteins, an effort currently underway in
our laboratories. This assay system also provides an experimental test of
the selectivity of GRP-R coupling to G, a selectivity brought into question
by reports of pertussis toxin sensitive GRP-R signalling in guinea pig lung
membranes [36] suggesting GRP-R signal transduction mediated through
G; and/or G,. In addition, it can be adapted to compare the coupling
properties of GRP-R (bb2) to the two other known mammalian bombesin
receptor subtypes, NMB-R (bb1) and BRS-3 (bb3). A study using antisense
oligonucleotides to deplete Xenopus oocytes of individual members of the
Ga, family revealed differences in the coupling requirements for GRP-R
and NMB-R expressed in these cells [37]. Irn vitro reconstitution of recep-
tor coupling may well reveal qualitative and quantitative differences
between G protein receptor interactions that would be difficult, if not
impossible, to appreciate by analyzing coupling in vivo. As in the radio-
ligand binding assay, the in vitro coupling assay provides a means to
analyze quantitatively the properties of compounds postulated either to
augment or interfere with receptor coupling, such as mastoparan [38, 39],
or to screen for compounds that modulate GRP-R signal transduction at the
level of coupling. Compounds that interact at the level of coupling may be
of great interest in the future, since multiple neuropeptides have been
observed to activate similar signal transduction pathways in small cell lung
carcinoma cells [40].

There is growing documentation of associations between amino acid
sequence changes in G protein coupled receptors and a variety of inherited
human disorders [41, 42]. In fact, a recent case report of a patient with
autism carrying a balanced reciprocal translocation disrupting the human
GRP-R has raised the possibility that GRP-R mutations may be in part
responsible for this disorder [43]. Well-characterized assays for recep-
tor function will allow a rigorous analysis of any allelic variants in the
GRP-R, or other G protein-coupled receptors, to distinguish between an
allelic variant that alters receptor function and one which is functionally
neutral.



154 G.S. Kroog et al.

Acknowledgments

The authors gratefully acknowledge Mr. Samuel Mantey for his expertise in preparation of
the ['?°I]-Tyr-ME radioligand used in these studies, and for technical assistance in the high pres-
sure liquid chromatography analysis of radioligand before and after binding.

References

1. Anastasi A, Erspamer V, Bucci M (1971) Isolation and structure of bombesin and alytesin,
two analogous active tetradecapeptides from the skin of the European amphibians Bombina
and Alytes. Experientia 27: 166—167.

2. McDonald TJ, Jornvall H, Nilsson G, Vagne M, Ghatei M, Bloom SR, Mutt V (1979)
Characterization of a gastrin releasing peptide from porcine non-antral gastric tissue. Bio-
chem Biophys Res Comm 90: 227-233.

3. Minamino N, Kangawa K, Matsuo H (1983) Neuromedin B: a novel bombesin-like peptide
identified in porcine spinal cord. Biochem Biophys Res Comm 114: 541—-548.

4. Lebacq-Verheyden AM, Trepel J, Sausville EA, Battey JF (1990) Bombesin and gastrin-
releasing peptide: neuropeptides, secretogogues, and growth factors. /n: Sporn MB,
Roberts AB (eds): Handbook of Experimental Pharmacology, Vol. 95/I1. Peptide Growth
Factors and Their Receptors 11, Springer-Verlag, Berlin Heidelberg, pp 71—-124.

. Spindel ER (1986) Mammalian bombesin-like peptides. Trends Neurosci 9: 130—133.

. Li K, Nagalla SR, Spindel ER (1994) A rhesus monkey model to characterize the role of
gastrin-releasing peptide (GRP) in lung development: evidence for stimulation of airway
growth. J Clin Invest 94: 1605—-1615.

7. Rozengurt E, Sinnett-Smith J (1983) Bombesin stimulation of DNA synthesis and cell
division in cultures of Swiss 3T3 cells. Proc Natl Acad Sci USA 80: 2936—2940.

8. Charlesworth A, Broad S, Rozengurt E (1996) The bombesin/GRP receptor transfected into
Rat-1 fibroblasts couples to phospholipase C activation, tyrosine phosphorylation of p125
FAK and paxillin and cell proliferation. Oncogene 12(6): 1337—1345.

9. Lach EB, Broad S, Rozengurt E (1995) Mitogenic signalling by transfected neuromedin B
receptors in Rat-1 cells. Cell Growth Diff 6(11): 1427—1435.

10. Cuttitta F, Carney DN, Mulshine J, Moody TW, Fedorko J, Fischler A, Minna J (1985)
Bombesin-like peptides can function as autocrine growth factors in human small-cell lung
cancer. Nature 316: 823—-826.

11. Moustafa A, Tsao M-S, Battey JF, Viallet J (1995) Expression of the gastrin-releasing
peptide receptor confers a growth response to bombesin in immortalized human bronchial
epithelial cells. Cancer Res 55: 1853—1855.

12. Corjay MH, Dobrzanski D, Way J, Viallet J, Shapira H, Worland P, Sausville EA, Battey JF
(1991) Two distinct bombesin receptor subtypes are expressed and functional in human
lung carcinoma cells. J Biol Chem 266: 18771—18779.

13. Fathi Z, Corjay M, Shapira H, Wada E, Benya R, Mantey S, Jensen R, Viallet J, Sausville EA,
Battey JF (1993) BRS-3: a novel bombesin receptor subtype selectively expressed in testis
and lung carcinoma cells. J Biol Chem 268: 5979—-5984.

14. Benya R, Wada E, Battey JF, Fathi Z, Wang L-H, Mantey S, Coy DH, Jensen RT (1992)
Neuromedin B receptors retain functional expression when transfected into Balb 3T3 fibro-
blasts: analysis of binding kinetics, stoichiometry, modulation by guanine nucleotide
binding proteins, signal transduction, and comparison with natively expressed receptors.
Molec Pharmacol 42: 1058—1068.

15. Benya R, Fathi Z, Kusui T, Pradham T, Battey JF, Jensen RT (1994) Gastrin-releasing
peptide receptor-induced internalization, down-regulation, desensitization, and growth:
possible role for cyclic AMP. Molec Pharmacol 46: 235—-245.

16. Benya R, Kusui T, Pradham T, Battey JF, Jensen RT (1995) Expression and characterization
of cloned human bombesin receptors. Molec Pharmacol 47: 10-20.

17. Zachary I, Sinnett-Smith J, Turner CE, Rozengurt E (1993) Bombesin, vasopressin, and
endothelin rapidly stimulate tyrosine phosphorylation of the focal adhesion-associated
protein paxillin in Swiss 3T3 cells. J Biol Chem 268: 22060—22065.

A W



Bombesin Receptor Binding and Coupling 155

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sinnett-Smith J, Zachary I, Valverde AM, Rozengurt E (1993) Bombesin stimulation of
p125 focal adhesion kinase tyrosine phosphorylation: role of proteinkinase C, calcium
mobilization, and the actin cytoskeleton. J Biol Chem 268: 14261—14268.

Kroog G, Sainz E, Worland P, Jensen RT, Battey JF (1995) The gastrin-releasing peptide
receptor (GRP-R) is rapidly phosphorylated by a kinase other than protein kinase C (PKC)
after exposure to agonist. J Biol Chem 270: 8217—-8224.

Benya R, Fathi Z, Battey JF, Jensen RT (1993) Specific serines and threonines in the
gastrin-releasing peptide receptor carboxy terminus mediate agonist-stimulated internali-
zation. J Biol Chem 268: 20285-20290.

Benya R, Kusui T, Shikado F, Battey JF, Jensen RT (1994) Desensitization of neuromedin
B receptors (NMB-R) on native and NMB-R transfected cells involves down-regulation
and internalization. J Biol Chem 269: 11721-11728.

Hartman J, Northup JK (1996) Functional reconstitution of SHT2c receptors in situ
with aq and inverse agonism of SHT2c receptor antagonists. J Biol Chem 271: 22591—
22597.

Sternweis P, Robishaw JD (1984) Isolation of two proteins with high affinity for guanine
nucleotides from membranes of bovine brain. J Biol Chem 259: 13806—13813.

Mantey S, Frucht H, Coy DH, Jensen RT (1993) Characterization of bombesin receptors
using a novel, potent, radiolabelled antagonist that distinguishes bombesin receptor sub-
types. Molec Pharmacol 43: 762—-774.

Wang L-H, Mantey S, Lin JT, Frucht H, Jensen RT (1993) Ligand binding, internalization,
degradation and regulation by guanine nucleotides of bombesin receptor subtypes: a com-
parative study. Biochim Biophys Acta 175: 232-242.

Munson PJ, Rodbard D (1980) LIGAND: A versatile computerized approach for characte-
rization of ligand-binding systems. Anal Biochem 107: 220—239.

Fawzi AB, Northup JK (1990) Guanine nucleotide binding characteristics of transduction:
essential role of rhodopsin for rapid exchange of guanine nulceotides. Biochemistry 29:
3804-3812.

Limbird LE (1986) Cell surface receptors: a short course on theory and methods, Marti-
nus Nijhoff Publishing, Boston.

Helper JR, Gilman AG (1992) G proteins. Trends Biochem Sci 17: 383—387.

Wilkie TM, Gilbert DJ, Olsen AS, Chen X-N, Amatruda TT, Korenberg JR, Trask BJ,
de Jong P, Reed RR, Simon M1, et al. (1992) Evolution of the mammalian G protein a sub-
unit multigene family. Nature Genet 1: 85-91.

Smrcka AV, Helper JR, Brown KO, Sternweis PC (1991) Regulation of polyphosphoino-
sitide-specific phospholipase C activity by purified G,. Science 251: 804—807.

Taylor SJ, Chae HZ, Rhee SG, Exton JH (1991) Activation of the B1 isozyme of phos-
pholipase C by a subunits of the G, class of G proteins. Nature 350: 516—518.

Brown KD, Blay J, Irvine RF, Heslop JP, Berridge MJ (1984) Reduction of epidermal
growth factor receptor affinity by heterologous ligands: evidence for a mechanism in-
volving the breakdown of phosphoinositide and the activation of protein kinase C. Biochem
Biophys Res Comm 123: 377-384.

Pottinger JD, Ryba NJ, Keen JN, Findlay JB (1991) The identification and purification of
the heterotrimeric GTP-binding protein from squid (Loligo forbesi) photoreceptors. Bio-
chem J 279: 323-326.

Hellmich MR, Battey JF, Northup JK (1997) Selective reconstitution of gastrin-releasing
peptide receptor with Ga,. Proc Natl Acad Sci USA 94: 751-756.

Lach E, Trifilieff A, Scherrer D, Gies J-P (1994) Association of guinea pig lung bombesin
receptors with pertussis toxin-sensitive guanine nucleotide binding proteins. Eur J
Pharmocol 269: 87-93.

Shapira H, Way J, Lipinsky D, OronY, Battey JF (1994) Neuromedin B receptor, expressed
in Xenopus laevis oocytes, selectively couples to Gag and not Gay,,. FEBS Lett 348: 89—
92.

Higashijima T, Uzu S, Nakajima T, Ross EM (1988) Mastoparan, a peptide toxin from wasp
venom, mimics receptors by activating GTP-binding regulatory proteins (G proteins). J
Biol Chem 263: 6491—-6494.

Higashijima T, Burnier J, Ross EM (1990) Regulation of G; and G, by mastoparan, related
amphiphilic peptides, and hydrophobic amines: mechanism and structural determinants of
activity. J Biol Chem 265: 14176—14186.



156

40.

41.

42.

43.

G.S. Kroog et al.

Woll PJ, Rozengurt E (1989) Multiple neuropeptides mobilize calcium in small cell lung
cancer: effects of vasopressin, bradykinin, cholecystokinin, galanin, and neurotensin. Bio-
chem Biophys Res Comm 164: 66—73.

Clapham DE (1993) Mutations in G protein-linked receptors: novel insights on disease.
Cell 75: 1237—-1239.

Spiegel AM (1996) Defects in G protein-coupled signal transduction in human disease. Ann
Rev Physiol (in press).

Ishikawa-Brush Y, Powell JF, Bolton P, Francis F, Lehrach H, Monaco AP (1995) Disrup-
tion of the GRPR gene and translocation breakpoint sequence associated with multiple exo-
stoses and autism. Am J Hum Genet 57: A56, abstract #292.



Clinical and Biological Basis of Lung Cancer Prevention
ed. by Y. Martinet, F.R. Hirsch, N. Martinet, J.-M. Vignaud
and J.L. Mulshine

© 1998 Birkhauser Verlag Basel/Switzerland

CHAPTER 13
DNA Methylation Changes in Lung Cancer

Samir M. Hanash -*, Bruce Richardson?, Rork Kuick!,
Katharina Wimmer!, Didier H. Thoraval!, Barbara Lamb!,
Yoshihiro Nambu? and David G. Beer?

! Department of Pediatrics, University of Michigan, Ann Arbor, Michigan, USA
2 Department of Internal Medicine, University of Michigan, Ann Arbor, Michigan, USA
3 Department of Surgery, University of Michigan, Ann Arbor, Michigan, USA

1 Summary

2 Introduction '

3 DNA Methylation and Lung Cancer

4 Analysis of Methylation Changes in Lung Tumors by Two-Dimensional Separations
of NotI Genomic Digests

5 Hypomethylation of Repetitive DNA Sequences in Lung Adenocarcinoma

6 Hypermethylated CpG Islands in Lung Adenocarcinomas

7 Conclusion

References

1. Summary

Recent evidence has suggested a role for DNA methylation changes and for
DNA (cytosine 5-) methyltransferase in some aspect of tumor devel-
opment. Limited data are currently available related to changes in the
methylation process in lung cancer. Using a novel two-dimensional genome
scanning approach to detect gene dosage alterations in tumors, we have
identified loci that exhibited hypermethylation and others that exhibited
hypomethylation in lung adenocarcinoma. The data suggest that some of
the methylation changes observed are unlikely to be due to methylation
errors. Full implementation of the genome scanning approach will prob-
ably uncover a large number of loci affected by methylation change in lung
carcinogenesis.

2. Introduction
In eukaryotic cells, DNA methylation refers primarily to the postsynthet-

ic methylation of deoxycytosine (dC) at the 5 position to form 5-deoxy-

* Author for correspondence.
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methylcytosine (d™C) [1]. DNA methylation is implicated in a number of
biological processes, including imprinting and X chromosome inactiva-
tion. Nearly all d™C is found in the dinucleotide CpG, although only 70%
to 80% of the CpG pairs are methylated. Most unmethylated CpG pairs
are found in GC-rich sequences referred to as CpG islands, while the
majority of the methylated pairs are found elsewhere in the genome. CpG
islands are approximately 1 kb long, and are almost always located near
coding sequences of genes [2]. CpG islands contain multiple binding sites
for transcription factors, and function as promoters for the associated
gene(s) [2]. Nearly all “housekeeping” genes, and some tissue specific
genes, contain CpG islands [3]. Current estimates indicate that there are
approximately 45000 CpG islands per haploid genome in humans [4]. Ap-
proximately 56 % of human genes are associated with CpG islands [4].

While the role of DNA methylation in different biological processes is
increasingly appreciated, the significance of methylation changes ob-
served in cancer mostly remains to be determined. In mature cells, DNA
methylation patterns are maintained through mitosis by the enzyme DNA
(cytosine-5-) methyltransferase (DNA MTase) [5]. During mitosis, DNA
MTase recognizes hemimethylated CpG dinucleotides in the parent and
daughter DNA strands, and catalyzes the transfer of the methyl group
from S-adenosylmethionine to the cytosine residues in the unmethylated
daughter DNA strand, producing symmetrically methylated sites and
maintaining methylation patterns [6]. Since DNA methylation patterns
may affect gene expression and are heritable through mitosis, yet do not
involve sequence mutations, DNA methylation has been referred to as
an “epigenetic” mechanism of gene regulation [7]. De novo methylation
of unmethylated DNA sequences also occurs. Examples include cells
recovering from treatment with DNA hypomethylating agents and chang-
es occurring during gametogenesis [8]. However, the mechanisms regu-
lating de novo methylation are poorly understood. A few CpG islands
have been investigated in aging and found to be methylated [2, 9, 10].
However, the extent of CpG island methylation changes in aging is
unknown.

DNA methylation has been implicated in carcinogenesis. Reduced d™C
levels have been described in a variety of malignancies [11]. Hypomethyl-
ation of proto-oncogenes has been reported in liver tumors, leukemias and
colorectal cancer [12] and may contribute to malignant transformation by
modifying proto-oncogene expression. The methylation of normally
unmethylated CpG islands has also been associated with a variety of
human tumors [12]. For example, hypermethylation of the Rb gene may
contribute to neoplastic transformation in retinoblastoma by inactivating
its tumor suppressor function. DNA methylation can also lead to point
mutations as a result of deamination of d™C to form thymine. Repair
mechanisms may then repair the mismatched guanidine to adenosine, caus-
ing a point mutation. This process is further accelerated by DNA MTase
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overexpression, which may be an early event in the transformation of cer-
tain cells [13, 14]. The estimated mutation rate of CpG dinucleotides is 10
to 40 times that of other dinucleotides [12], and this mutation has been
implicated in 25% to 33 % of p53 mutations in human tumors [12]. Finally,
regional DNA hypomethylation has been related to sequence specific
strand breaks and deletions, which can also contribute to malignant trans-
formation [15, 16].

3. DNA Methylation and Lung Cancer

Knowledge of methylation changes in lung cancer is very limited. Unique
methylation changes associated with lung cancer have yet to be identified
and most current knowledge is of a general nature. However, a recent study
suggests, that in lung cancer, methylation of some CpG islands may be
related to the specific type of carcinogen exposure. The estrogen receptor
(ER) gene contains a CpG island which is methylated in different cancers
[17-19]. In a study of ER gene methylation in lung tumors, promoter
methylation was detected in 4 of 11 tumors from nonsmokers and 7 of
35 tumors from smokers [20]. A significant difference in ER methylation
was also observed in a rodent lung tumor model. Lung tumors induced by
a tobacco carcinogen had a low incidence of ER methylation relative to
spontaneous and plutonium-induced tumors, which had a very high in-
cidence [20].

The role of MTase in tumor initiation or development has been of interest,
particularly in view of the demonstration that disruption of MTase in knock-
out mice results in partial protection from colon tumor development when
crossed with min mice that have susceptibility to colon tumors [21]. Addi-
tionally, overexpression of the murine MTase in NIH 3T3 cells was shown
to cause transformation [22]. In a mouse model of lung carcinogenesis,
Belinsky et al. [23] examined MTase levels in mice that exhibit high or low
susceptibility for lung tumor formation. They reported increased levels of
MTase in the target alveolar type II cells in the high susceptibility mice
after carcinogen exposure. While it could be suggested that an increase in
MTase activity is associated with tumor development and might represent
an important step in carcinogenesis, it is likely that the increase in MTase
activity observed is partly attributable to an increase in the proliferative
activity of the target cells. For example, a recent study of colon tumors
showed limited upregulation of MTase activity in colon cancer commen-
surate with increased cell proliferation [24]. We have also observed a
marked increased in MTase activity, following mitotic stimulation of
resting T cells with PHA (phyto-haemagglutinin) (Richardson et al.,
manuscript in preparation).
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4. Analysis of Methylation Changes in Lung Tumors
by Two-Dimensional Separations of NozI Genomic Digests

The effects of methylation are most consistently observed in CpG islands,
where methylation has a strong correlation with transcriptional suppression
[25], and lack of methylation is usually required for expression of the
associated gene [26]. These observations, together with the common
localization of CpG islands in gene promoters, make CpG islands ideal
landmarks for genome scanning approaches to detect changes in DNA
methylation.

The identification of loci that undergo methylation changes in the
genome of cancer cells, apart from the analysis of candidate genes, has
been limited by the lack of suitable means to search for methylation
alterations across the genome. We have implemented a computerized
approach initially developed by our group for protein 2D analysis
[27—-29] for the analysis of 2D separations of enzyme digested genomic
DNA [30-32]. By using different combinations of restriction enzymes
and/or different electrophoretic conditions, the number of independent
fragments in a human genomic DNA sample that can be analyzed in
multiple 2D patterns can reach several thousand. The approach relies on
radioisotope labelling of genomic fragments at cleavage sites specific
for a rare cutting restriction enzyme. The labelled genomic digests are
separated in a first dimension, followed by in sifu digestion prior to
second-dimension separation. The reliance on the rare cleaving restric-
tion enzyme Nofl to digest genomic DNA prior to labelling, allows visuali-
zation of DNA fragments that occur preferentially in CpG islands of the
genome. Because of the localization of CpG islands in proximity to trans-
cribed sequences, the 2D patterns obtained with this enzyme are highly
targeted to a functional component of the genome [33, 34]. Thus, there is
a strong likelihood that Nofl fragments detected in 2D gels represent
sequences in genes.

An important application of this approach is the study of genomic
alterations in cancer, including chromosomal deletions, amplifications
and methylation changes, by measuring fragment intensities. We have
previously shown that loss of one of the two genomic copies encoding for
a fragment could be detected without the need for reliance on hetero-
zygosity [31, 32]. The 2D genome scanning approach is being im-
plemented by our group for the study of genomic alterations in lung
tumors. Our current findings pertaining to DNA methylation changes in
lung adenocarcinomas are reviewed. For the studies described, whole
genomic DNA of tumor tissue and normal control tissue is digested with
the enzyme Norl and a second six base pair cutting enzyme such as
EcoRV or BgllI [32, 35]. The protruding ends produced by the methyl-
ation-sensitive CpG specific enzyme Nofl are isotopically labelled.
About 1 pg of the resulting DNA fragments are subjected to disc agarose
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gel electrophoresis to separate fragments in the 1.0 to 5.0 and 5.0 to
12.0 kb range. The separated DNA fragments are subsequently subjected
to further in situ cleavage with a third frequently-cutting restriction
enzyme (Hinfl or PstI) and electrophoresed in a second dimension in
polyacrylamide gels. The resulting fragments are visualized using
phosphor storage technology. The digitized images are analyzed using
software we have previously developed [27-29].

5. Hypomethylation of Repetitive DNA Sequences
in Lung Adenocarcinoma

To date we have analysed 17 lung adenocarcinomas by 2D genome
scanning. Representative patterns of a tumor and of normal lung tissue
from the same patients are shown in Figure 1. Multicopy fragments ob-
served in patterns of normal DNA are largely attributed to ribosomal DNA
(rDNA) genes [32]. The transcribed portion of the rDNA results in some 20
labelled fragments visible on each gel as multicopy spots. We have mapped
these spots to the sequences responsible for their occurrence on the gels,
based partly on direct sequencing of fragments [32]. Some fragments
display a shift in their position, to a larger size, attributable to methylation
at specific Notl sites (Figure 2). 14 of the 17 tumors analysed displayed

Figure 1. 2D separation of genomic digests of normal lung (A) and tumor (B) from the same
patient. Hypomethylation of the D fragment of rDNA is evident by decreased intensity of Dal
and Da2 in the tumor. Numbered spots correspond to chromosome 1 fragments that exhibited
reduced intensity in same tumor. The multicopy fragment indicated with a large arrow in the
tumor is a part of the ErbB2 amplicon present in this tumor.
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Figure 2. Hypomethylation of rDNA D fragment in three tumors.

diminished intensity of the shifted rDNA fragments, consistent with hypo-
methylation of their Nofl sites. In addition, in two tumors, we have ob-
served one multicopy fragment that was absent in normal tissue. In one of
the two tumors, two additional multicopy fragments were observed. The
three fragments (designated Nbl-1, Nbl-2, and Nbl-3 because of their initial
detection in neuroblastomas) are part of repetitive units that are methylated
in a variety of normal cell populations analyzed to date [36—38]. Cloning
and sequence analysis of fragment Nbl-1 revealed strong homology
between this fragment and a subtelomeric sequence that was reported to
occur in chimpanzees but was not detectable in humans [39]. Nbil-2
units occur in the centromeric region of many chromosomes [38].
A third fragment, Nbl-3, was also detected in multicopies in neurobla-
stoma by our group [38] and in melanoma, colon cancer and pancreatic
cancer by another group [37]. The appearance of all three fragments in 2D
gels was demonstrated to be due to demethylation of cytosine at the Nofl
sites.
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6. Hypermethylated CpG Islands in Lung Adenocarcinomas

We have undertaken a detailed analysis of fragments derived from chromo-
some 1 that are observed in our standard 2D patterns obtained with No,
EcoRV and Hinfl. Flow cytometry has provided the means to purify single
chromosomes [40]. In a previous study, we have shown that the availabili-
ty of single chromosome preparations allows the 2D separation of restric-
tion fragments of specific chromosomes and the identification of corre-
sponding fragments in whole genomic patterns [41]. A total of 346
fragments in whole genomic 2D patterns were assigned with high confi-
dence to chromosome 1 based on their comigration with chromosome 1
fragments. The intensities of 183 fragments assigned to chromosome 1 in
the range 1.0-5.0kb were investigated in lung adenocarcinoma 2D
patterns. Reduction in fragment intensity or complete absence of a frag-
ment could be due to deletion or cytosine methylation at its Not site. Analy-
sis of fragments in 12 lung adenocarcinomas and corresponding normal
lung tissue was undertaken. Six chromosome 1 fragments were found to
exhibit reduced intensity in two or more tumor samples, compared to their
intensity in the control samples (Table 1, Figure 3). Fragment 41 was
previously cloned and shown to map to 1p13—21 [41]. It comprises a novel
sequence. The availability of the cloned fragment 41 allowed us to under-
take Southern analysis to determine if the fragment is deleted or if its
absence in tumor 2D patterns was due to hypermethylation. Southern
analysis confirmed Notl site methylation in tumors that exhibited dimin-
ished intensity of fragments 41 by 2D analysis (unpublished data). The avail-
ability of a large number of genomic 2D patterns of esophageal tumors
allowed us to determine whether the six fragments also exhibited changes
in esophageal adenocarcinomas. Among the six fragments that exhibited
reduced intensity in lung adenocarcinomas, two also exhibited reduced
intensity in esophageal adenocarcinoma. It is also noteworthy that two of

Table 1. Chromosome 1 fragments with reduced intensity in lung adenocarcinomas *

L2 L4 L5 L6 L7 L8 L10 L1l
041 2/1 2/1 2/1 2/1 2/1 - - 2/1
059p 2/1 - 1/1 1/1 2/1 - - 2/1
063 2/1 2/1 - 2/1 - - - 2
108 2/1 - 2/1 - - - - 2/1
193 - - - - - 2/1 - 2/1
205p /1 hh - - - h/h W1 -

* Tumors are identified with the letter L. Absence of a change is designated as —. A designa-
tion of 2/1 indicates that the intensity in a tumor is half that in normal tissue. Two fragments
(59 and 205) exhibit polymorphism. One allele is detectable in 2D gels for 59, whereas two
alleles are detectable for 205. A designation of h/1 indicates that one allele is detectable in
the tumor, whereas the normal tissue shows heterozygosity.
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Figure 3. Closeup section of 2D patterns of three tumors that exhibited reduced intensity of
fragment 41 (arrow) relative to corresponding normal controls.

these fragments were missing from the A549 lung adenocarcinoma cell line
2D patterns [42].

7. Conclusion

While the results of the 2D genome scanning to date are descriptive in
nature, they are quite informative with respect to the methylation process.
They do establish that in lung adenocarcinomas, as in a number of other
tumor types we have analysed, some CpG islands become hypermethylated
while others are hypomethylated. It is unlikely that the methylation chan-
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ges are simply the result of stochastic errors in methylation as previously
suggested. One example is the demethylation of repetitive units. Our
findings indicate that only a fraction of the Nbl-1 repetitive units exhibits
demethylation at the NofI sites. If the change in cytosine methylation were
a random process, it would follow that the multiple copies of the repetitive
sequence would be randomly demethylated. However, the data indicate that
a tandem subset is demethylated. Thus it would appear that factors other
than the sequence motif or random errors are responsible for the change in
methylation status. The identification of a CpG island containing a Nofl
fragment that was reduced in intensity in lung tumors, and the demon-
stration of hypermethylation of its NoI site by Southern analysis, indicate
that the 2D approach will be informative for studies of methylation changes
in lung tumors. The fragment was among 6 of 183 fragments analysed that
exhibited reduced intensity in tumors. As the study is expanded to include
all Notl fragments detectable in 2D patterns, the full extent of methylation
changes observed in 2D patterns of tumors will be appreciated. The iden-
tity of affected loci will be determined by current sequencing experiments.
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1. Genetic Abnormalities in Lung Cancer and Potential Use
as Tumor Markers

In recent years, molecular tumor markers have found increasing clinical
application in a variety of tumors. In lung cancer, however, they are still
primarily research tools, and are only beginning to move towards clinical
application. In general, molecular genetic tumor markers may be of poten-
tial use in at least four distinct clinical settings: 1) for diagnostic purposes,
when a malignancy is suspected, and molecular studies are performed on
biopsy specimens or biological fluids such as bronchoalveolar lavage
(BAL) fluid or sputum [1—4]; 2) for the early diagnosis of disease relapse
following therapy for malignancy [5, 6]; 3) for improved pathological
staging of malignancy, where the application of sensitive tumor markers
may improve the ability to detect micrometastases [7—10]; 4) for cancer
screening, in asymptomatic populations [11]. DNA-based tumor markers
may eventually come to play a role in all four areas in lung cancer.
According to current concepts of carcinogenesis, malignancies develop
because of an accumulation of abnormalities in genes that affect cell
growth and differentiation (oncogenes and tumor suppressor genes); single
genetic abnormalities are insufficient to cause cancer, but may alter cellu-
lar growth, leading to an increased propensity for the acquisition of addi-
tional genetic abnormalities, any of which can potentially be used diagnosti-
cally. Among the various genes which often contain abnormalities in lung
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cancer, the K-ras oncogene and the p53 tumor suppressor gene appear at
present to be most suitable as potential clinical tumor markers, because of
their prevalence in none-small cell lung cancer (NSCLC) and the relative
ease of detecting them [12—14]. Other genes often containing abnormali-
ties in a large percentage of lung cancer cases include the retinoblastoma
(rb) gene, which often exhibits deletions, mutations, or translocations, and
the myc and HER2/neu genes, which are often overexpressed. In addition,
various chromosomal regions contain deletions in many cases of lung
cancer; these genomic segments, including segments of chromosomes 3p,
5q, and 9p, appear to contain tumor suppressor genes (or, in the case of 3p,
multiple tumor suppressor genes [15, 16]), which play a role in lung car-
cinogenesis. The genetic changes associated with lung cancer have been
reviewed in detail elsewhere [17-21].

Ras mutations, and other somatic genetic abnormalities found in large
percentages of lung cancer cells, clearly offer potentially powerful tools for
detection of cancer in many clinical settings. For example, one group, using
a highly sensitive mutation detection assay, detected K-ras mutations in
sputum prior to the diagnosis of lung adenocarcinoma [11]. Similarly, we
have demonstrated that K-ras mutations can be detected in BAL fluid
obtained from patients under evaluation for suspected lung cancer, and that
molecular genetic studies can be more sensitive than routine histological
and cytological examination for detecting carcinoma [1]. These types of
studies have raised hopes that molecular assays may soon be routinely
applied to clinical material [22]. However, there are still technical obstacles
and unanswered biological questions which must be addressed before ras
mutations will ready for routine clinical application.

2. Ras Mutations in Lung Cancer: Biology and Technology

The ras oncogene family includes three highly conserved functional genes,
N-ras, K-ras, and H-ras, which encode related proteins of 189 amino acids,
termed p21. The ras proteins possess GTPase activity and function in signal
transduction. Point mutations confer transforming properties on the ras
genes; nearly all oncogenic ras mutations have occurred in codons 12, 13,
and 61 [23, 24]. Oncogenic mutations yield p21 proteins with altered GTP
binding, leading to constitutive activation. Many cases of lung adeno-
carcinoma contain mutations within K-ras codon 12; thus, an assay for
mutations in this codon should be of use as a tumor marker. In the largest
published series of ras mutations in human lung cancer, from the Nether-
lands Cancer Institute, K-ras codon 12 mutations were found in 43/181
(24 %) of lung adenocarcinomas, and mutations in other ras codons were
much less common; several other studies have reported similar results
(reviewed in [12]). A crucial technical issue, however, is that the reported
prevalence of ras mutations in lung cancer depends not only upon their true
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prevalence, but also upon the relationship in each specimen between the
percentage of cells carrying a mutation and the sensitivity of the mutation-
detection assay used; thus, in evaluating these studies and studies attempt-
ing to apply K-ras mutations as clinical tumor markers, we must consider
the sensitivity of the assays used. If a ras mutation is present in only a
fraction of the malignant cells, or if the DNA studied is isolated from a
clinical sample containing both normal and malignant cells, the total
number of copies of mutant ras alleles in the sample may be much less than
the number of normal-sequence alleles, and if an insensitive assay for ras
mutations is used in this setting, then false negative results may occur
(reviewed in [12] and [25]).

In recent years, most investigators studying ras mutations have used
assays based on the polymerase chain reaction (PCR) of ras exon 1
(containing codons 12 and 13) and exon 2 (containing codon 61) followed
by allele-specific oligonucleotide hybridization (ASO-h), for which a
mutation must be present in at least 10% of the corresponding ras alleles to
be detected [25—-27]. Other groups detected K-ras mutations using assays
based on restriction analysis [28], PCR/single strand conformation poly-
morphism analysis [29] or PCR/denaturing gradient gel electrophoresis
[30], which are no more sensitive than PCR/ASO-h [31, 32].

Since cancer is a clonal disease, one might expect that in ras mutation-posi-
tive cases, the mutation would be contained in all cells of the tumor, but this
issue has not been examined in lung cancer. Indeed, in one malignancy in
which this question has been rigorously studied, acute myelogenous leukemia
(AML), N-ras mutations are often contained in only a fraction of the leuke-
mic cells [33—35]. In general, after several genetic changes occur, cells may
acquire a growth advantage over their normal counterparts and may appear
histologically premalignant, but may not yet have acquired all the features of
malignant cells, such as the ability to metastasize. As additional genetic
changes accumulate, cells undergo further biological changes. If, as suggest-
ed by some lung cancer data [36], ras mutations are not among the first gene-
tic changes acquired by pulmonary cells during their evolution into cancer
cells, but rather are only acquired after clonal growth is established, then as in
AML, these mutations might appear in only a fraction of the tumor cells.

Another important technical issue complicating attempts to detect onco-
gene mutations in clinical samples is that resected lung cancer specimens
generally contain both tumor cells and normal pulmonary cells; DNA iso-
lated from such specimens is derived from both populations. For example,
the Netherlands Cancer Institute series included specimens containing as
few as 25% malignant cells [37], while another study included samples
containing as few as 20% cancer cells, which the investigators acknowl-
edged may have led to some false negative results [26]. Thus, both the
presence of ras mutations in only a fraction of the malignant cells, and the
mixture of normal with malignant cells in clinical samples could lead to the
preparation of DNA containing a mutation in only a small fraction of the
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total number of ras alleles. As long as the minimum percentage of mutant
alleles which is detectable by an assay is larger than the percentage of mutant
alleles present in some DNA samples, false negative results must arise.
With these concerns in mind, we ascertained the prevalence of K-ras
codon 12 mutations in lung adenocarcinoma, using a more sensitive assay
(Figure 1). We reexamined some.of the DNA samples from the Netherlands
Cancer Institute series and, in several cases, detected mutations which had

-

L . - 5* ~TGARTATARACTTGTGGTAGTTGGACCT - 3

1) PCR with mismatched "screening 3 AT TATATTTGAACACCATCARCCTEGAC CA—— 5

primer to create a BstM site i
PCR product containing a BstNl S’ - TGAATATAARCTTGTGGTAGTTGGACCTGGT—3 '
site, dependent upon both the 3’ - ACTTATATTTGGACACCATCAACCTGGACCA—5*
introduced substitution and the BstNMI site in PCR product derived from normal allele
normal codon 12 sequence +

S’ - TGAATATAAACTTGTGGTAGTTGGACCTTGT——3'
3’ - ACTTATATTTGAACACCATCAACCTGGAACA———5 '

. No BstM site in PCR product derived from mutant allele
2) Digest with BstM, to selectively P4 +BstNL N

digest the normal allele P —— S —
Steps 1 + 2 = "ENRICHMENT" 192 bp 29 bp + 163 bp
. mutant normal
(Optional: Repeat steps 1+2) / \
"ENRICHED SCREEN]NG" PCR nsmg screenmg "VERIFICATION": PCR with a new mismatched
primer; BstMI restriction d ion; gel el P primer, introduces a different restriction site into the

PCR product derived from a specific mutant allele,
e.g., new Nlalll site, dependent upon both the primer-

——

I

' — ' — introduced change and the mutant codon GGT-TGT
selective amplification  no further amplification -
5’ - AATATARACTTGTGGTAGTTGGACCA- 3’
of mutant 'ilde 37 -ACTTATATTTGAACACCATCAAC
5’ -TGAATATAAACTTGT CTTGT 3! l
3/ - ACTTATATTTGARCACCATCAACCTGGAACA—5 ' 57 -AATAT) AGTTGGACCATET——3
< or N 3/ -TTATATTTGAACACCATCAACCTGGTACA——5 '
Nlalll site in product derived from mutant allele
Digestion-resistant band Complete digestion or
band indicates a mutation absence of PCR product / + Nlalll \
but doesn’t define it indicates only normal —
allele was present 30 bp + 160 bp: 190 bp: normal or
specific mutant sequence nonspecific mutant

Figure 1. The PCR-PIREMA strategy, as applied to K-ras codon 12, and verification of one
mutation, in this case TGT. Prior to the first round of enrichment, we typically perform PCR
using fully matched primers flanking the exon [1, 12]; this leads to increased yield, but may not
always be necessary. PCR is performed using a 5" (“screening”) primer containing a mismatch
from the DNA being amplified, which introduces a BstNI restriction site into PCR products
derived from a normal-sequence allele, while an allele containing a mutation at position 1 or
2 of codon 12 forms a digestion-resistant product. PCR products are BstNI-digested, leaving the
products derived from mutant alleles. These two steps may be repeated, with potential gain in
sensitivity, but loss of specificity (see text). Further amplification followed by BszNI digestion
is performed, and analyzed by agarose gel electrophoresis (“enriched screening”); a digestion-
resistant band indicates that a mutant allele was present originally, but does not identify the
mutation. To identify the mutation, PCR is performed on the enriched product using different
mismatched “verification” primers which introduce new restriction sites into the PCR products
derived from specific mutant alleles. A PCR product which cuts with a verification enzyme
confirms that a specific mutation is present. The verification primers and enzymes used to
identify K-ras codon 12 mutations are listed in Table 1. Verification strategies have been
designed for all K- and N-ras codon 12, 13, and 61 mutations [25]. PCR conditions are as
described [12].
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been missed by PCR/ASO-h; we estimated that mutations were actually
present in 48 % of the cases, or twice as many as had been detectable using
PCR/ASO-h [12]. Consistent with these results, we also found K-ras codon
12 mutations in 56% of previously unstudied lung adenocarcinoma
specimens at our institution [12]. Two other small studies which used
highly sensitive mutation assays also reported ras mutations in over 50 %
of lung adenocarcinoma cases [11, 38]. Our data and those of others there-
fore indicate that at least 50% of lung adenocarcinomas contain a point
mutation in K-ras codon 12, suggesting that these mutations may prove to
be more widely applicable as clinical tumor markers than would be ex-
pected from studies which used less sensitive assays. Furthermore, the
suggestion that significant numbers of cases of lung adenocarcinoma have
ras mutations in only a small percentage of the cancer cells (as implied by
the detection of these mutations by a highly sensitive assay but not by
PCR/ASO-h) suggests that ras mutations are not an early event, but are
more likely to be a secondary event in a subclone of the tumor, as has been
argued for AML [39]. This concept is consistent with the association of ras
mutations with increased tumor growth and invasiveness, as suggested by
the poorer prognosis of mutation-positive than mutation-negative cases
treated by surgical resection [26, 30, 40—42]. These studies also emphasize
the importance of considering the technical aspects of mutation detection
assays when drawing biological conclusions.

3. Ras Mutations as Tumor Markers: Application to Early Diagnosis
and Screening

Several groups of investigators have recognized that for many purposes, and
certainly for clinical studies aiming to diagnose cancer by detecting muta-
tions in biological specimens, “standard” assays such as PCR/ASO-h are not
sensitive enough, and that a mutation, even if present, will remain hidden in
a much larger number of normal alleles. One approach to this problem, taken
by several research groups including our own, has been to use a technique
often called “enriched PCR” (in our lab, termed PCR-primer-introduced
restriction with enrichment of mutant alleles, PCR-PIREMA) [12, 25,
43 —50]. Our assay, as used to detect mutations in K-ras codon 12, is de-
picted schematically in Figure 1. The concept underlying this method is
that PCR is performed using a primer which introduces a restriction site (for
the enzyme BstNI) into PCR products derived from the mutant, but not nor-
mal allele. This product is digested with BstNI1, after which only PCR pro-
ducts containing a mutation should remain uncleaved, and thus available for
further amplification. Additional PCR is then performed, selectively
amplifying the mutant allele, and the product is analysed for mutations, either
by further PCR and restriction analysis (as in Figure 1, “enriched screening”
and “verification”), or by other methods such as ASO-h or sequencing.
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We have used this assay to study whether detection of K-ras codon
12 mutations in BAL fluid obtained from patients undergoing evaluation
for suspected lung cancer is of potential clinical value [1]. The enrichment
for mutant alleles provided by PCR-PIREMA was essential, because
cancer cells, when present in BAL fluid, are mixed with many genetically
normal nucleated cells (alveolar macrophages, white blood cells, and
bronchial epithelial cells) [S1]. In the patients we have studied, detection of
a K-ras mutation in BAL fluid has been both highly sensitive and specific
for diagnosing mutation-positive cases of adenocarcinoma. In all cases
where we have detected a mutation in BAL fluid, the patient was eventual-
ly diagnosed with lung cancer, or, in a few cases, has been lost to followup
without a definitive diagnosis being established. In addition, in several
cases, mutations have been detected in BAL fluid obtained during other-
wise nondiagnostic procedures, i.e. when the BAL fluid and all biopsies
obtained were read as cytologically and histologically negative for malig-
nancy, and cancer was not diagnosed histologically until later in the
patient’s course [1]. In all cases, mutation analysis was at least as sensitive
as cytological examination of BAL fluid. These results suggest that mole-
cular analysis of BAL fluid offers potential for widespread clinical appli-
cation, and may lead to earlier diagnoses of lung cancer. An obvious next
step is to investigate whether this assay also will enable detection of K-ras
mutations in sputum specimens; if so, it may offer a tool not only for earlier
diagnosis in patients clinically suspected of having lung cancer, but also for
lung cancer screening programs of asymptomatic populations.

The potential of identifying cancer-associated mutations in sputum prior
to the diagnosis of lung cancer is illustrated by a study in which 15 patients
who provided sputum specimens as part of a randomized trial of lung
cancer screening later developed lung cancer. The primary tumors of ten of
the patients contained a mutation in K-ras codon 12 or in p53. In eight
patients, the identical mutation was detected in at least one sputum sample
a month or more prior to the clinical diagnosis, which clearly demonstrates
the potential of screening sputum samples for mutations. A drawback to
this study was that it used a mutation detection method which may be too
labor-intensive and expensive for routine application to large numbers of
clinical samples: after DNA was isolated from sputum, PCR was per-
formed, the PCR products were cloned into a bacteriophage vector, trans-
ferred to nylon filters, and the filters were assayed for mutant clones by
ASO-h[11].

4. Technical Limitations
The development of enriched PCR assays has not yet led to their wide-

spread use, and several groups, after publishing one or two studies using
the method, have apparently abandoned it. The individual steps outlined in
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Figure 1 appear to be straightforward, and on paper, the technique would
appear to offer a method for achieving unlimited sensitivity for mutation
detection. What, then, is the difficulty?

We and others have found that the biggest technical obstacle arises from
the fact that after amplification with a mismatched primer, BstNI digestion
and reamplification, the PCR products become resistant to BszNI digestion
even if no mutation was present-in the original starting material. This
means, on “enriched screening” (Figure 1), all samples, including normal
controls, may contain a digestion-resistant band, regardless of the amount
of BstNI in the reaction. While true mutants may be distinguishable from
normals by the fact that the digestion-resistant band is more intense in the
true mutants, any degree of incomplete digestion in the normal controls
changes the assay from a qualitative to quantitative assay, and leads to some
questionable results. The appearance of visibly digestion-resistant bands
may be inconsistent from sample to sample and experiment to experiment,
which complicates the interpretation of data. If, in an effort to visualize
low-level mutations, two rounds of enrichment are performed (repeating
steps 1 and 2 prior to analysis), the problem of digestion-resistant bands
appearing in all lanes becomes even more noticeable.

This difficulty arises from the high misincorporation rate of 7Tag poly-
merase (on the order of 1 error per 10*—10° bases, under “standard” PCR
conditions) [52]. During PCR, occasional errors made by the polymerase
when copying the first and second bases of codon 12 can change a normal
codon into a mutant. This error rate is not be high enough to lead to a visible
digestion-resistant band on agarose gel electrophoresis if no enrichment for
mutant alleles is performed, so after a single round of PCR and BstNI
digestion (without enrichment), normal PCR products appear to cut com-
pletely. The enrichment process, however, enriches not only for PCR
products derived from authentic mutant alleles present originally, but also
for PCR products containing mutations in codon 12 introduced as errors
during PCR, which change the PCR product from BstNI-sensitive to BstNI-
resistant. These digestion-resistant products are then further amplified in
subsequent PCR reactions.

When it became apparent that Taqg polymerase infidelity might be the
explanation for the digestion-resistance of normal controls on enriched
screening, it seemed that a possible solution lay in attempting to improve
the polymerase fidelity. 7ag polymerase does not have a proofreading
activity, while other heat-stable polymerases with proofreading activity
have a higher fidelity; however, a proofreading enzyme would be expected
to remove the mismatched base in the primer which is necessary for crea-
tion of the BstMI site, so this approach is not an option. “Standard” PCR
conditions (200 pM each nucleotide and 1.5—-2.0 mM MgCl, concentra-
tions) maximize the speed of polymerization and lead to maximal PCR
product yield and fastest permissible cycling times. These advantages (the
overriding considerations for many experiments) are obtained at the
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expense, however, of optimal polymerase fidelity [52]. Decreased concen-
trations of nucleotides and MgCl, in the PCR reaction lead to increased Tag
polymerase fidelity [52], so we investigated these variables (and others,
such as cycling times and temperatures) in an effort to improve assay
sensitivity and specificity. We have empirically established conditions with
lowered nucleotide and MgCl, concentrations which improve Tag poly-
merase fidelity and still provide sufficient yield [12], leading to an assay
with improved reliability.

Although we have improved 7aq polymerase fidelity (leading to im-
proved assay results), we have not been able to eliminate polymerase errors
completely (probably an impossibility), so false positive digestion-resistant
bands always remain a possibility for individual samples. This is partic-
ularly the case if two rounds of enrichment, which may help visualize a
mutation on the verification step, are performed (Figure 1). Our approach to
this problem is twofold: first, if a sample appears to contain a mutation on
“enriched screening”, we always determine the specific mutation present.
Our method for determining the specific mutation is to perform further
PCR and restriction analysis, termed “verification” (usually using a primer
which introduces another mismatch, Table 1). Other methods of deter-
mining the specific mutation present, including ASO-h and sequencing,
have been used by other groups. As another important precaution, we
confirm all test results at least twice (or, in cases where a result is
questionable, more times) from the beginning. As Taq polymerase errors

Table 1. K-ras codon 12 screening and verification primers and enzymes

Primer Primer sequence Site
s-GGT 5" TGAATATAAACTTGTGGTAGTTGGACCTggtgg... BstNI
v-AGT? 5" TGAATATAAACTTGTGGTAGTTGGACCTagtgg... Bfal
v-CGT 5" TGAATATAAACTTGTGGTAGTTGGACCAcgtgg... BbrPI1
v-TGT?® 5" TGAATATAAACTTGTGGTAGTTGGACCAtgtgg... Nlalll
v-GTT?® 5" TGAATATAAACTTGTGGTAGTTGGACCAgttgg... Bsrl
v-GCT® 5" TGAATATAAACTTGTGGTAGTTGGACCAgctgg... Pvull
v-GAT 5" TGAATATAAACTTGTGGTAGTTGGTCATgatgg... BspHI

Primer names indicate whether a screening “s-” or verification “v-” primer is used, and the
specific mutation detected. Primer sequences are capitalized; lowercase letters indicate bases
incorporated during PCR. Mismatched bases are in boldface. Bases comprising newly-created
restriction sites are underlined. The screening primer can be used both in screening/enrichment
and as a verification primer for the mutated codon AGT; the CGT verification primer can also
be used, with different restriction enzymes, to verify mutant codons TGT, GTT, and GCT. Thus,
the total number of verification primers (and verification PCR reactions) required is fewer than
the number of mutations which can be verified: *identical sequence to the primer above;
bidentical sequence to the screening primer. All position 3 mutations are silent, and need not be
screened for.
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should be somewhat random (although certain misincorporations are more
common than others) [52, 53], any sample which repeatedly demonstrates
the same mutation can be considered to be definitively positive. Mutation
detection based solely upon the results of enriched PCR and BstNI diges-
tion, without further analysis to determine the specific mutation present in
each sample, is, in our experience, less reliable.

Other methods have also been used to detect a small proportion of
mutant ras alleles in a background of many more normal alleles. One
approach has used allele-specific PCR (also termed “mutant-allele-
specific amplification”, “PCR amplification of specific alleles”, and other
names) [9, 54—56]. In this method, a particular mutant allele is PCR-ampli-
fied using a primer with a 3’ nucleotide which matches the mutant base and
thus contains a 3’ mismatch from the normal allele. The difficulty with this
method is that many studies have determined that while “allele-specific”
PCR can be made to amplify preferentially one allele over another, it is
difficult or impossible to make allele-specific PCR completely allele-
specific [54, 57, 58]; if even a single molecule of the normal allele is
successfully amplified despite a 3’ primer mismatch in an early round of
PCR, this PCR product would serve as a perfectly matched template for
subsequent rounds of PCR, and could lead to a false positive signal.

The multitude of methods used to detect low level ras mutations indica-
tes the imperfection of all currently used methods, and further development
will undoubtedly continue in many directions. Furthermore, all of the
assays described above remain somewhat labor-intensive and costly for
routine clinical application. As a practical matter, while additional techni-
cal improvements are needed, our experience is that with the precautions
and caveats discussed above, enriched PCR-based methods provide a
powerful tool for analysis of clinical samples.

5. Biological Limitations

In addition to the technical considerations discussed above, important bio-
logical questions about the specificity of ras mutations for lung cancer
remain unanswered. No person has ever been reported with a germline
activating ras mutation, and somatic ras mutations have been considered
oncogenic, implying a close association with malignancy, or at least abnor-
mal growth properties. A key question, however, is whether the presence of
a K-ras codon 12 point mutation in DNA isolated from pulmonary-derived
tissue always indicates that lung cancer must be present in the tissue from
which the DNA was isolated. If so, such mutations should have strong
potential for clinical use as tumor markers. On the other hand, if ras muta-
tions can occur in normal pulmonary tissue, or at least in tissue which is not
irrevocably destined to develop cancer, then the clinical interpretation of
finding a mutation in BAL fluid or sputum becomes problematic.
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Recent data have begun to address this issue. One group studied DNA
samples isolated from paired malignant lung tumors and non malignant
lung tissue specimens obtained from the same patient at bronchoscopy or
thoracotomy [59, 60]. The non malignant lung samples were taken from a
site as distant as possible from the primary tumor. As expected, many of the
primary adenocarcinomas contained K-ras codon 12 mutations, but in
several cases, a K-ras codon 12 mutation was found also in the histologi-
cally normal tissue not adjacent to the tumor. The specific mutation in the
tumor did not always correspond to the mutation in the normal tissue, and
amutation was also found in normal tissue from one patient whose primary
tumor (a squamous cell carcinoma) was mutation-negative. Furthermore,
two specimens from patients with pulmonary infection or inflammation,
but no evidence of malignancy anywhere in the pulmonary tree, had muta-
tions in histologically normal tissue. These results, if confirmed in larger
numbers of patients, would bring into question the specificity of ras muta-
tions in lung tissue for cancer. Similarly, another group also reported
finding K-ras mutations in several normal appearing lung tissues (again,
mostly from patients with lung cancer), although they did not determine the
specific mutations present, which would have solidified the genetic rela-
tionship between the tumors and normal tissues, and made their data more
convincing [61].

Another group looked for K-ras mutations in paired regions of lung
adenocarcinoma and atypical alveolar hyperplasia (AAH), as well as in
histologically normal lung tissue adjacent to the regions of AAH, obtained
from 28 patients [62]. Samples of AAH, which may be a preneoplastic
precursor to lung adenocarcinoma [63], were identified as microscopic
growths of cytologically atypical cuboidal to columnar cells along the
alveolar septa in the absence of significant inflammation and fibrosis of
the surrounding lung parenchyma, and were not studied if they were
directly adjacent to a primary tumor. Eight of 19 primary adenocarcinoma
specimens contained a K-ras codon 12 mutation, as did 16 of 41 AAH
specimens removed from the same patients. The mutation status of the
carcinoma and AAH specimens from the same patient usually did not
correlate, suggesting that many AAH were independent mutation-con-
taining lesions, and raising the question of whether mutation-containing
AAH can occur in patients without evidence of adenocarcinoma. On the
other hand, three AAH specimens from patients without malignancy were
also studied (one with a hyalinized granuloma, one with interstitial lung
disease, and one resected because of trauma), and no mutation was found
in these samples. Thus, although K-ras mutations were found in regions of
the lung not appearing to harbor cancer, no mutation was found in tissue
from a patient without lung cancer somewhere in the pulmonary tree.

Analogous questions have been addressed in other malignancies, partic-
ularly colon cancer. Thus, K-ras codon 12 mutations have been found in
about 50% of colon adenocarcinoma cases, and have also been reported in
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small hyperplastic or dysplastic lesions [64—70]. In analogy with the situa-
tion in lung cancer, many, but not all such samples studied had been remov-
ed from patients with adenocarcinoma elsewhere in the colon. Studies on
colon cancer may or may not be directly applicable to lung cancer, but they
support the concept that ras mutations need not be specific for fully devel-
oped cancer. Further investigation in these areas is needed before clinicians
will be able to use ras mutation status in making patient care decisions.

6. Clinical Significance and the Application of “Early” versus “Late”
Genetic Changes as Lung Cancer Tumor Markers

Regardless of the ultimate specificity of ras mutations for cancer, it does
appear that, in many cases, ras mutations occur relatively “late” in lung car-
cinogenesis, usually after the development of other, “early” clonal genetic
abnormalities which have been associated with dysplasia or hyperplasia
[36, 71—-73]. The question of whether a genetic marker occurring early or
late during lung carcinogenesis is “better” as a clinical tumor marker
depends upon the proposed use of the marker.

One potential setting is in lung cancer screening. To date, most lung can-
cer screening programs (using X-rays and/or sputum cytology) have
demonstrated no impact on lung cancer mortality; therefore, such screen-
ing is generally not recommended for patients outside a research setting
[74—76]. In contrast, screening programs for other common malignancies,
such as colon, breast, and cervical cancer, appear to decrease cancer-relat-
ed mortality, and are generally recommended [77, 78]. Thus, it appears
that the ineffectiveness to date of lung cancer screening appears to result
from the insensitivity of the screening tests used, rather than a flaw in the
concept of screening. In previous screening studies using sputum samples,
the only test performed on the samples obtained was microscopic ex-
amination for visible, intact tumor cells. One approach to improving lung
cancer detection will be the application of molecular genetic tumor mar-
kers, perhaps including ras mutations, to sputum and/or BAL fluid samples.

Ultimately, genetic changes in occurring at the earliest stages of lung
carcinogenesis may be of the greatest use for identifying patients at high
risk of developing lung cancer, and people with evidence of these changes
in sputum or BAL fluid may be candidates for cancer chemoprevention
trials and intensified cancer surveillance. Patients found to harbor genetic
changes associated with later stages of carcinogenesis may be candidates
for aggressive attempts to identify an underlying malignancy, or even
possibly definitive therapy based on the presence of the tumor marker
alone. For example, a patient found to have a ras mutation in BAL fluid
obtained from one pulmonary lobe, and mutation-negative fluid obtained
from the other lobes, could be deemed a candidate for surgical resection
even if histological and radiographic evidence of malignancy cannot be
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obtained. The optimal clinical use of each marker awaits further data on
their biological specificity for cancer, as well as improvements in the
sensitivity, specificity, reproducibility, and cost of the assays used to iden-
tify cancer-associated genetic changes.
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1. Introduction

Sheep lung adenomatosis is a contagious tumor of the lung. It is present in
all continents [1, 2], it can be reproduced by intratracheal inoculation of
tumor tissue or fluid and it is caused by a retrovirus (Jaagsiekte sheep retro-
virus) that is endogenously present in sheep.

2. Epidemiology and Clinical Presentation

Adenomatosis is generally introduced into flocks by the acquisition of
infected sheep or rams. It was initially described in South Africa in the
late 1890s [3, 4] and is present worldwide. Initial descriptions are some-
what confusing with regard to maedi (lentiviral induced lung disease) [3].
The incidence of adenomatosis is close to 5% of the animals [5]. The
incubation period in naturally infected animals is 2 to 4 years. Sur-
prisingly, the disease is observed shortly after experimental induction. It
can be detected 5 to 12 months after intratracheal inoculation in lambs.

* Author for correspondence.
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Figure 1. Clincical presentation of adenomatosis. Typical evacuation of mucoid fluid through
the nostrils of an affected animal.

Symptoms are dyspnea on exercise, polypnea and weight loss. Death
occurs usually from end stage lung failure, which may be due to Pasteu-
rella hemolytica pneumonia. A typical sign is the running of abundant
mucoid fluid from the nostrils when the rear of the animals is raised
(Figure 1).

3. Pathology (reviewed in [4—6])

Lungs are enlarged and infiltrated with areas of tumor, varying from small
nodules to lobar consolidation. The disease is bilateral (Figure 2) and the
airways are filled with fluid. Pleural effusion is frequent in some series but
without histological involvement [5]. Histologically, the normal alveolar
cells are replaced by cuboidal or columnar cells with some intrabronchiolar
proliferation (Figure 3). At early stages the disease appears as nodules
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Figure 2. CT scan of adenomatosis. 1 mm slices were taken at different levels and show
bilateral diffuse infiltrative lung disease.

Figure 3. Pathology of adenomatosis. 3A: Isolated nodules of adenomatosis within a normal
lung parenchyma (hematoxylin, safran, floxin; magnification: x 100).



188 C. Leroux et al.

Figure 3B. Enlarged view of typical aspect of adenomatosis (hematoxylin, safran, floxin;
magnification: x250).

within a normal lung parenchyma [5]. Cells forming the alveolar lesions
are type II pneumocytes and, in the bronchiolar lesions, Clara cells. Exten-
sion to the mediastinal lymph nodes occurs in only 5% of the cases [5].
Adenoma-tosis is erroneously quoted as a metastasizing tumor, but spread
to other organs is infrequent (although metastasis in muscle and kidney
have been reported [7]).

3.1 Adenomatosis and Maedi Can Be Associated

Maedi is an interstitial lung disease associated with the persistant infection
of alveolar macrophages by small ruminant lentiviruses (SRLV) [8, 9]. The
association between maedi and adenomatosis has been apparent since the
initial descriptions [3, 4] and has been widely described [10]. Up to 60%
of the animals from flocks with adenomatosis are seropositive for SRLV
[11,12].

3.2 Adenomatosis Is Transmissible

It can be experimentally reproduced by intratracheal inoculation of tumor
tissue into newborn lambs [13, 14], bronchial secretions [15] or cultured
malignant epithelial cells (JS 15.4 cell line) [16]. It can even be reproduced
by subcellular fractions of those cells [17].
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—— 877 bp

MW 9502 neg JS382

Figure 4. Viral RNA can be detected in bronchial secretions of animals with adenomatosis.
RNA was extracted from bronchial secretions of an animal with adenomatosis (95.02), trans-
cribed and amplified using primers directed to the protease gene of JSRV. Positive control is
DNA from the molecular clone JS 382 (for methods see [19]). MW = molecular weight markers.

3.3 Adenomatosis Is Associated with a Retrovirus

Jaagsiekte sheep retrovirus (JSRV) has been obtained from bronchial secre-
tions, cloned and sequenced [18]. Viral RNA can be detected in tumors and
bronchial secretions (Figure 4). It copurifies with small ruminant lenti-
viruses. The two retroviruses SRLV and JSRV are distinct but can be isolated
together. Intratracheal inoculation of both viruses induces both types of
pathology [20]. JSRV seems to be a hybrid virus with capsid proteins re-
lated to type D retroviruses and an envelope related to type B retroviruses
[18, 21]. It is endogenous [18, 22] (Figure 5): the sheep genome contains

— 309 bp

MW 683 684 685 687 neg JS382

Figure 5. Detection of Jaagsiekte related sequences in DNA of normal animals. DNA was
extracted from alveolar macrophages (683, 684, 685, 687) and nested PCR used to amplify the
same region as in Figure 4, the JS82 molecular clone being used as a positive control (for
methods see [19]). MW = molecular weight markers.
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15 to 20 copies of loci that hybridize to JSRV DNA probes [23]. The endo-
genous virus is expressed in various tissues [24]. The exogenous virus
differs in its LTR sequences [25] and can thus be distinguish, although it is
still clearly associated with adenomatosis [24].

3.4 The Pathogenesis of Adenomatosis Is Unknown

The development of adenocarcinoma may be due either to the exogenous
form or to a reactivation of the endogenous virus. If the latter is true,
reactivation could be caused by alveolar macrophages, infected by small
ruminant lentiviruses releasing active mediators to their surroundings [9].
Adenomatosis cells do release mediators that can attract macrophages [26].

3.5 Sheep Adenomatosis is Similar to Bronchioloalveolar Cell Carcinoma

Although the existence of bronchioloalveolar cell carcinoma in humans is
disputed, similarities between both disease were noted as early as 1939
[27-29]. Understanding the clinical presentation and molecular patho-
genesis of adenomatosis could carry implications for the management of
humans with bronchioloalveolar carcinoma.

4. Conclusion

Sheep adenomatosis is a model of virally induced lung cancer. Interactions
between retroviruses seem to play a role in the pathogenesis of this disease.
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1. Introduction

Lung cancer is a group of very lethal diseases, accounting for more deaths
than any other tumour type in Western societies [1]. It is made up of various
histological types, mainly small cell lung cancer (SCLC), epidermoid (or
squamous), adenocarcinoma and large cell. The latter three are sufficient-
ly different from the first, both clinically and biologically, that they are
frequently grouped together as non-small cell lung cancer (NSCLC).
However, the classification of tumours is not perfectly exclusive, and
NSCLC tumours are frequently found to have some cells with SCLC
characteristics. Similarly, epidermoid and adenocarcinomas frequently
have a minority of the other NSCLC type present. All lung cancer types are
highly aggressive, with an overall five year survival of ~15%.

1.1. The Search for Lung Tumour Suppressor Genes on Chromosome 3

In 1982, Whang-Peng et al. [2] published the observation that a large dele-
tion was detectable on the short arm of chromosome 3 (3p14-23) in essen-
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tially all cultured cell lines established from small cell lung cancers
(SCLC). This now classic work suggested the presence of a tumour sup-
pressor gene in this region, and as molecular tools became available, an
intensive search for it was initiated by many groups. Molecular definition
of the deletion (i.e. detection of loss of heterozygosity (LOH)) showed that
it usually extends from 3p14 or 3p21 to the telomere [3, 4; other work,
reviewed in ref. 1]; it often extends proximally to 3p13 [5]. Although the
SCLC LOH pattern is the most striking with respect to length and inci-
dence, NSCLC also exhibit LOH on 3p. The pattern is interesting: roughly
half of adenocarcinomas have LOH in the proximal (3p21) but not distal
(3p24-26) part of this long chromosomal region, whereas epidermoid
tumours almost all show LOH at the distal end, 3p24-telomere, with a lower
frequency of proximal loss [6, 7]. This suggests that a suppressor gene in
3p21 may be important in adenocarcinoma, but in 3p24-ter in epidermoid.
Perhaps both are important in SCLC. In addition to the small region of 3p13
where homozygous loss was found in SCLC, a 2mb sequence in 3p21
was shown by DNA transfer to carry a candidate suppressor [8]. Thus, even
in the proximal region of 3p there are probably at least two important genes.
Several candidate cDNAs have been cloned from this and other regions
[4,9-11].

Among these possible suppressor genes on 3p, one of the most interest-
ing is the nuclear retinoic acid receptor f (RARP), located in 3p24, the
region of near 100% LOH in epidermoid lung cancer. This has been the
subject of our laboratory’s research for several years, and many groups are
now showing that this gene has a pivotal role to play in cancer progression
not only in lung, but in head and neck and breast cancer as well.

1.2. Retinoic Acid (RA) and its Nuclear Receptors

Vitamin A (the metabolic precursor of RA) is a powerful morphogen and
inducer of differentiation; it has also been shown by many epidemiological
studies to have anticancer activity, particularly for lung tissue [12]. It and
other retinoids are used successfully in many clinical settings, but not yet
on a routine basis for lung cancer, partly because at pharmacological doses,
retinoids are toxic. The nuclear receptors of RA, of which RAR s one, com-
prise two retinoid receptor families, RARs and RXRs. Between them they are
thought to be the principal mediators of the effects of RA. Each of these fami-
lies has three member genes (a, B and y) and each of these genes can be
expressed as a variety of isoforms by use of two promoters and alternative
splicing at the 5" end [13—15]. It is through this molecular diversity that RA
can exert its wideranging and sometimes contradictory effects. The main
isoform of RARS which is expressed in human lung [16], breast [17] and
other tissues [our unpublished data] is RARB2. We have found that RARpI
is expressed very little or not at all in adult tissues, and RARS3 appears
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not to have a human homologue [16, 41]. We have also shown that RARSI is
expressed in fetal tissue and in many SCLC [16].

1.3. RARP as a Tumour Suppressor

A vast literature exists indicating that vitamin A and RA have tumour sup-
pressive effects. About 20 epidemiological studies show that dietary vita-
min A intake is inversely proportional to lung cancer risk [reviewed in 12].
Interestingly, the lung cancers most closely associated are epidermoid and
SCLC (i.e. those where RARf3 is most often inactivated and deleted). Addi-
tionally, animal studies have also established a link between retinoids and
tumour suppression [18]. In organ culture, trachea can be induced to under-
go squamous differentiation (a precancerous state) by tobacco distillates,
and this is reversed by RA. Several lines of evidence suggest that among
the various RA receptors,, that which is most involved in mediating the
tumour suppressor effect of RA is RARS2. First, as indicated above, LOH
occurs most frequently on 3p (distal) in epidermoid and SCLC; none of the
other sites where RARs or RXRs are located (17g21; 12q13; 9934; 6p21
and 1q22-23) are frequently involved in lung cancer [19]. 9q, where RXRa
is located, shows LOH more frequently than the other four sites, but this
region also carries the suppressor gene ABL.

Further circumstantial evidence is the link between inactivation of (the
remaining copy of) RARf and epidermoid lung cancer [7, 20, 21]. More
recently, it has been found that many cancers including breast [17, 22] and
head and neck cancers [23] (which are alse inversely associated with
dietary retinoids) are characterized by lack of RAR expression in spite of
the presence of RAR S message in the corresponding normal tissue.

The first direct demonstration that RAR S has tumour suppressor activi-
ty was accomplished by introducing RARB2 into two epidermoid lung
cancer lines and analysing many RAR f-expressing derivatives and control
nonexpressing clones [24]. In all RARSB" derivatives, tumorigenicity was
reduced, in some cases to zero. Furthermore, 6/7 tumours which did appear
in nude mice had near zero or much reduced RAR2 expression. In addi-
tion, we showed that RARB2 conferred sensitivity to inhibition of growth
by RA [24]. RAR« transfected into the same cells had no significant effect
on tumorigenicity, and there was no RA-mediated inhibition of growth
[Toulouse et al., in preparation].

We have also developed various transgenic mouse lines which further
indicate that RARP plays a role in tumour suppression. First, a form of
RARS, truncated at the N-terminal end, which closely resembles RAR B4,
induces hyperplasia and adenocarcinomas in lung and mammary tissues
when ectopically expressed in mice [25]. Expression patterns showed that
endogenous RARB2 (which has a retinoic acid response element (RARE)
in its promoter) was downregulated in tissues where RAR 4 was strongly
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expressed [25]. This is consistent with the hypothesized role of RARB2 as
a tumour suppressor, and suggests a dominant negative type of role for the
truncated RARB4 isoform. When human pulmonary adenocarcinomas
were analysed, we found overexpression of RAR 34 [25]. It has not yet been
shown that RAR 34 has this sort of role in the natural system, but the impor-
tance of these results is that they show how perturbation of the ensemble of
RAR action may lead to loss of homeostasis, and that RAR 4 expression
may be important in lung tumorigenesis, especially that of adenocarcinomas.

Finally, we have shown that mice expressing antisense (AS) RARB2 con-
structs in lung are predisposed to lung cancer [26]. Three transgenic lines
expressing AS sequences were generated, and message levels of the endo-
genous RAR2 (but not RAR f4) were reduced by up to 30% in AS RAR2
mice compared to those in nontransgenic littermates. Of 36 animals,
21 developed a total of 43 lesions (all adenomas), with a two-fold higher
incidence in homozygous than hemizygous AS mice. Endogenous RARf
expression was further reduced in the tumours and immunohistochemical
staining revealed detectable RARS in normal tissue, but none in tumour
tissue. Among 23 nontransgenic littermates, one had a single lung tumour.
We concluded that RARB2 plays an important role in suppression of murine
lung tumorigenesis. The tumours observed were adenomas and adeno-
carcinomas, not epidermoid, so it appears once again that RAR 34 expres-
sion is associated with pulmonary adenocarcinomas. In this context it is
interesting to recall that human adenocarcinomas are not associated with
LOH of RARB2.

Several groups have assessed the potential tumour suppressor role in
other human tumour systems. The reason for this intense interest stems
from the fact that the enormous cancer control potential of RA has been
very difficult to realize, mainly because the molecular mechanism has been
elusive. In attempting to establish the tumour suppressor activity of RARp,
several parameters which are thought to be associated with tumorigenicity
have been measured: 1) The effect of RA on growth rate in culture. This has
long been a preferred surrogate parameter, especially for those working on
breast cancer [25 and references therein], since for years before the cloning
of the RARSs this was the most testable aspect of the tumour suppressive
effect of RA. 2) Growth in semisolid medium, either in the presence or
absence of RA. 3) Growth in vivo in immunodeficient mice, either nude or
SCID. 4) Inhibition of oncogene-mediated focus formation in transfection
assays. (This was performed with rodent, not human cells). With these
assays, a consistent picture has emerged indicating that RAR 3 (specifically
RARP2) has suppressive effects. Thus, RARB2 transfected into a breast
cancer line [27] rendered the cells sensitive to RA inhibition of growth rate
and also inhibited colony formation in semisolid medium; however, there
was no significant reduction of growth in SCID mice, so, only some
parameters showed a tumour suppressor effect. RARa transfected into this
line [28] conferred sensitivity to RA growth inhibition, but had no effect
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on anchorage independence. RARp is the only RAR turned off in many
buccal precancerous lesions (leukoplakia) [29, 30], but is expressed in
normal tissue [29]. Administration of RA to patients with leukoplakia
induces regression of most of the RAR S-deficient lesions and coinciden-
tally, RARf levels are increased. All tested cell lines derived from cervi-
cal cancer have no detectable RARS expression [B. Houle, Ph.D. thesis]
although normal tissue has yet to be analysed. However, transfection of
RARPB?2 into the cervical cancer-derived HeLa cell line reduces growth
rate in the presence of RA, and greatly inhibits colony formation in
semisolid medium [31].

Finally, since RARf expression is upregulated in senescent normal
breast cell lines, Lee et al. [32] tested inducibility of RARS in fibroblast
cultures and found high inducibility in cultures of low proliferative capacity.
This group also demonstrated a striking inhibitory effect of RAR on focus
forming ability of oncogenes in a rat fibroblast transfection assay; this in-
hibitory effect was equal to that of transfected wild-type p53.

In summary, RAR B is associated with regression of precancerous lesions,
and when transfected into tumour-derived lines has the following effects:
confers sensitivity to RA-mediated growth inhibition (lung, breast, HeLa);
confers anchorage dependence (breast, HeLa); inhibits focus-forming
potential of transfected oncogenes (rat fibroblasts); inhibits tumorigenicity
in nude mice (lung). In addition, we can infer that R4R can arrest growth,
perhaps by triggering a senescence-related mechanism, as it is overexpres-
sed (or becomes expressible) in senescent cells and it is frequently difficult
to obtain viable transfectants.

2. Recent Results
2.1. RNA Fingerprinting

To begin to understand what characteristics of the RARB2* derivatives of
Calu-1 and other epidermoid cancer lines are important in tumour sup-
pression, we have analysed several series of cell lines which we have gener-
ated and characterized, and which differ only in that they express, or do not
express, a particular isoform of RARS. Analysis was performed by RNA
fingerprinting (RAP-PCR, or RNA-arbitrarily primed PCR; reviewed in
[33]. This is a powerful technique used to describe degrees of identity in
genetic programmes of related cell lines; it is feasible to survey the trans-
criptional status of >1000 genes in cell lines under several different condi-
tions.

The principle of RAP-PCR is that any arbitrarily chosen primer or com-
bination of two primers will amplify a reproducible set of cDNAs when the
first cycle or two are ramped from 35 to 40° with a given primer set.
Generally, reproducible profiles of between 5 and 100 bands are produced
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which can allow comparison between lines, but we have improved the pro-
cedure by labelling an oligo with Cy5 (Pharmacia) and using an automatic
sequencer (ALF express) to generate reproducibly about 120—180 peaks
per run. We have performed RAP-PCR with 14 different combinations of
oligonucleotides. Since only one oligo was fluorescent, about one third of
the peaks obtained with each of the different partner oligos were common
to all runs, since a significant number of amplified bands are the product
of the Cy5-labelled oligo partnering with itself.

Analyses of the tracings showed differences among perhaps 5% of the
peaks, using three sets of oligos, whereas the other 11 oligo combinations
gave very few variations. Within the three combinations with more varia-
tions, 7.2% of the peaks were substantially and reproducibly altered in
intensity by RA, 4.8% increased and 2.5% decreased; most of these had
similar behaviour whether the line was Calu-1, RARBI*, RARB2* or
RARa-transfected. Two and three peaks out of 330 were respectively upregu-
lated and downregulated in both of the RAR2* lines. Corresponding num-
bers were 7 and 5 out of 305 for BI* and 7 and 5 out of 235 for a-trans-
fected lines.

2.2. Candidate Downstream Targets of RARP2

We then attempted to clone some of the peaks which were altered in the
RARP™ cells using oligos Cy-5 and BRASO, by repeating the RAP-PCR
with 3?P and running the samples on a conventional gel. The bands were
identified by autoradiography, eluted, reamplified and sequenced. One,
identified as hCRMP2 [34], was upregulated by ~2-fold by RARS2
(Figure 1A). A(CRMP? is a neuronal terminal differentiation marker which
is part of a G protein signalling cascade triggered by a secreted protein
named collapsin, and which eventually generates a negative environmental
cue for axon cones (the leading tip of axon outgrowth which seeks other
neurons with which to establish contact). The finding that this gene (the
expression of which was until now not suspected in lung tissue [34]) is
upregulated in the RARS* lines is intriguing, since the ultimate target of
the signalling pathway is a change in intracellular Ca*™ concentration.
Given the control role that Ca*™ plays in multiple cellular functions, it is
easy to imagine how such a change could have a major impact on cell be-
haviour. Further, some members of the semaphorin family, of which col-
lapsin is a member, as well as some G proteins themselves, are coded for
by genes in a chromosomal region usually deleted in lung cancer, 3p21 [35,
36]. Although it is not yet known whether these semaphorins are part of the
hCRMP2 pathway in normal lung epithelial cells, it is interesting to specu-
late that Ca** balance could become deregulated by a combination of per-
turbations of expression levels of various constituents of this pathway: for
the semaphorins and G proteins, this would occur simply by reduced gene
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Figure 1 A. Northern blot showing expression levels of two candidate genes whose message
levels are influenced by RARB2. Membranes were prepared using about 2 pg of polyA* RNA
from epidermoid tumour-derived cell lines which are RARB™ (Calu-1 and its subclone, c30),
grown in either the absence or present of added RA (107 M) or RARS2* (c19, c24 and c64,
derived by transfected Calu-1 with RARB2 in an expression vector) [16]. A: probed with
hCRMP2.

dosage following LOH of 3p21, and for hCRMP2 because of reduced
expression due to inactivation of RARS.

A second sequence which was cloned based on differential expression in
RARp2* vs RARB2™ cells corresponded to mitochondrial cytochrome b.
This gene was downregulated by RARf2, judging by the intensities of
Northern bands (Figure 1B). This is of interest, since a direct relationship
is known to exist between oxidative phosphorylation state and tumorigenic
status of cells [37]. Thus, if further work shows that RAR32 consistently
decreases levels of transcript of cytochrome b and perhaps other mito-
chondrial oxidative phosphorylation genes, this should suggest that one
mechanism whereby RARf exerts its tumour suppressive effect is through
restricting the energy supply.

A third interesting gene, ICAM-1, has been identified by other re-
searchers as being preferentially upregulated by RARp via an RARE in its
promoter [38]. The product of this gene is a member of a family of immuno-
globulin-related cell surface proteins involved in intercellular adhesion,
signalling and growth control. In particular ICAM-1 expression is neces-
sary in tumour cells for their recognition by autologous T cells, natural
killer cells and lymphokine-activated killer cells [38 and references
therein], so the observation that RARS is the RAR primarily involved in
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Figure 1B. Probed with cytochrome b (this probe also detects additional transcripts of lower
molecular weight). In each case, f actin was used as a control for RNA amounts.

transactivating JCAM-1 expression immediately suggests that this gene
may be an important downstream target of RARp.

Thus, three genes are currently in hand for further exploration of the
molecular mechanisms of cancer suppression by RARB. In the case of
hCRMP-2 and mitochondrial cytochrome b, we do not yet know if the con-
trol exerted by RARp is direct (via a RARE in the promoters of the re-
spective genes) or indirect, but even if the effect is indirect the genes may
be biologically important members of the RARS directed cascade.

2.3. Towards Clinical Applications and an Understanding of the Role
of RARP in Field Cancerization

Cancer of the respiratory tract is strongly correlated with smoking and can
occur as a second primary tumour in individuals who have been cured of a
first cancer like this. This fact led to the formulation of the concept of field
cancerization (for review, see [39]), which postulates that continued ex-
posure to the carcinogens present in tobacco smoke results in initiation of
the tumorigenic process throughout the respiratory tract so that even before
presentation for a first primary cancer a patient may have multiple preneo-
plastic lesions, which may be clinically detectable as dysplastic or meta-
plastic tissue, or may not be detectable at all. It is not yet known which early
molecular changes preceding development of these lesions are important,
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but it is possible that such early events involve steps in the regulatory
pathways controlled by retinoic acid (RA) (reviewed in [39]). If so, a logi-
cal possibility is that the early lesion(s) lie at the level of RARs, and par-
ticularly RARp, for reasons described above.

To test whether reduced expression of RARS could be an early marker
for genetic damage characteristic of field cancerization in bronchi, we have
analysed the level of expression of this gene in bronchial brushings of
several normal nonsmoking individuals and a series of smokers, some of
whom were diagnosed with chronic obstructive pulmonary disease
(COPD), a condition which is associated with a further increase in the risk
of lung cancer [40]. A subset of this patient population is currently entered
in a randomized chemoprevention feasibility trial of 13 cis-RA, in which
patients are given 30 mg RA per day for six months, after which a second
bronchoscopy is performed. The final results will be available in spring
1997, but we have partial data for 38 patients so far.

Bronchoscopies were performed and brushings were taken from each
patient, generally from two sites (designated A and B for the first bronchos-
copy, A” and B’ for the second). RNA was extracted and reverse transcription
was performed by standard procedures, using random oligonucleotides as
primer, and the cDNA was amplified for 35 cycles using RAR2-specific
primers generating a 719 bp fragment. These oligos also amplified a 365 bp
fragment of the truncated RAR 4 isoform. As an internal control for RNA
quality and quantity, we also amplified a 311 bp sequence of RARa. The
expression of this gene in lung and other tissue has been shown to be un-
affected during tumorigenesis [7, 29]. Amplified DNA was separated by
electrophoresis, Southern blotted and probed with endlabelled oligonucleo-
tides corresponding to sequences within the amplified fragments.

Representative results for four patients are shown in Figure 2. RAR o was
detected in 85 to 90% of the samples from >100 patients, and we assume
that in the remainder, the RNA was degraded or in insufficient quantity. Of
the RARa positive samples, 45 % were RAR S negative, whereas the eleven
healthy nonsmoking subjects all gave strong RARB2 bands in samples
from all sites brushed. Interestingly, the proportions of patients with at least
one RAR-deficient site was higher among those diagnosed with COPD
than among other smokers. In all four cases, illustrated in Figure 2, the
brushings obtained from the second bronchoscopy (A” and B’ sites) yielded
RARp2/p4 levels which were not improved compared to the original
samplings (indeed, in some cases RARS levels went from detectable to
nondetectable). However, among 23 patients who have undergone a second
bronchoscopy to date, 11 have experienced an increase in RARf. Once the
accrual is complete we will determine whether there is a correlation
between RA administration and increased RAR expression as has been
found for preneoplastic lesions of the mouth [29].

What this study has already found is that reduced RARS2 expression
appears to be a frequent characteristic of the bronchial epithelium of
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Figure 2. RT-PCR analyses of RARB2 and RARf4 expression levels in bronchial brushings.
RNA was extracted (RN easy kit, Qiagen), reverse transcribed and aliquots were amplified with
oligonucleotides specific for RARS2/4 and RARa, as described in the text. Results for four
patients (numbered) are shown. P, positive control; A and B, two sites brushed before 6 month
intervention with placebo or 13-cis RA; A’, B’ same sites brushed after intervention. The code
will be opened in spring 1997.

smokers, and this deficiency is even more frequent among COPD patients.
The fact that this reduction occurs even in apparently normal tissue
suggests that this loss of expression represents a molecular marker for field
cancerization. Modulation of the transcription of RARS may therefore be
an appropriate target for chemoprevention trials, such as the one currently
underway, at Notre-Dame Hospital, Montréal.

3. Perspectives and Challenges

The overall goal of our research is to develop lung cancer prevention
strategies based on an understanding of how the expression of RARS is
controlled and the role this gene plays in homeostasis. In our view the
choice of RARP as the focus of our attention is justified by the weight of
evidence that the gene’s product has tumour suppressive activity, and that it
is underexpressed in respiratory epithelial tissues of patients at risk. It
should nevertheless be noted that RARS does not fulfill all the criteria of a
classical tumour suppressor gene such as RBI, in that no point mutations
or internal deletions have been found in tumours which could reflect a
strong genetic selection against RAR S during tumorigenesis. How can this
be explained? It is important to appreciate that R4RB2 is unusual because
there is an RARE in its promoter and occupation of this element by an
activated (RA-bound) RAR-RXR dimer is essential for normal expression.
Thus, a low RA concentration will tend to activate the gene less robustly.
We also know that the highest incidence of lung cancer (especially epider-
moid) occurs in smokers, and RA is probably highly labile in the presence
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of the oxidizing agents present in tobacco smoke. Furthermore, the highest
cancer incidence is in individuals whose dietary intake of vitamin A is
already in the lowest quintile [12], so it is logical to conclude that the breed-
ing ground for epidermoid lung cancer, namely bronchial epithelium, is a
tissue in which RA is low, and RAR 3 expression is already hampered. This
has been shown to be the case for head and neck precancerous lesions:
determination of RA levels by a specific monoclonal antibody has shown
that the lesions in which RARf expression is low have no reactivity with
the antibody [30].

In this context, we know that physical loss of one copy of RARP usually
occurs at some point during tumour progression. RARSB2 expression is
therefore abruptly reduced by half, and with low RA availability the remain-
ing RARP2 allele is poorly transactivated and the cell is already partially
capable of escaping whatever growth control RARf exerts. From this point,
other incremental mechanisms such as methylation of the CG-rich promoter
may occur with relatively high frequency and they would be selected for
under the driving force of the growth advantage of a RARS™ phenotype.
Thus, a point mutation would rarely be seen because it occurs at a lower fre-
quency than that of the incremental events. If this scenario is correct, it offers
hope that the chemoprevention trial which we describe above may yield use-
ful results, since the intervention involves administration of the activating
agent which may be deficient in the patients at highest risk, namely RA.

Alternative intervention strategies may suggest themselves as the molec-
ular biology of the RAR f-controlled cascades becomes better understood.
For example, if our preliminary result implicating ACRMP?2 leads to identi-
fication of Ca*™ anomalies in bronchial tissues of patients at risk, a future
trial could conceivably be designed to include and exploit this finding. Our
findings so far, however, also point out the challenges ahead; the number
of genes differentially expressed in RARB* vs RARS- cells is probably not
very small, so there may be a real difficulty identifying which genes are
important. A further complication is that conceivably there is no single
gene of paramount importance among the repertoire selectively activated
by RARP, but rather, many genes may each contribute marginally to
inhibiting tumorigenesis. It is noteworthy that of the first three candidate
genes we and others have identified, all three potentially fall into this
category. Thus, even though elucidating the molecular consequences of
RARp action is of interest at a fundamental level, more immediate clini-
cal benefit may be derived from research on modulating expression of
RARB itself.
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1. Introduction

Lung cancer is a disease in which environmental factors play a major role,
since 80 to 90% of cases of lung cancer in our countries may be attributable
to tobacco [1]. However, the cumulative risk of lung cancer in a population of
smokers remains largely lower than 1. There is no doubt that factors other
than tobacco carcinogens are implied in its etiology and that some of them are
probably genetic. Arguments for the role of genetic factors come from animal
studies, family studies and studies on polymorphisms of enzymes implied in
the metabolism of carcinogens, in particular the cytochrome P450 family.

Most family studies (reviewed in [2]) evidenced a significant excess of
familial cases of lung cancer, when taking into account tobacco smoking.
Sellers et al. [3] tested various models of inheritance from a family study
of 337 lung cancer cases. Their data fit a codominant monogenic model,
that is, heterozygous individuals for a predisposing gene have an inter-
mediate risk between susceptible and normal homozygotes. The data also
suggest some genotype-tobacco interaction.

2. The CYP1A Polymorphisms and Lung Cancer

Two forms of cytochrome P450, CYP1A1 and CYP1A2, are inducible by
some carcinogens present in tobacco smoke. Both cytochromes convert
procarcinogens into potent carcinogenic metabolites [4—7]. CYP1A1 cata-
lyses the oxidation of polycyclic aromatic hydrocarbons (PAH) such as
benzo(a)pyrene. CYP1A2 catalyses the metabolic activation of several
primary arylamines and heterocyclic amines through N-oxidation [8].
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Because of the type of inducers, the great majority of experimental
studies have been performed in animals. In mice, the induction of these
activities by upregulation of both genes is mediated via the 4% locus which
encodes the cytosolic aryl hydrocarbon (Ah) receptor. The molecular
mechanisms of induction of the CYPIA41 gene have now been deter-
mined [9].

In most studies, aryl hydrocarbon hydroxylase (AHH) activity was mea-
sured as an expression of CYP1A1 and the extent of induction was used as
an indicator of the phenotype at the Ah locus. This activity is measured by
the overall production of some mono-oxygenated metabolites of
benzo(a)pyrene following induction by 3-methylcholanthrene (3-MC). In
the mouse, using this system, about half of all inbred strains studied
responded with the induction of CYP1A1 (and have been called respon-
sive) while the others failed to exhibit AHH induction (nonresponsive).
Breeding experiments between responsive and nonresponsive inbred
strains showed a single locus determinant of AHH induction, with the lack
of responsiveness being an autosomal recessive trait. This genetic poly-
morphism has been showed to be associated with tumor development after
intratracheal injection of 3-MC, with a higher number of tumors in
responsive mice [10].

In humans, it was suggested that most of the variability of CYP1A1 and
CYP1A2 induction level might be dependent on a regulatory gene such as
the Ak gene (now called AAr). Ahr polymorphism in the human population
has been proposed to be similar to AAr polymorphism in inbred mouse
strains [11]. Kellermann et al. [12] exposed human peripheral blood
lymphocytes to MC-type inducers and compared the resultant AHH activi-
ties. They claimed an important effect of a single gene on AHH activity.
AHH inducibility in human lymphocytes exhibited a trimodal distribution
in the white USA population, consistent with a hypothesis of two codo-
minant allelic forms at a single genetic locus. The genetic transmission
studied in nuclear families fitted this model. In addition, these authors
compared AHH activity in lung cancer patients and controls and found a
significant excess of high inducers in patients [13]. Some studies have been
undertaken since this first one and have produced conflicting results
(reviewed in [14]). More recently, Catteau et al. [15] studied 102 unrelated
individuals and 57 nuclear families and measured the induced CYP1A1
activity by the ethoxyresorufin-O-deethylase (EROD) activity in lym-
phocytes. They found a clearly bimodal distribution due to a single gene
with dominance of the high induction allele. The 4Ar gene has now been
cloned [16] and localized on chromosome 7 in humans [17]. Some poly-
morphisms have been described but are not associated with a higher
susceptibility to lung cancer, which makes the hypothesis of the involve-
ment of this gene somewhat unlikely.

Polymorphic changes in the DNA sequence of the CYP1A1 gene located
on chromosome 15 [18] could result in altered functional proteins modifying
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lung cancer risk. Two polymorphisms have been described: one is a RFLP
(restriction fragment length polymorphism), Mspl, in strong linkage dis-
equilibrium with the other, a substitution of the amino acid isoleucine for
valine, which is possibly associated with differential activity of CYPIAI
[19]. A Japanese study reported an association between Mspl and lung
cancer [20] but several studies on European, American and African popula-
tions did not find such an association with any marker (reviewed in [14]).
These differences could be due to the great variation of allele frequencies
between populations [21].

There are fewer studies on CYP1A2, mainly expressed in liver, and thus
noninducible in vitro. The level of urinary caffeine metabolites has been
proposed as an indicator of CYP1A2 activity in humans [22]. Only induced
activity in smokers (and not inducibility) can be measured. A plurimodality
has been shown by two studies [23, 24], which do not, however control the
use of oral contraceptives,which are known to decrease the metabolic ratio.
Catteau et al. [25] found a - unimodal distribution after adjusting for this
factor and did not find any familial resemblance. Whether the metabolic
ratio really measures CYP1A2 activity has been a matter of controversy
[26]. Nevertheless, there are at present no arguments for the involvement
of this cytochrome in lung cancer risk.

3. The CYP2D6 Polymorphism and Lung Cancer

CYP2D6 genetic polymorphism is responsible for the metabolism of the
antihypertensive drug debrisoquine. This polymorphism is inherited as an
autosomal recessive trait. Individuals can be divided into two groups:
extensive metabolizers and poor metabolizers of debrisoquine. The poor
metabolizer phenotype, accounting for 5 to 10% in Caucasian populations
[27], is due to an absent CYP2D6 protein [28] or an altered protein
[29]. The role of the CYP2D6 has been demonstrated in the metabolism
of an important tobacco carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone [30].

The hypothesis of a decreased risk of lung cancer among individuals
with a low capacity to metabolize debrisoquine (and therefore a decreased
capacity for tobacco carcinogen activation), has been the subject of sever-
al epidemiological studies during the last ten years (reviewed in [14]). The
under-representation of extensive metabolizers among patients with lung
cancer, reported in the pilot study [31], was not confirmed in any of the
subsequent studies. Many differences in populations studied or in pheno-
typing procedures could explain these divergent results. Moreover, the
concomitant administration of drugs known to interfere with the debris-
oquine metabolism was not systematically controlled.

The risk of cancer should depend both on the levels of tobacco expo-
sure and or enzyme activity, and in the absence of tobacco exposure, no
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Figure 1. Lung cancer risks according to tobacco consumption and CYP2D6 activity. Adapted
from [32].

difference in cancer risk should be observed between phenotypes. An inter-
active effect of these two factors has recently been reported [32]. The lung
cancer risk associated with increased levels of tobacco consumption was
significantly increased among smokers having the highest CYP2D6 enzyme
activity (Figure 1), and conversely the CYP2D6 activity was a risk factor
only among heavy smokers.

Direct genotyping tests have recently been developed. These tests on
DNA allow us to predict almost all the phenotypes, as around 95 % of the
mutations on the CYP2D6 gene responsible for the poor metabolizer
phenotype have been identified. However, the results of epidemiological
studies on lung cancer risk in relation to CYP2D6 genotypes are still
difficult to interpret.

4. Conclusion

The different approaches described provide several arguments for the
existence of interactions between environmental and genetic factors in lung
cancer susceptibility. The combined effects of several genetic poly-
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morphisms, particularly of P4501A41 and glutathione S-transferase M1
(GSTM1), both involved in the metabolism of PAHs, have now been asses-
sed. Of particular interest is a study of Japanese smokers showing that
individuals null at the GSTMI locus, who also carried the CYP1A41 poly-
morphism, are at very high risk for squamous cell carcinoma of the lung
[33]. Moreover, this increase in risk has been related to low dose cigarette
consumption [34]. Future studies on the joint effects of several poly-
morphisms should allow identification of subjects at very high risk of lung
cancer.
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1. Introduction

There is epidemiological evidence indicating that most human cancers are
caused by environmental exposure to genotoxic agents. It is estimated that
as many as two thirds of all human cancers originate from exposure to
tobacco smoke and dietary components [1]. Tobacco use is a wellknown
risk factor for multiple cancers including lung, oesophagus, and bladder
cancers. It was estimated that there would be well over 150,000 deaths due
to lung cancer in United States in 1995 [2]. It is therefore important to
prevent lung cancer by reducing exposure to tobacco and possibly interven-
ing in the carcinogenic process at an early stage. Despite the risks, most
smokers do not develop lung cancer. Indeed, the lifetime risk of lung cancer
in subjects smoking 20 cigarettes per day is still under 15% [3], suggesting
that there may be important endogenous as well as exogenous factors that
are likely to affect an individual lung cancer risk.

Environmental factors and the competing effect of other diseases, some
of which are also smoking related, may be included here. For example,
smokers may succumb to cardiovascular and pulmonary disease, thus
leading to a reduction in the number of smokers who manifest lung cancer.
The influence of malignancy may include a combination of total tobacco
exposure (plus the influence of exposure to alcohol, dietary factors or viral
infections) and genetic susceptibility. Several genetic polymorphisms and
cancer genes have been investigated in case-control studies [4, 5]. Can-
didate polymorphisms have been sought among the DNA repair genes,
oncogenes, tumour suppressor genes and Phase I and Phase II metabolic
enzymes of detoxification.
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Cigarette smoke contains more than 40 known or putative carcinogens
[6]. Most chemical carcinogens require metabolic activation by Phase I
enzymes, cytochrome P450s, to electrophilic intermediates, to generate
DNA damage in smokers [7]. These reactive metabolites then become sub-
strates for Phase II enzymes such as epoxide hydrolase, glutathione
S-transferase (GST), N-acetyltransferase and sulfotransferase, resulting in
detoxification of the reactive metabolites [7]. Thus, identifying inherited
variant(s) of drug metabolizing enzyme activities, in their expression or
regulation, may be an important factor in determining the relative risk of an
individual’s developing smoking-related lung cancer [8]. The allelism
within certain GST loci may be associated with an altered risk of certain
cancers.

GSTs are a complex multigene family of enzymes that can possess many
biological functions, such as the important step in detoxification of a large
number of electrophiles, many of which are carcinogenic [9, 10]. Mamma-
lian GST can be classified according to substrate specificity, immunologi-
cal identity, and protein and DNA sequence. Six classes of soluble GST
have been identified in eukaryotes, Alpha, Mu, Pi, Theta, Sigma and Kappa
(for the nomenclature of GSTs, see [11]). The structural similarity of the
amino acid sequence identity among members within each class is >50%
and there is less than 25% identity between members of different classes.
The immunohistochemical localization of GSTs in human lung revealed
that the Alpha class, GSTA1 and GSTA2, and the Pi class, GSTP1, are the
most abundant GSTs in human lung, with varying intensity, and are present
in the alveolar, the bronchial and the bronchiolar epithelium [12]. The Mu
class, GSTM1, had a weak immunoreaction in lung tissue. GSTM2 was
found in the epithelium of the terminal airways, and GSTM3 was observed
in the ciliated airway epithelium and smooth muscle of the lung. Thus, the
localization of the different GSTs in the bronchial wall suggests that they
may contribute to susceptibility to lung cancer.

Within the Mu class GST, five genes have been identified: GSTM]I to
GSTMS. Of particular interest might be the gene encoding GSTMI1 be-
cause of its polymorphic expression. Four different alleles of GSTM1 have
been described: GSTM1*4, GSTM1*B, GSTM1*C, and GSTMI1*0 [13].
GSTMI1*A and GSTM1*B differ by only one amino acid with similar
enzymatic activity towards substrates for GSTM1. GSTM1*C is rather
rare and is still not fully characterized. The GSTM1*0 allele consists of a
deletion of the GSTM1 gene; the expression of GSTM1 has been shown to
be autosomal dominant inherited and to be expressed in about 40 to 60 %
of most populations [14]. Since GSTM1 catalyses the conjugation of a wide
range of genotoxic and cytotoxic metabolites of tobacco smoke, and since
the deficiency in GSTM1 increases the susceptibility to DNA-adduct forma-
tion [15] as well as cytogenetic damage [16], individuals with GSTM1 dele-
tion could potentially be at greater risk of developing smoking-related lung
cancers.



Glutathione S-Transferases and Lung Cancer Risk 215
2. Results and Discussion
2.1. GSTM1 Expression and Lung Cancer

Since the first published study in 1986 [17], suggesting that GSTM1 de-
ficiency may constitute a risk factor for developing lung cancers among
smokers, a large number of studies have been performed, comparing the
frequency of GSTM1 deficiency in patients who have various forms of
malignancies, with the frequency in control subjects. There have been
studies confirming the association of GSTM1 deficiency with increased
risk of lung cancer, and other studies in which no increased risk could be
demonstrated. There are, however, several factors that may contribute to
heterogeneity of the results among these studies. One major factor may be
random variation due to limited power within individual studies. Another
factor that merits consideration is the different study designs used. In a
recent study by McWilliams et al. [18], a meta-analysis of published case-
control studies of lung cancer risk and GSTM1 deficiency was done. Twelve
of these studies included a total number of 1593 lung cancer patients and
2135 control subjects. An odds ratio of 1.41 (95% confidence interval
[CI] =1.23, 1.61; P <0.0001) was calculated, suggesting GSTM1 deficien-
cy as a moderate risk factor for lung cancer development. When per-
forming meta-analysis, we have to consider several potential biases, such
as differences in racial distribution, variation in the distribution of histolo-
gical types of lung cancer, misclassification of GSTM1, variation in gender
and variation in smoking. However, most of these biases would not con-
tribute to any significant level to the results. The meta-analysis performed
confirmed that GSTM 1 deficiency is one of several common genetic poly-
morphisms that confer a moderately high risk of developing lung cancer.
An update of all case-control studies of the GSTM1 polymorphism are
compiled in Table 1.

In this context, it has been revealed in recent studies [19] that two of the
GSTM]1 alleles, GSTM1*A4 and GSTM1 *B, have different protective effects.
The frequencies of GSTMI*B have been shown to be different in lung
cancer patients compared with controls [19]. The mechanism for this effect
is unclear but may be related to a linkage of GSTM1*A4 with GSTM3*B,
a polymorphic variant at the Mu class GSTM3 locus that contains a recog-
nition motif for the YY1 transcription factor [20], or because the expres-
sion of GSTM3 in lung is dependent on GSTM1 phenotype [21].

2.2. Smoking History and GSTM1 Genotype

By stratifying subjects according to smoking history, we might be able to
see an elevated risk among the GSTM1-deficient individuals. However,
conflicting data have arisen in this area. Most previous studies with con-
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Table 1. Case-control studies of GSTM1 polymorphism and lung cancer risk

Ethnic group No. of case No. of control Investigator(s)
patients subjects
(% null allele) (% null allele)

Caucasian 66 (65) 78 (41) Seidegard et al. 1986 [17]
Caucasian 125 (62) 114 (42) Seidegard et al. 1990 [41]
Caucasian 228 (43) © 225 (42) Zong et al. 1991 [42]
Japanese 212 (56) 358 (47) Hayashi et al. 1992 [43]
Caucasian 66 (64) 120 (58) Heckbert et al. 1992 [26]
Not given 35(74) 43 (47) Nazar-Stewart et al. 1993 [22]
Caucasian 117 (53) 155 (53) Brockmoller et al. 1993 [44]
Caucasian 138 (53) 142 (44) Hirvonen et al. 1993 [23]
Japanese 85 (59) 170 (49) Nakachi et al. 1993 [25]
Caucasian 296 (56) 329 (53) Alexandrie et al. 1994 [34]
Japanese 178 (61) 201 (45) Kihara et al. 1994 [24]
Caucasian 184 (51) 465 (52) London et al. 1995 [27]
Afro-American 158 (28) 251 (27) London et al. 1995 [27]
Japanese 447 (56) 469 (49) Kihara et al. 1995 [35]
Caucasian 106 (47) 577 (55) Deakin et al. 1996 [19]
Caucasian 139 (57) 147 (46) To-Figueras et al. 1996 [39]
Caucasian 58 (81) 67 (39) Baranov et al. 1996 [45]

siderably lower numbers of lung cancer patients have given mixed results.
For example, in four studies [17, 22—24] stronger associations were found
among the heavier smokers (a pack-year (1 pack of cigarettes smoked per
day for one year) cutoff between 30 to 54 pack-years). In contrast to these
studies, some other previous studies supported a stronger association among
light smokers [25, 26]. In a recent study by London et al. [27], including
more than 300 lung cancer cases, a slightly elevated risk of lung cancer in
relation to the GSTM1 null genotype was seen among smokers of less than
40 pack-years (OR = 1.77; CI = 1.11, 2.82) and not among those with a lon-
ger smoking history. Study design as well as limited power within individu-
al studies may have influenced the heterogeneity of these study results.

2.3. Other GST Genes and GSTM1

Another GST gene family of interest is the recently identified Theta class.
Two genes, GSTTI and GSTT2 have been identified from human liver
[28, 29]. The human GSTT1 isoenzyme has attracted recent interest since
a null allele has been identified at this locus. Since the enzyme catalyses
the detoxification of monohalomethanes and ethylene oxide in vitro, lym-
phocytes from expressors of the gene appear to be protected against the
sister chromatid exchange (SCE) induced by these compounds. It is pos-
sible that, like individuals with GSTM 1 null genotype, homozygotes for the
GSTTI null allele will have an altered cancer risk. The frequency of the null
allele in a normal population has been reported to be 30 to 40% in one
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study from Germany [30] while in a Swedish population, only 10% ex-
pressed this null allele [31].

In a recent study where lung cancer patients and control subjects were
compared, the frequencies of the putatively high risk GST71 null genotype
were not increased in the lung cancer cases compared with the controls. In
the same study, the GSTMI genotype was also identified. However, no
significant interactions between GSTT! and GSTM1 null genotypes were
seen in the lung cancer group in this study.

2.4. Combined Effect of Other Polymorphic Genes and GSTM1

Introducing examples of other common polymorphic genes that confer a
moderately increased risk of lung cancer may increase our knowledge of
the protective role GSTM1I plays. A correlation of Phase I and Phase II
enzymes with lung cancer susceptibility was first tested by Liu et al. [32],
who showed that metabolic ratios of CYP1A1 to GST in lung tissue were
significantly greater in lung cancer patients than in the corresponding con-
trol subjects. More recent studies using genotyping assays for CYPIAI and
GSTM1 further demonstrated that the combined genotype of CYPIA4!
mutant homozygote and GSTM1I null genotype markedly increased the risk
of smoking-related lung cancers among Japanese subjects [14]. These
results were further supported by studies performed in Caucasian subjects
where individuals expressing the GSTMI null genotype in combination
with the Mspl variant allele of the gene tended to be over-represented in
lung cancer patients [33, 34]. Further, it has been demonstrated that among
118 lung cancer patients and 331 control subjects, individuals having the
Mspl variant allele combined with the GSTMI genotype are relatively
resistant to tobacco-related lung cancers, whereas individuals with the
combination of Mspl variant allele and the GSTM 1 null genotype are hig-
hly susceptible [35].

Other common genes are p53 and K-ras, where it has been shown that
mutation frequencies of the two target genes in lung cancer were affected
significantly by CYPIAI and GSTMI genotypes. Thus, a synergistic in-
crease in the mutation frequency of the p53 gene among individuals with
susceptibility genotypes in combination with GSTMI polymorphism is
consistent with increased polycyclic aromatic hydrocarbon adduct forma-
tion [36], which may result in an increased probability of p53 mutations.
An alternative explanation is that deficient DNA repair or genomic in-
stability, which might result from genotype-dependent initiation by ciga-
rette smoking, may be included at an early stage in carcinogenesis [37, 38]
and may influence the consequent genetic events. With an OR of 1.97
(CI=1.03, 3.73) it has been suggested that the Pro allele of the p53
germline polymorphism may slightly increase the risk of the GSTMI null
genotype among smokers [39].



218 J. Seidegard
3. Concluding Remarks

There is no clear understanding of the mechanisms of genetic predisposi-
tion to lung cancer. Lung carcinogenesis seems to start from a clonal
expansion of the cells that gained a selective growth advantage by early
genetic changes in the cells. Because the lungs are widely exposed to
environmental carcinogens, including benzo(a)pyrene in cigarette smoke,
early genetic lesions may be present in bronchial mucosa. Progression
towards full tumorigenicity would then be acquired through accumulation
of further genetic alterations. Thus genetic predisposing factors to
smoking-induced lung cancer, such as GSTMI/ and CYPIAI polymor-
phism, may affect the mutation of target genes in early genetic alterations
such as the somatic alteration of p53 gene which seems to be a candidate
in the precancerous genetic event [40]. However, future studies are needed
to examine and quantitate the interactions between the excess lung cancer
risk conferred by GSTM1 deficiency and polymorphisms in the CYPIA4 and
p53 genes.
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1. Introduction

Alteration of p53 is the most common alteration found in human cancer. It
usually involves missense mutations that frequently stabilize the p53 pro-
tein, which in turn accumulates to reach levels detectable by immunohisto-
chemistry. Analysis of p53 mutational events leads to significant con-
clusions concerning p53 mutation and exposure to carcinogens. Although
p53 alteration does not seem to correlate with any clinical parameters, the
observation that such mutations occur very early in lung tumorigenesis
suggests that they can be used for early diagnosis.

2. Genetic Alterations in Lung Cancer

Lung cancer is the most frequently encountered tumor in the industrial
world, with increasing incidence in both men and women linked to tobacco
smoking epidemics [1]. Extensive analysis has revealed several types of
genetic alterations that contribute to either small cell lung cancer (SCLC)
or non-small cell lung cancer (NSCLC): myc gene activation, ras gene
mutation and loss of heterozygosity (LOH) in chromosomes regions 3p,
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13q and 17p [2]. The two first alterations result from amplification and/or
mutation of dominant oncogenes. Allele loss is highly suggestive of the
presence of a tumor suppressor gene at the deleted chromosomal site. Two
well-known tumor suppressor genes, Rb and p53, have been identified in
13q14 and 17p13 respectively. More recently, alteration of a new gene
named FHIT localized in 3p14.2, has been described in lung cancer [3] but
due to the heterogeneity of the LOH on 3p, it is possible that more than one
locus is the target for these deletions. Analysis of the timing of these mole-
cular events indicates that 3p alteration is one of the earliest genetic
changes detected in lung cancer. p53 alterations have also been detected in
early lung lesions such as mild dysplasia.

3. The p53 Tumor Suppressor Gene

The tumor suppressor gene p53 is a phosphoprotein expressed at such low
levels in the nucleus of normal cells (half-life 20 minutes) that it is barely
detectable [4]. Upon physical or chemical DNA damage, the functional p53
can either arrest cell cycle progression in the late G1 phase [5, 6], thus
allowing the DNA to be repaired before its replication, or else induce
apoptosis leading to cell death [7, 8]. Growth arrest function is achieved by
the transactivational properties of p53, which activate a series of genes
involved in cell cycle arrest [9] whereas the apoptotic pathway of p53 is
undefined. In cells lacking functional p53 (i.e. tumor cells), the various
pathways described above are not functional, resulting in inefficient DNA
repair and the emergence of genetically unstable cells [10, 11]. All these
studies have led to the proposal that p53 is a key element in the control of
genome stability [12].

The most common change of p53 in human cancers is a point mutation
within the coding sequences of the gene which give rise to an altered pro-
tein [13, 14]. Mutations in the p53 gene are found in all major histogenetic
groups, including cancers of the colon, stomach, breast, lung, brain and
esophagus. It is estimated that the p53 mutation is the most frequent genet-
ic event in human cancers, accounting for more than 50% of cases [15].
More than 90% of the point mutations reported so far are clustered be-
tween exons 4 and 9 and are localized in the DNA binding domain of the
p53 protein [13]. One of the most striking features of the inactive mutant
p53 protein is its increased stability. It has been found that mutant p53
protein, which takes on an abnormal conformation, is more stable than the
wildtype (half-life of several hours compared to 20 minutes for the wildtype
p53), accumulates in the nucleus of neoplastic cells and thus becomes
immunologically detectable. Therefore, positive immunostaining indicates
abnormalities of the p53 gene and its product [16].

There has been intensive investigation of p53 alteration for the following
reasons: p53 mutations are the most common genetic alteration in human
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cancer; p53 alteration can be easily detected by several approaches; the
pattern of p53 mutations in various tumor types establishes a clear link
between cancer and carcinogen exposure; p53 mutation is associated with
the emergence of more aggressive tumors; loss or retention of p53 function
also appears to be a critical parameter in cancer treatment. Tumor cell death
by radiation therapy or chemotherapeutic agents is probably due to the
active process of apoptosis rather than the genotoxicity of the agents per se
in many cases [8, 17]. As apoptosis is mediated by a functional p53 in many
cases, the effectiveness of a given therapy would seem to be correlated with
the p53 status of a given tumor [18].

4. Lung Cancers, Smoking and p53 Mutations

Numerous investigations have consistently reported increased occurence of
lung cancer among smokers. All investigations have shown a clear dose-
response relationship between the amount of tobacco smoked daily and the
subsequent risk of lung cancer [1]. It is now thought that cigarette smoking
is responsible for 90% of lung cancers. In experimental animals, cigarette
smoke induces tumors of the respiratory tract. This smoke is a com-
plex mixture of several hundred different molecules, including well-
characterized carcinogens such as polycyclic aromatic hydrocarbons
(benzo(a)pyrene) and N-nitrosamines. Benzo(a)pyrene is a highly carcino-
genic compound and was one of the molecules in coal tar that was found to
be implicated in scrotal cancer during the nineteenth century. Exposure
to coal tar is no longer a public health hazard, but benzo(a)pyrene from
sources such as cigarette smoke and automobile exhaust fumes is highly
prevalent in the environment.

p53 mutations are common in lung cancer and range from 33% in adeno-
carcinomas to 70% in SCLC [19, 20]. These mutations are mostly GC to
TA transversions, with a rate of transition mutations lower than in other
cancers (Figure 1). A strong correlation has been detected between the
frequency of these GC to TA transversions and lifelong cigarette smoking.
This high frequency of GC to TA transversions has not been detected for
other cancers such as colon, breast, overian or brain cancer, which are not
directly associated with smoking (Fig. 1). This observation is compatible
with the role of exogenous carcinogens such as benzo(a)pyrene in lung
cancer. It has been shown experimentally that after metabolic activation,
one of the derivative products of benzo(a)pyrene binds predominantly to
guanine and gives rise to specific GC to TA transversions. A recent study
has shown that exposure of cells to benzo(a)pyrene can lead to the for-
mation of adducts at codons 157, 248 and 273 in the p53 gene [21]. These
positions are the major mutational “hotspots” in human lung cancer. Thus,
these studies clearly show that the p53 gene is one of the targets of car-
cinogens found in tobacco.
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Figure 1. The spectrum of p53 mutations in various types of tumours. All cancer types cor-
respond to the 5800 mutations found in more than 40 types of cancer [54, 55]. GC to AT muta-
tions at CpG dinucleotide are the consequence of spontaneous deamination of 5-methylcytosine,
whereas GC to TA mutations are strongly indicative of exposure to exogenous carcinogens.

5. p53 Gene Alteration and Clinical Parameters

Is it possible to correlate p53 gene alterations with diagnostic or prognostic
clinical parameters? How may this information contribute to the choice of
treatment? In fact, since Cattoreti’s study in 1988 [22], the analysis of p53
accumulation in breast cancer shows that it occurs mainly in patients with
a poor prognosis (absence of oestrogen receptors and high grade tumors).
These findings in breast cancer have since been confirmed by molecular,
immunohistochemical or serological approaches [23—27]. Thor et al. [28,
29] reported that p53 alteration could be considered as a new, independent
marker associated with lower patient survival.

Many similar studies have been conducted in other types of cancer, with
results that are not as clear as in breast cancer. Overall, tumors with p53
accumulation are generally high grade and more aggressive. For lung can-
cer, the results are not clear as to whether p53 accumulation is related to
poor patient prognosis (cf. letter by Mitsudomi and Passlick [30, 31]). As
Mitsudomi indicates, it is important to establish some level of standardiza-
tion so that studies of p53 accumulation can be comparable from one series
to another. Recent studies have suggested that p53 abnormalities could
have a prognostic value for adenocarcinomas, whereas there was no signifi-
cant prognosis factor in NSCLC when all histological subtypes are com-
bined [32, 33].

In lung cancer, it is now clear that p53 alteration is an early event
[34-36]. In a study of lung tissues containing preinvasive squamous
neoplasms from patients with or without lung cancer, Bennet et al. [36]
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detected p53 protein accumulation in 0% of normal mucosas, 6.7% of
squamous metaplasias, 29.5% of mild dysplasias, 26.9% of moderate
dysplasias and 59.7% of severe dysplasias. More recently, Mao et al. [37]
were able to detect p53 mutations in patient sputum specimens obtained
one year prior to clinical diagnosis of lung cancer (Figure 2).
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Figure 2. p53 alteration in lung cancer. Using molecular analysis, several groups demonstrate
that a small number of tumoral cells harbor a p53 mutation in early neoplastic lesion of the lung
[34, 35, 37]. During tumor progression, cells with p53 mutations are selected and correspond
to the majority of tumoral cells in the primary tumor. Immunohistochemistry identified the
accumulation of mutant as early as dysplastic cells [36]. Serological analysis indicates that
p53-Ab can be detected several years before the clinical diagnosis of the tumor.
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6. p53 Antibodies in Cancer Patients: Application to Lung Tumors

Ten percent of breast cancer patients have anti-p53 antibodies (p53-Ab) in
their serum [38]. This percentage reaches 20% in children with B lympho-
mas, while it is 0% in patients with T lymphomas [39]. These studies, con-
ducted during a lull in scientific enthusiasm for p53, were reviewed more
recently in light of new knowledge on p53 inactivation and stabilization.
p53-Ab have been found in most human cancers [24, 40, 43]. There is gen-
erally a good correlation between their frequency and that of p53 gene
alterations. In lung cancer, which has a high rate of p53 mutation, the
frequency of these p53-Ab is high (24%) [42, 44]. In prostate cancer
where the p53 mutation rate is low, or in mesotheliomas where it is nil, the
incidence of seropositivity is very low. Several multifactorial studies show
a very good correlation between the presence of p53-Ab, accumulation of
the mutant protein in the tumor, and the presence of a mutation in the gene
[40, 42, 45]. Detailed .analysis of these antibodies indicates that they
recognize both wildtype and mutant p53 [24, 44—46]. The epitopes are
mainly located in the amino and carboxy terminal regions of the protein,
regions which are not in the ,,hotspot* areas [24, 44, 45]. These immuno-
dominant epitopes have also been detected in the serum of mice hyper-
immunized with wildtype p53 [47]. Taken together, these studies show that
accumulation of the p53 protein in tumor cells is responsible for the
appearance of autoantibodies.

Serological analysis has the following advantages: simplicity of analysis
(ELISA); no need for tumor tissue; possibility of following the fate of the
antibodies during treatment of the patient.

In lung cancer, the level of p53-Ab is closely correlated with the res-
ponse to therapy, with a rapid diminution of antibody level correlating
with a diminution of the tumor mass (T. Soussi, J. Tredaniel, R. Lubin,
G. Zalcman and A. Hirsh, unpublished results).

One of the most promising future uses of p53-Ab is in the sera of people
at high risk of lung cancer, of workers exposed to carcinogens. As stated
above, p53 alteration is an early event in lung cancer, several years before
clinical diagnosis of a tumor (Figure 2). Recently, p53-Ab were detected in
sera of two patients who were heavy smokers without diagnosed lung
malignancy [48]. Both of these patients developed invasive squamous lung
cancer 5 and 15 months, respectively, after detection of serum p53-Ab. In
one patient, the level of serum antibodies directed against different
epitopes of p53 protein was shown to increase progressively during the
15 months of followup before the diagnosis (Figure 2). In this patient, p53
accumulation was detected in tumoral cells from bronchial biopsy
specimens. Since p53 alterations represent an early genetic change in lung
carcinogenesis, it is suggested that p53-Ab detection could be a new and
sensitive tool for the identification of preneoplastic and microinvasive
bronchial lesions in patients with a high risk of lung cancer (i.e. heavy
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smokers). This finding has been confirmed by Trivers et al. [49] using three
types of assay to detect p53-Ab. They were able to find p53-Ab before
diagnosis in several patients with Chronic Obstructive Pulmonary disease.
This is also supported by the recent observation that p53-Ab can be detec-
ted in the sera of workers exposed to vinyl chloride who are highly sus-
ceptible to angiosarcoma of the liver [50].

It should be emphasized that assay of p53-Ab is a global approach to
assessing p53 alterations, and does not depend on sampling of the tumor,
the composition of which may be very heterogenous. Molecular analysis of
tumor tissue or biopsies corresponds to local analysis of p53 status, and
may be erroneous if the tumor is too heterogeneous or too highly contami-
nated by normal tissue. Furthermore, mutation is not necessary for p53
accumulation [26, 51] and p53 antibodies can be detected in such patients.

7. Conclusion

p53 alterations in lung cancer will have a very low, if any, clinical signifi-
cance for prognosis. Nevertheless recent reports have shown that p53
alterations could be correlated to resistance to cisplatine in NSCLC [52,
53]. Further work will be needed to see if such observations can be ex-
tended to other chemotherapeutic agents, and if they can be used for the
choice of therapeutic regimen.

Serological analysis of p53 alterations in human cancers is still in its
infancy and will require some standardization before a clear picture can
emerge concerning the true frequency of this p53-Ab. Commercial ELISA
kits will soon be available and will enable large-scale analysis, with com-
parisons from various areas. Nevertheless, they should be an invaluable
marker for clinical diagnosis of p53 alterations and also a predictive marker
for patients at high risk of lung cancer.
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1. Introduction

Lung cancer is the most common cause of cancer death in North America.
It is estimated that there will be approximately 200,000 new cases of lung
cancer in Canada and the United States in 1996. The mortality rate has
remained relatively unchanged over the last two decades and more than 85%
of the patients with lung cancer will die of their disease. The lack of
progress is due to the absence of an effective early diagnostic test and the
unavailability of curative therapies for advanced disease. Although elimina-
tion of tobacco smoking is the best public health measure to reduce lung
cancer incidence and mortality, longterm smokers who stop smoking
retain a very high probability of developing lung cancer [1]. Thus, even if
the target goal of the National Cancer Institute to reduce the fraction of
smokers to 15% is reached by the year 2000, lung cancer incidence will
continue to rise well into the next century. Therefore, the problem must be
attacked on two fronts. We must deal with the population already at risk in
addition to stopping the inflow of new people into the reservoir.

Currently, less than 15% of patients with invasive lung cancer can be
cured of their disease. On the other hand, the potential for cure is over 90 %
for patients with early lung cancer discovered by sputum cytology examina-
tion [2]. In patients harboring preneoplastic lung lesions, chemopreventive
agents can be used to revert or suppress the carcinogenic progression from
premalignancy to fullblown malignancy [3].

There is precedence in other epithelial organs that detecting and treating
pre-invasive neoplastic lesions will lead to a reduction in the incidence, and
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hence the mortality, of invasive cancer. An example is the well-established
effectiveness of the cervical cytology screening program coupled with
treatment of pre-invasive lesions with cryotherapy or carbon dioxide laser
[4]. Recently, the National Polyp Study in the US also suggests that removal
of colonic polyps may lead to a reduction of invasive colon cancer [5]. The
success in these tumor sites offers hope that a similar strategy may also lead
to a reduction in lung cancer mortality. The challenge for the implementa-
tion of such a strategy has been how to detect and localize pre-invasive lung
lesions among individuals at risk of developing lung cancer.

2. Pathogenesis of Lung Cancer

In humans, lung cancer occurs after a prolonged latent period, encompas-
sing several decades, during which the normal respiratory epithelium
undergoes cellular alterations, consisting of squamous metaplasia with
development of atypical changes, becoming gradually more severe with
time and ultimately progressing to carcinoma in situ (CIS) and to invasive
carcinoma [6—8]. The same steps have been extensively described in the
uterine cervix, oral mucosa, colon [9] and to some degree in other anat-
omic sites. Similar modifications of the bronchial epithelium have been
documented experimentally [10, 11]. The apparent reversibility of preneo-
plastic lesions [12, 13] and the long duration of the pre-invasive phase [14]
has led to the prevailing conclusion that these lesions are benign and that
there is no justification to detect or treat them. However, this dogma is
based on scanty data on the natural history of pre-invasive lesions and lack
of objective classification. When we consider that even with imperfect
cytopathopathogical classification, 40 to 75% of individuals with severe
atypia and approximately 10% of those with moderate atypia in their
sputum samples will develop invasive lung cancer on followup [12, 13], it
would be prudent to treat these lesions since the invasive phase of lung
cancer is very short and the chance of survival is less than 15 %.

3. Morphometric Studies of Bronchial Biopsies

Significant variation exists among pathologists in their interpretation of
atypia/preneoplasia. A more reliable, consistent and quantitatively objec-
tive characterization of the pathology of bronchial preneoplasia is obviously
required. There have been several attempts to produce accurate and repro-
ducible grading systems using quantitative features. Most have focused on
the quantitative grading of carcinoma or higher grade lesions. Extension of
these studies to preinvasive lesions has been limited by the unavailability
of specimens. Fluorescence bronchoscopy (discussed in the following
section) allows harvesting of a large number of these lesions both from
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patients with lung cancer and from individuals who are at risk of developing
lung cancer.

To illustrate this approach, high risk subjects (smokers or former
smokers with a smoking history of 25 pack-years or more), over 45 years
old, were selected for fluorescence bronchoscopy as part of an investigative
trial using the LIFE system. The investigation consisted of a conventional
white light bronchoscopy followed by fluorescence bronchoscopy. All
areas suspicious for dysplasia or cancer under either examination were
biopsied. The biopsies were fixed in formalin and embedded in paraffin
blocks. Serial 5 pm sections were obtained. Sections numbered one and six
were stained with haematoxylin and eosin (H and E) and cover-slipped. All
H and E stained biopsy sections were systematically reviewed by at least
two pathologists and all biopsies classified into one of nine groups; normal,
metaplasia, hyperplasia, mild dysplasia, moderate dysplasia, severe dys-
plasia, CIS, microinvasive, and invasive carcinoma.

For this study, 206 bronchial biopsies were analysed. There were 23
normal biopsies, 4 with squamous metaplasia, 12 with hyperplasia, 43 with
mild dysplasia, 48 with moderate dysplasia, 24 with severe dysplasia,
24 with CIS, 7 microinvasive, and 21 invasive cancers. For each biopsy a
field covering the noted area of abnormality was imaged and the non-
overlapping visually complete cells were imaged. For each of these cells,
~120 features were calculated describing the shape, size and DNA distri-
bution in the nuclei. These features were then used to separate normal cells
from those which exhibited the characteristics of cancer cells.

All the cells in the normal and invasive cancer biopsies which were out-
side the normal limits (mean IOD + 1.5 standard deviation and mean area
+ 1.5 standard deviation) were used to generate a discriminant function to
differentiate between normal and cancer cells. Thus for each biopsy we
could calculate the number of cells measured within normal limits and the
number of cells classified by the discriminant function as cancer-like cells.
These two numbers were used to calculate a morphometric index for each
biopsy. This morphometric index was the number of cancer-like nuclei
detected divided by the number of cancer-like nuclei and the number of
nuclei within normal limits.

Figure 1 shows the distribution of the morphometric index across the
nine pathological groups. The box represents the 25" to 75% percentile
limits for each group, and the solid square boxes represent the mean
morphometric index value for each group. The shaded area represents the
central 50% pathway of the morphometric index as it progresses from
normal through to invasive cancer. These studies demonstrate that the
change in morphometric index is gradual until the stage of CIS, when there
is a considerable rise in the index. Minimally invasive cancer and invasive
cancer are accompanied by a further rise in the index. An objective classi-
fication system such as this may provide a more accurate basis in the
decision-making process regarding intervention.
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Figure 1. Relationship between histopathology and the morphometric index. The squares
represent the mean values, the boxes represent the 25 to 75% confidence levels, and the bars
the 95 % confidence levels. Values for normal epithelium (norm), metaplasia (met), hyperplasia
(hyp), mild, moderate (mod) and severe (sev) dysplasia, CIS, microinvasive (miv) and invasive
(invas) cancer are illustrated.

4. Fluorescence Bronchoscopy for Localization of Early Lung Cancer

The flexible fiberoptic bronchoscope is extremely valuable for the diag-
nosis of lung cancer. Despite the advances and refinements in the techno-
logy of fiberoptics, localization of small radiologically occult lung cancers
can be difficult using conventional white light examination. Only 30 to
40% of CIS are visible to an experienced endoscopist. To improve the
detection rate, a device was developed at the British Columbia Research
Centre based on the observation that when the bronchial surface is illumina-
ted by a blue light (405 nm—442 nm) such as light from a krypton ion laser
or a helium-cadmium laser, there is a progressive reduction in the fluores-
cence intensity as the tissue becomes more abnormal, especially in the
green wavelength band of the autofluorescence spectrum [15]. The marked
reduction in fluorescence intensity (up to 10-fold decrease in the green and
about 5-fold in the red) in precancerous and cancerous tissue is thought to
be due to a combination of an increase in the thickness of the bronchial
epithelium, a very slight increase in blood content in the area of the sub-
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Table 1. Localization of preneoplastic bronchial lesions by white-light and fluorescence bron-
choscopy using the LIFE device

White light Fluorescence
Detection rate * 36% (25-42) 80% (67-96)
False positives * 17% (8-39) 28% (13-44)

* The mean value and range in ( ) are from several studies summarized in [18] and from
unpublished data in the multicenter LIFE clinical trial in North America.

Table 2. Correlation between fluorescence bronchoscopy findings of “false-positive” lesions
and LOH

Number of sites of LOH

None One Two or more
Number of biopsies 66 24 33
Fluorescence positive 24 8 21
Fluorescence negative 42 16 12

mucosa of the lesion and a loss of fluorophore concentration or fluores-
cence quantum yield [16, 17]. Clinical experience worldwide involving
over 600 patients showed that with this device, pre-invasive lesions (mode-
rate/severe dysplasia or CIS) can be detected at more than twice the
frequency of white light bronchoscopy ([18] and unpublished data)
(Table 1). The specificity of fluorescence bronchoscopy appears to be
lower. Some of the “false positive” biopsies were due to inexperience in
interpretation of the image appearance, inflammation and trauma to the
bronchial mucosa by the bronchoscope. However, correlation of “false
positive” lesions (that is, lesions that were found to be normal), hyper-
plasia, metaplasia or mild dysplasia on biopsy with molecular studies of
loss of heterozygosity (LOH) at one of five regions commonly deleted in
lung cancers (3p, 5q, 9p, Rb, p53) indicates that at least half of the “false
positives” represent lesions at the molecular level (Table 2) (Gazdar et al.,
unpublished data). The availability of fluorescence bronchoscopy allows
in vivo sampling of these preinvasive lesions both for cross-sectional and
for longitudinal studies to further our understanding of the pathogenesis of
lung cancer [19].

5. Application of Fluorescence Bronchoscopy in Chemoprevention
Studies

The areas of the bronchial tree accessible to the fiberoptic bronchoscope
have been carefully named. Using this nomenclature and by reviewing
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Table 3. Reversal of bronchial dysplasia in smokers by sialor treatment

Outcome 6 Months Number of Biopsies at Enrolment

After Sialor
Mild Dysplasia Moderate Dysplasia Severe Dysplasia
N=17) N=35) N=2)

Regression 3 3 2

Stable 4 2 0

Progression 0 0 0

New lesions 0 0 0

digital images captured by the LIFE device, the same area can be revisited
and precisely biopsied in subsequent examinations. Thus, the outcome of
preneoplastic lesions with or without chemopreventive intervention can be
studied on a lesion by lesion basis using this method. The biopsy material
also provides a very valuable resource to study the effect of various
chemopreventive agents. We have demonstrated the feasibility of this
approach in a pilot study using Sialor (anetholtrithione). The study involved
five women and five men with a mean age of 65 years (range 47—77 years).
Five were current smokers and five were former smokers. The medication
was well tolerated by the patients except one who had persistent diarrhea
despite reducing the dose of the medication from 25 mg three times daily by
mouth to twice and then once a day. This diarrhea resolved after the medica-
tion was stopped. Fluorescence bronchoscopy and precise rebiopsy of all
areas found to have bronchial dysplasia were performed after 6 months of
sialor (25 mg tid orally) in the remaining nine subjects. The results are sum-
marized in Table 3. Fifty-seven percent of the dysplastic lesions regressed by
two grades or more (e.g. moderate dysplasia to metaplasia). The remaining
43 % remained stable. There was no progression of any of the lesions. In addi-
tion, there were no new dysplastic lesions observed.

6. Summary

Fluorescence bronchoscopy using differences in autofluorescence between
normal and preneoplastic tissues has been found to be useful in the loca-
lization of preneoplastic lung lesions. The ability to sample a large number
of these lesions in vivo provides the material to establish a more precise
classification of preneoplastic lesions using computer-assisted image
analysis and molecular biomarker studies of the tissue sections from the
biopsies which in turn will aid our decision-making process regarding
intervention. As a research method, it offers the possibility of study-
ing the pathogenesis of lung cancer and the effect of chemopreventive
treatment.
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1. Introduction

Monoclonal antibody 703D4 recognizes a 31 kD lung cancer associated
antigen (p31) expressed both in resected lung tumor and in sputum cells
shed from the bronchial epithelium in advance of clinical cancer [1, 2].
Originally developed by mouse immunization using a whole non-small cell
lung cancer (NSCLC) tumor-cell extract, 703D4 recognizes a protein
expressed by most NSCLC as well as small cell lung cancer (SCLC) cell
lines [1, 3]. Recently, the 703D4 antigen has been purified by a seven-step
chromatographic procedure, guided by Western blotting [4]. Sequencing
of the principal immunostaining protein identified a heterogeneous nuclear
ribonucleoprotein-A2 (hnRNP-A2). A splice variant, hnRNP-B1, was
identified as a minor copurifying immunoreactive protein. Table 1 presents
a summary of the advances in understanding of p31 expression in pulmo-
nary tissues.

Messenger RNA transcripts of protein-coding genes are termed hetero-
geneous nuclear RNAs (hnRNAs), a term which describes their size
heterogeneity and cellular location [9]. While in the nucleus, the hnRNA
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Table 1. Chronology of 703D4 early detection development

1983 Antibody created 3]
1985 Double-bridged ABC staining method [5]
1988 703D4 validated as early detection marker [1]
in sputum/tumor archive
1993 Dual wavelength image cytometry [6]
1994 LCEDWG prospective trial description [7]
1996 Epitope characterized as hnRNP A2/B1 [4]
1996 Peripheral airway field mapping [2]
1996 Clinical trials advance report [8]

transcripts associate with binding proteins (hnRNPs) which facilitate
hnRNA processing into mRNAs, and accompany their transport into
the cytoplasm. Neither the cytoplasmic localization nor function of the
hnRNPs is well understood.

Immunohistochemical mapping of hnRNP A2/B1 upregulation in re-
sected formalin-fixed, paraffin-embedded tumor and adjacent normal lung
cells has helped to understand the distribution and intensity of p31 expres-
sion in three lung compartments (bronchi, bronchioli, and alveoli) [2].
Recently, we have used heat-induced epitope retrieval prior to immuno-
staining to provide a clearer impression of hnRNP A2/B1 localization in
resected lung tumors with adjacent, uninvolved lung.

2. Methods
2.1. Tissues

Formalin-fixed, paraffin-embedded sections from nine resected NSCLC
from nine patients, sections of one SCLC and sections of one adenocar-
cinoma of the colon metastatic to the lung were obtained from the Surgical
Pathology files of the Johns Hopkins Hospital. After pathologists reviewed
hematoxylin and eosin stained sections (YSE, WHW), the tumors were
diagnosed according to the WHO classification [10]. For each specimen,
a representative immunostained section was chosen to record the hnRNP
expression in tumor and three compartments (bronchi, bronchioli, alveoli)
of the adjacent, uninvolved lung.

2.2. Immunohistochemistry

We optimized vendor protocols for hnRNP immunostaining with an auto-
mated, capillary-gap immunostaining machine, mildly acidic steam heat-
induced epitope retrieval and staining reagents (HIER, Biotek Solu-
tions/Ventana Medical Systems, Tucson, AZ). Following protocol opti-
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mization in our laboratory (TAZ), staining of histological sections was
performed by the Clinical Immunopathology Laboratory of the Johns
Hopkins Hospital. A single lot of monoclonal antibody to hnRNP (desig-
nated 703D4) had been purified from mouse ascites using a Protein A
column and discontinuous glycine NaCl/citrate gradient (Pierce, Rockford,
IL) [3] and was applied (10 pg/ml) to tissue sections. Overnight incubation
at room temperature detected hnRNP upregulation in 4 pm formalin-fixed,
paraffin-embedded tissue sections with minimal background staining. For
simultaneously processed negative control sections, the primary antibody
was replaced by Biotek dilution buffer. Immunostaining was considered
positive or negative by comparison to background stromal staining on the
same slide.

3. Preliminary Results

3.1. hnRNP Expression in SCLC and NSCLC

The simplified HIER technique maps weak hnRNP A2/B1 upregulation to
all four major primary lung cancer cell types (epidermoid, adeno-
carcinoma, undifferentiated large cell as well as undifferentiated small cell
lung cancer) in seven (70%) of ten primary cancers (Table 1; Figures 1a,
2a, 3a and 4a). We observed both focal (detected in solitary cells or small
groups of tumor cells) and diffuse (= 50 % of tumor cells positive) staining.
Most often, both SCLC and NSCLC expressed weakly homogeneous cyto-
plasmic staining with an intensity equivalent to background. Occasional
tumors demonstrating intraluminal vascular and lymphatic invasion were
more intensely stained, possibly representing artefact. In moderately and
well differentiated adenocarcinomas, intracytoplasmic mucin also showed
intense, nonspecific staining.

3.2. hnRNP Expression in Non-neoplastic Lung

3.2.1. Bronchioli: Intensely staining perinuclear granules were found in the
nuclear organizing region of bronchiolar ciliated cells in the uninvolved
regions of SCLC and in five of nine NSCLC cases (Table 2; Figures 1b, 2b,
3b and 4b). This perinuclear, cytoplasmic granular staining of ciliated cells
often accompanied basal cell proliferation. In the absence of basal cell
proliferation, epithelial staining was usually either absent or weakly homo-
geneous throughout the cytoplasm. Nonspecifically stained intracellular
mucus accompanied goblet cell hyperplasia. No perinuclear staining was
seen in the bronchioles of the metastatic adenocarcinoma.

3.2.2. Alveoli: Reactive type II pneumocytes demonstrate similar peri-
nuclear, granular cytoplasmic staining in SCLC and five of nine NSCLC
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cases (Table 2; Figures 1c¢, 2¢, 3c and 4c¢). In the presence of intense mono-
nuclear cell infiltrate or fibrosis, we observed bronchiolization of the alveoli
with intense staining of the ciliated epithelial cells. Alveolar macrophages
within the air spaces were often nonspecifically stained. No perinuclear
staining was seen in alveolar cells of the metastatic adenocarcinoma.

4. Discussion

The hnRNP antigen is well preserved and easily immunostained when
exfoliated sputum epithelial cells are fixed in 50% alcohol [1]. However,
tissue fixation in formaldehyde (10 % neutral buffered formalin as methy-
lene glycol, CH,[OH],) leads to methylene crosslinks between protein
hydrogen atoms [11]. Progressive crosslinking and loss of antigenicity is
associated with prolonged (8 to 24 hr) formalin fixation. Yet, these methy-
lene linkages may be dissociated, and it is possible to “unmask” antigenic
determinants [11]. Previous studies of hnRNP A2/B1 expression did not
use any antigen recovery techniques [2, 3].

The original antigen retrieval technique, described by Shi et al., relies
upon high temperature heating of tissue sections in a microwave oven with
metal ion buffers [12]. Poor results with this technique in our laboratory
may be due to the introduction of morphological and antigenic artefacts
which have been associated with heating tissue sections to over 100 °C
[11]. We achieved excellent antigen retrieval using the proprietary Biotek
citrate buffer — steamer technique which heats, but does not boil the tissue
sections. Nevertheless, we observed areas of unsatisfactory staining within
sections possibly due to nonuniformity of formalin fixation, antigen retrieval
or stain distribution. Examples of hnRNP A2/B1 immunostained sections
from all four major lung cancer cell types is shown in Figures 1—4.

Observed with both NSCLC and SCLC, but not adenocarcinoma meta-
static to the lung, perinuclear nRNP A2/B1 staining often associated with
basal cell hyperplasia may indicate proliferative lung epithelium. Biamonti
et al. have reported that expression of hnRNP A1 mRNA, the product of a
closely related but distinct gene, is subject to proliferation-dependent regu-
lation in normal fibroblasts and lymphocytes but is proliferation-indepen-
dent in transformed cell lines and tumors [13].

Zhou et al. have shown that hnRNP A2/B1 mRNA is proliferation-
dependent in normal bronchial epithelial cell primary cultures, but not in
transformed cell and tumor cell lines [4]. They observed that in normal
bronchial epithelial cell primary cultures, the levels of hnRNP A2/B1
mRNA fell after the cells leave log-phase growth, while mRNA levels do
not decline significantly after transformed cells and tumor cell lines leave
log phase growth. These in vitro findings parallel our observations in tissue
sections, and suggest different mechanisms of hnRNP overexpression in
transformed compared to nontransformed cells.



Antigen Retrieval Improves hnRNP A2/B1 Immunohistological Localization 243

Figure 1. Adenocarcinoma of the lung, poor differentiation (1000 x ). A: Light, homogeneous
staining in tumor section. B: Apical and perinuclear granular staining in ciliated cells of bron-
chiolar epithelium. C: Perinuclear granular staining in reactive alveolar type II pneumocyte.
Figure 2. Squamous cell carcinoma of the lung, poor differentiation (1000 ). A: Negative
staining in tumor section. B: Apical and perinuclear granular staining in ciliated cells of bron-
chiolar epithelium. C: Perinuclear granular staining in reactive alveolar Type I pneumocyte.
Figure 3. Large cell undifferentiated carcinoma of the lung (1000 x ). A: Light, homogeneous
staining in tumor section. B: Light, homogeneous staining in ciliated cells of bronchiolar epi-
thelium. C: Light, homogeneous staining in alveolar Type II pneumocytes.

Figure 4. Small cell undifferentiated carcinoma of the lung (1000 x ). A: Light, homogeneous
staining in tumor section. B: Granular cytoplasmic staining in ciliated cells of bronchiolar
epithelium. C: Granular cytoplasmic staining in reactive alveolar Type II pneumocytes.
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Table 2. hnRNP immunostaining in resected tumor and adjacent lung

Homogenous or granular staining

Lung cancer Adjacent, uninvolved lung
Cell type Stage Tumor Bronchus Bronchiole Alveolus
Adenocarcinoma
Bronch-Alv 1 H G G G
Bronch-Alv 1 - H H H
Bronch-Alv 1 H o H G
Poorly Dif 2 H o G G
Mod Dif 3a H - H H
Squamous Cell
Poorly Dif 1 - o G G
Mod Dif 1 H G G G
Poorly Dif 3a - G G G
Lg Cell Undif 1 H H H H
Sm cell Undif 1 H G G G
Met Colon Adeno H o H H

H = Homogenous staining; G = Granular staining; — = Negative; o = Structure not present.

The cytoplasm of most NSCLC and SCLC tumors immunostain homo-
geneously with an intensity comparable to background. Neither the inten-
sity nor the staining pattern (granular/homogeneous) seems related to
tumor cell type or stage (Table 2), nor to patient age or smoking duration
(data not shown).

In contrast, bronchioles in uninvolved lung exhibit a granular staining
pattern associated with basal cell proliferation and similar granular staining
is seen in reactive alveolar Type II pneumocytes. Whether this contrast
results from differential regulation associated with transformation, altered
transcription or altered localization (function) of hnRNP A2/B1 in fully
transformed tumor cells remains unknown. Perhaps under normal prolif-
erative stimulation, high levels of hnRNP are associated with granular
organelles (e.g. ribosomes). In transformed cells, unregulated hnRNP over-
expression may lose this association with normal cellular organelles and
appear homogeneously distributed in the cytoplasm.

Additional features remain to be clarified. First, the granular pattern
of hnRNP immunostaining seen in formalin-fixed, paraffin-embedded
bronchiolar and alveolar epithelial cells is not seen in exfoliated, alcohol-
fixed sputum cells which exhibit a homogeneous, cytoplasmic staining.
Comparison of immunostained tissue sections with formalin-fixed
sputum specimens must be undertaken to determine whether the different
staining pattern is the result of a fixative effect. It is also possible that the
exfoliated cells are more fully transformed than the epithelial cells which
remain.
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In their experiments, Zhou et al., found uninvolved peripheral lung
hnRNP immunostaining most commonly in reactive, hyperplastic type II
cells [2]. This finding is particularly relevant since some pulmonary adeno-
carcinomas are thought to arise from Clara cells and type II pneumocytes.
Similarly, we have observed that reactive type II pneumocytes are the most
frequently stained cell in the adjacent, uninvolved lung.

Zhou and colleagues describe a statistically significant increase in p31
expression in both bronchioli and alveoli of older individuals and in
bronchioli of patients with the most extensive smoking exposure [2]. This
contrasts with the absence of p31 immunoreactivity in histologically
normal epithelium obtained from young, nonsmoking trauma victims [3].
No association of age or smoking duration is observed in the present series,
although the numbers are too small to draw any relevant associations.

These observations in the uninvolved lung are consistent with a role of
hnRNP in epithelial cell proliferation. Although the mechanism of hnRNP
A2/B1 upregulation may differ from uninvolved lung to transformed cells,
detection of overexpression of hnRNP A2/B1 may signal an early event
which precedes cytomorphological change in the conducting airways.
Further studies of hnRNP A2/B1 expression may benefit from improved
signal: noise detection by utilization of citrate buffer-steamer antigen
recovery.
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1. Introduction

Lung cancer is responsible for more deaths than any other cancer, account-
ing for 785,000 deaths per year world wide [1]. It is the most common
malignancy in males the UK. The highest incidence rates of lung cancer for
both men and women are found in the Merseyside region of North West
England. In the Liverpool area the cumulative rate (0—74 years) in
1989-1993 was 12.5% for males and 6.0% for females compared with a
national average of 7.3 % for males and 3.0% for females in 1991 [2, 3].
Furthermore, the incidence rate for females is increasing faster than the
national rate and has also exceeded the incidence rate for breast cancer in
Liverpool. Incidence of lung cancer in males is also not declining in line
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with the national trend. Detection of lung cancer usually occurs late in the
disease when it is beyond effective treatment, and consequently there is a
high mortality rate and a five year overall survival rate of 6% in Merseyside.
Increased attention for earlier detection and intervention management is
therefore imperative. The Liverpool Lung Project (LLP), funded by the
Roy Castle Foundation, UK, is a 10-year longitudinal study which will use
risk factors identified by molecular genetics and epidemiology to define
populations and individuals who are most at risk of developing lung cancer.

In conjunction with the early detection programme an intervention
strategy will be developed since there is currently a need to develop a
noninvasive intervention therapy appropriate to the preneoplastic stage at
which the diagnosis was made.

Carcinogenesis in the lung is a multistep process involving multiple
genetic changes that may include genetic instability due to DNA
mismatch repair defects, activation or overexpression of oncogenes and
loss or inactivation of tumour suppressor genes. Our current under-
standing of the molecular pathological mechanisms involved in the de-
velopment of lung cancer will be discussed in this chapter, and it is from
our understanding of these mechanisms that we will select the most
powerful and informative molecular markers for the identification.of
high risk individuals in the LLP.

1.1. Loss of Heterozygosity Analysis

A range of genetic changes at the chromosomal level has been identified in
lung tumour specimens and in cell lines derived from human lung tumours
using allelic imbalance or loss of heterozygosity (LOH) analysis. This
technique has been used primarily to identify regions on specific chromo-
somes that contain putative tumour suppressor genes. LOH studies on non-
small cell lung cancer (NSCLC) tumours have demonstrated that certain
chromosomal regions, in particular 3p, 5p, 9p and 17p, are involved in the
development of these tumours [4—9]. In addition to confirming the role of
a number of previously identified tumour suppressor genes, this type of
analysis may reveal the existence and location of previously unknown
tumour suppressor genes.

1.2. Genetic Instability in NSCLC

A number of allelotype analyses have been undertaken in lung and in head
and neck cancers [10—14]. Recently an in-depth study of (NSCLC) was
undertaken [9] in order to measure the degree of genetic instability in each
tumour, and thus provide a useful molecular parameter with which to assess
NSCLC.
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1.3. p53 Tumour Suppressor Gene

Tobacco smoking is responsible for more than 80% of lung cancer [15].
Cigarette smoke contains a large number of carcinogens (including
benzo(a)pyrene), which act in the initiation and/or promotion stages of
carcinogenesis [16]. The majority of carcinogens are also mutagens and
thus it may be possible to identify the carcinogenic exposure which gave
rise to the tumour by analysing the spectrum of mutations in a gene.
Recently, the similarity between the mutation spectrum of benzo(a)pyrene
and the mutation spectrum in lung cancer tissue has been cited as a
causative link between tobacco carcinogens and lung cancer [17].

The p53 gene has been found to be mutated in a large range of human
tumours and, as might be expected, its 53 kD nuclear phosphoprotein pro-
duct has an important role in transcription, regulation of the cell cycle and
DNA damage management [18—20]. Lung tumours have been shown to
contain a variety of genetic changes in the p53 gene including point muta-
tions, insertions, deletions and LOH at the TP53 locus. Point mutations in
smokers are most commonly GC to TA transversions, which may arise
from exposure to polycyclic aromatic hydrocarbons (PAH) such as
benzo(a)pyrene [21-23]. However, in the Merseyside region of the UK,
GC to AT transitions are the most common form of point mutations. This
altered mutation spectrum may reflect exposure of this population to
carcinogens in addition to those found in cigarette smoke.

1.4. ras Oncogene Family

In lung cancer, members of the ras oncogene family are considered to be
candidate target genes. In a study of ras mutations in 141 adenocar-
cinomas from smokers, 41 tested positive for a point mutation in codon
12 for K-ras, whereas only two of 40 nonsmokers had a mutation at
this site [24]. In the publications by Rodenhius and coworkers, most of
the mutations have been found in codon 12 of K-ras and mainly in adeno-
carcinomas. In a study of ras mutations in 66 NSCLC, 20% were found
to have K-ras mutations in codons 12 or 61 and ras mutations were more
common in squamous cell carcinomas (8/38) than adenocarcinomas
(3/22). The most common substitution was from glycine to valine. Several
groups have found a correlation between K-ras point mutations and a
poor clinical outcome [25-27]. Li et al. [28] have suggested that K-ras
mutations are an early event in the development of adenocarcinomas.
However, Sugio et al. [26] found few K-ras mutations in dysplastic
lesions.
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1.5. Microsatellite Alterations

Recently, another type of cancer-associated gene has been discovered, in
addition to oncogenes and tumour suppressor genes. This group of genes is
involved in DNA mismatch repair and its discovery arose from work on here-
ditary non-polyposis colorectal cancer (HNPCC). It was observed that
microsatellite DNA sequences from colonic tumours were also unstable,
which implies that instability was due to errors in mismatch repair [29].
Furthermore, tumour DNA had a different number of repeats than DNA from
adjacent normal tissue [29]. Analysis of HNPCC-associated colon cancers
showed that 86 % of tumours demonstrated this phenomenon, later described
as microsatellite instability (MI), compared to only 16% of sporadic colon
cancer [29, 30]. Using the extensive homology between the yeast mismatch
repair gene Mut S and its human counterpart, Fishel et al. [31] and later
Leach et al. [32] cloned AMSH2, the first human mismatch repair gene.
Bronner et al. [33] and later Papodopoulos et al. [34] identified AMLH]I, the
Mut L homologue and localised it to 3p21. Many tumours with micro-
satellite instability do not contain mutations within these genes, which would
suggest that there are other as yet unidentified mismatch repair genes.

1.6. hnRNP Overexpression

HnRNP A2/B1 is a 31 kd protein which has been characterised as homolo-
gous to the pre-mRNA binding heterogeneous nuclear ribonuclear protein
[35]. These RNA binding proteins are responsible for the post-transcrip-
tional regulation of gene expression by capping, splicing, polyadenylation
and cytoplasmic transport of mRNAs [36].

A particularly informative lung cancer screening trial was undertaken by
Tockman et al. [37, 38]. Sputum samples underwent immunohistochemical
analysis using an antibody to the p31 kD protein antigen of NSCLC.
Immunostained specimens from patients with known clinical outcomes
was 90 % accurate in predicting those that would develop lung cancer. The
earliest epitope expression was detected among serial specimens that were
collected approximately two years before the clinical appearance of the
disease. These results have been replicated in exfoliated sputum specimens
from Chinese tin miners who subsequently developed lung cancer (Tock-
man et al., unpublished data).

1.7 Analysis of Peptide Growth Factors and Peptide Amidating Enzymes
(PAM)

Peptide amidating enzyme (PAM) activity is involved in the production of
a range of biologically active amidated peptides. PAM activity has been
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measured in lung cancer cell lines of all histologies [39] and was found to
be at highest levels in small cell lung cancer cell lines. The presence of
PAM in premalignant lesions adjacent to lung tumours has also been
demonstrated by immunohistochemical techniques [40]. PAM activity is
therefore of potential use as an indicator for the presence of malignant
cells, and also as an indicator of the extent of differentiation in lung epithe-
lium. PAM activity has been detected in bronchial lavage fluid from
patients at risk of a second primary [41].

2. Ras Mutations in Lung Cancer

We have recently investigated mutations of the K-ras gene in bronchial
carcinomas using a PCR-RFLP detection system and a PCR based ARMS
assay (Amplification Refractory Mutation System) [42]. The ARMS assay
allows the specific detection of rare mutant sequences against a back-
ground of normal DNA (i.e. 1 in 1000—2000). ARMS employs the power-
ful discriminatory potential of PCR amplification from primers modified
at the 3’ end such that extension from nonmatched templates is essentially
eliminated under appropriate conditions. ARMS analysis can be used for
K-ras mutation detection and, since the relevant mutation spectrum is
limited, the procedure requires either a general PCR multiplex for ‘broad’
K-ras mutations, or relatively few single tests to pinpoint exactly which
mutation may be present. We have detected mutations in 25% of our cur-
rent database of adenocarcinomas using both PCR-RFLP and the ARMS
assay and although both techniques detected mutations in the same group
of tumours, the ARMS assay specified the actual K-ras 12 mutations [43].
Other K-ras mutation assays under development such as the PCR/ligase
chain reaction assay [44] have the advantage of potential multiplex assay of
multiple base changes in a single codon. However, adaptation of these
assays to a nonradioactive format is needed to be economically competitive
with the ARMS assay.

3. p53 Gene Alterations in Lung Cancer

P53 gene activation by mutation or allelic loss has been implicated in the
development of lung cancer [21]. In our recent study of the p53 muta-
tional profile of patients with NSCLC on Merseyside, 28% of tumours
contained mutations in the p53 gene [45]. This is significantly lower
(p <0.0002) than the mutation frequency of 56 % in the p53 gene of lung
cancer patients, recently reported in a major review [18]. However,
Suzuki et al. [46] reported a mutation frequency of 47% in 30 NSCLC,
which is statistically not significantly different from the Merseyside
study (p = 0.82).
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On analysing the p53 mutation profile in these NSCLC specimens, more
than half the base substitutions were found to occur at guanine residues.
However, in contrast to previous reports, in which GC to TA transversions
were the most common mutations, there is a prevalence of GC to AT tran-
sitions (37.5% of all mutations). In our study GC to TA transversions
accounted for only 12.5% of all mutations. A comparison of the GC to TA:
GC to AT ratio in this study and in the Greenblatt review [21] found a
statistically significant difference (p = 0.04). Findings similar to our own
have been reported in NSCLC patients from Taiwan where GC to TA trans-
versions comprised only 6% of all p53 mutations [47].

Strikingly, in our study, all four C to T and one out of three G to A muta-
tions (5/7 GC to AT in total) occur at non-CpG dinucleotides (in this case,
in CpC/GpG dinucleotides). CpG sites can account for mutations due to
spontaneous deamination of 5-me-cytosine residues but the reason for the
occurrence of GC to AT transitions at non-CpG sites is unclear. Currently,
little is known about methylation at non-CpG sites in mammalian cells
[48]. It is uncertain whether GC to AT transitions at non-CpG sites re-
present induced or spontaneous mutations [49].

It is hoped that differences in mutation spectra arising from the differing
chemical selectivities of carcinogens may ultimately provide clues as to the
cause of lung cancer “hotspots”.

3.1. WAFI/CIP] Gene

The human WAF1/CIP1 gene was simultaneously identified by a number
of research groups as a mediator of p53, a cyclin-dependent kinase (CDK)
interacting protein and inhibitor of CDKs [50—54]. p21*f! binds and in-
hibits cyclin/CDK complexes causing G1 arrest but it does not seem to
participate directly in apoptosis [55]. p21**! expression is induced by wild-
type p53 and by p53-independent signals such as TGF3 [56] and the gene’s
promoter region contains response elements for p53 [50, 57] as well as
TGEFp, Sp-1 and Sp-3 [58]. Liloglou et al. [59] analysed the part of the pro-
moter region that contains the p53 binding sites (nucleotides —1280 to
—2230) for mutations in 50 matched normaltumour cases of lung carcino-
mas and 11 individuals with no history of cancer. The results showed no
mutations in any of the three p53 binding sites, but two polymorphic sites
were found, one at nucleotide —2203 and the second including nucleotides
—1463, —1526, —1533 and —1594. These results, together with previously
reported polymorphisms in the coding or noncoding regions of
WAF1/CIPI, suggest that the WAFI/CIPI gene is probably highly poly-
morphic.

The effect of these polymorphisms on the promoter region of the
WAF1/CIPI gene and on gene expression is still unclear. A computer-aided
search indicated that these regions are potential binding sites of transcrip-
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tion factors, and that the polymorphism in one fragment occurs four
nucleotides upstream from one of the p53 binding sites, but the signifi-
cance of this is unclear. The fact that these polymorphisms were found to
have the same incidence in a noncancerous population, suggests that they
may not be tumour-specific.

4. Allelotype of NSCLC

We have undertaken an allelotype analysis of NSCLC and have provided
evidence of genetic instability on most of the chromosome arms [9]. This
finding is in agreement with the previous allelotype analysis using RFLP
analysis by Tsuchiya et al. [10] and Sato et al. [11], particularly on 3p, 9p
and 17p. The role of allelic imbalance on the short arms of chromosomes
3,9, and 17 in NSCLC has received a great deal of attention and it has been
proposed that these events are associated with the early stages of patho-
genesis of these tumours [4—8]. Hibi et al. [60] described three distinct
regions involved in lung cancer on 3p at 3p25, 3p21.3 and 3pl4-cen. and
other researchers have shown that these regions are frequently lost in lung
tumours. The recently discovered gene, fragile histidine triad gene (FHIT)
[61] located at 3p14.2, has been considered to be involved in the control of
tumorigenic phenotype in a wide variety of human neoplasias including
NSCLC.

LOH on chromosome 9 has been reported to be a frequent event in lung,
bladder, head and neck and other tumours [62—69]. Deletion mapping has
identified a critical region on 9p21 where a tumour suppressor gene (TSG)
may be present [70, 63, 68, 69]. Recently, several publications have indi-
cated other novel sites on 9p, which include 9p1-p22 [62], a site telomeric to
IFNA [69], and a site distal to IFNA including the markers DS162-D9S157
[68].

A high frequency of loss on chromosome 9p21-p23 has been demon-
strated in a range of lung tumours [71—73]. The cyclin-dependent kinase-
4 inhibitor genes, p15 and p16, whose products inhibit progression through
the G, phase of the cell cycle, both map to 9p21. Deletions and mutations
of these putative TSGs have been reported recently in NSCLC [74, 75].
However p16 sequence analysis in other tumours with loss on chromosome
9p has demonstrated that point mutations are infrequent [64, 76]. This does
not exclude p16 as a target gene in tumourigenesis. Hayashi et al. [77] report-
ed p16 mutations in 30% of the Japanese NSCLC investigated. Okamoto
et al. [78] however found no p6 mutations in primary NSCLC but did find
that six of 22 metastatic NSCLC contained mutations in the p/6 gene. No
p16 mutations were found in SCLC primary, metastatic tissues or in SCLC
cell lines, or in p15 or pl6 genes from primary or metastatic NSCLC or
SCLC tissues. Recently p16 inactivation has been shown to occur by pro-
moter methylation in some human cancers. Merlo et al. [79] have shown
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that the 5" CpG island methylation of p/6 may be considered as an alter-
native pathway by which this gene is inactivated in certain tumours.

We have recently analysed NSCLC with a panel of highly polymorphic
microsatellite markers on chromosome 9. Our results indicate that loss on
9p is concentrated within the D9S156—D9S161 region. In lung tumours,
however, the locus with minimal loss was found at D9S157 (9p23), with
50% LOH (11/22), whereas loss at the IFNA locus was found in only 6%
(2/34) of tumours [71]. Six of the lung tumours in the study which demon-
strated LOH at D9S157 retained heterozygosity at the adjacent informative
markers lying centromeric and telomeric to D9S157. These results indicate
the presence of a further putative TSG on 9p at the D9S157 locus (9p23).

Allelic deletion on 5q of the tumour suppressor gene APC (5q21) has
been frequently reported in NSCLC [80] and correlates with poor progno-
sis. In addition 5q33—35 is another region considered to contain a novel
region in NSCLC [81]. A del-27 locus on chromosome 5 has been describ-
ed by Wieland et al. [82;83]. This locus is found at S5p13—-12, proximal to
the MCC/APC gene and represents a new TSG site in lung cancer. Wieland
et al. [82] have clearly demonstrated that del-27 is a distinct locus from the
APC gene, as they have shown two distinct LOH regions using a range of
polymorphic markers.

LOH on 17p has been reported by a number of investigators. Fong et al.
[80] have shown that 17q may be equally important, with 42 % LOH on 17p
and 59% LOH on 17q. Their results indicated a correlation between 17q
loss and late stage disease (T, T4) as well as with a poor prognosis. Neville
et al. [9] found LOH on 17q to be significantly lower (18 %) than that found
on 17p (38 %) but that LOH on the 17q arm was more frequent in squamous
cell carcinomas.

4.1. Accumulated Genetic Damage in NSCLC Assessed by FAL

In the allelotype analysis of 45 NSCLC, Neville et al. [9] calculated a
median fractional allele loss (FAL) value of 0.09 (range 0.00—0.45).
FAL is the number of chromosome arms showing LOH divided by the
number of informative chromosome arms. In this analysis no correlation
was found between FAL (greater than or less than the median value)
with any of the clinicopathological parameters. As these patients have so
far been followed for less than 18 months, no survival calculations
have yet been undertaken. No correlation was found between p53 or ras
mutations in the NSCLC specimens we have investigated from the
Merseyside region [43, 45] and their FAL values. Accumulated genetic
damage, as provided by this allelotype analysis, thus provides a useful
molecular parameter by which to assess NSCLC and may in time assist
in the determination of the clinical behaviour and outcome of these
tumours.
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4.2. Distinct Genetic Populations in NSCLC

Allelic imbalance on the short arms of chromosomes 3, 9, and 17 in
NSCLC has received a great deal of attention and it has been argued that
these events are associated with the early stages of tumour pathogenesis
[4—8]. Investigators have studied a number of dysplastic and neoplastic
tissues from the same patient in great detail by performing microdissection
of the specimens. All of the six paired dysplastic and tumour tissue speci-
mens investigated by Sundaresan et al. [4] showed allelic imbalance on 3p.
Similarly, Hung et al. [6] found that six of the seven patients examined with
paired preneoplastic and neoplastic lesions showed loss on 3p. Kishimoto
et al. [7] have also reported similar findings of LOH on 9p in the same spe-
cimens. Thiberville et al. [8] have investigated LOH with a number of
microsatellite markers on 3p, 5q and 9p in 13 patients who demonstrated
progressive stages of bronchial carcinoma. Their results indicate that the
corresponding genetic alterations in the dysplastic samples are often also
found in the invasive carcinomas of the same patients. These results raise
the question of whether all NSCLC have allelic imbalance on 3p and 9p as
their initiating events.

A FAL value has been calculated for each of the 45 NSCLC reported by
Neville et al. [9] (median 0.09, range 0.0—0.45). The LOH data were
examined on the following basis: low FAL (LFAL) (0.00—0.04), medium
FAL (MFAL) (0.05-0.13) and high FAL (HFAL) (0.14-0.45) based
symmetrically around the median FAL value of 0.09. Tumours with HFAL
values showed a very clear polarization of the LOH data on chromosome
arms 3p, 9p and 17p, such that 80% showed loss on 3p, 80% on 9p and
73% on 17p. These incidences of LOH were significantly higher than
would be expected since overall genetic instability in these HFAL tumours
ranged from 14% to 45% LOH. However, nine of the 14 patients in the
LFAL group were found to have no LOH on 3p, 9p or 17p, but five of these
had LOH at other sites: i.e. LOH on S5p, 5q, 8p, 13q, 16q and 19q. These
results indicate that LFAL patients form a new subset of NSCLC tumours
with distinct molecular initiating events, and may represent a discrete gene-
tic population [84].

4.3. Microsatellite Alterations

Microsatellite instability is important in studies on lung cancer since it is
believed to be a very early event in carcinogenesis. It is hypothesised that
MI results from a mutation giving the cell a “mutator phenotype” [85].
Thus, there is a reduced fidelity for replication, leading to an accumulation
of other mutations in the cell over time. Detection of the cells with this
mutator phenotype might lead to earlier detection before mutations have
arisen.



256 J.K. Field et al.

Four investigations have been undertaken for MI in NSCLC. Peltomaki
et al. [86] found no instability (eight different microsatellites in 86
tumours); whereas in another analysis, [87] 34% of tumours (13 of 38)
demonstrated microsatellite instability.

We have investigated 45 NSCLC with 92 polymorphic microsatellite
markers and have found 42 % of these samples to contain RER defects,
whereas Mao et al. [88] found only 9% that contained RER defects. Only
13 of the 92 markers we used demonstrated RER defects, and when seven
of these markers were selected, we still observed a 31% level of RER
defects in 45 NSCLC. This represents 75% of all the RER defects seen
with the 92 markers used in the allelotype analysis (Field et al. unpublish-
ed). We are currently using these seven markers to investigate RER defects
in the bronchial lavage specimens for high risk individuals.

5. Liverpool Lung Project

The highest incidence of lung cancer in England and Wales is in the Mersey
region, particularly among women. The purpose of the Liverpool Lung
Project is to compare the timing, sensitivity and specificity of certain
markers for detection of lung cancer at a reversible stage. We are proposing
a ten year prospective cohort study of 7000 people to investigate specific
high risk groups of patients. Individuals who have been recruited into the
Liverpool Lung Project will have up to ten years follow-up with sputum
sampling every 6 to 24 months. An epidemiological assessment will be
undertaken of all the individuals who are recruited into this project using
an interview-based questionnaire which will assess their smoking, diet,
occupation, residence and family cancer history. Thus the results of this
study will provide a very valuable molecular genetics and epidemiological
assessment of all the high risk individuals which will form the basis of our
future thinking in the field of lung cancer chemoprevention.

The challenge will be to design clinical trials for successfully evaluating
intervention strategies in these high risk cohorts. The molecular/epidemio-
logical techniques used to assess their high risk status may also be used as
intermediate endpoints for chemoprevention. Chemoprevention trials
should be undertaken on former smokers who are considered to be at a high
risk of developing lung cancer, based on the molecular/epidemiological
criteria.

New molecular pathological techniques have identified sputum speci-
mens with evidence of progression to lung cancer well in advance of
clinical malignancy. Genetic abnormalities identified in lung tumour spe-
cimens such as K-ras and p53 mutations, have been associated with the
patients’ smoking histories. It is of particular relevance that ras and/or p53
mutations and microsatellite alterations have been identified in the
archived sputum of patients, one year prior to their clinical diagnosis of
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lung cancer. Furthermore, a monoclonal antibody (Mab) with a specificity
for a heterogeneous nuclear ribonuclear protein (hnRNP, A2/B1) (703D4)
has been shown to have very high sensitivity and specificity for the
recognition of neoplastic antigens in sputum two years in advance of a
clinical cancer [89].

In order to translate these important new molecular markers into a
clinical setting, research must be carried out in a large prospective study
with stringent quality control. This research will then provide an accurate
risk assessment of direct relevance to the planning of future health care
strategy.
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1. Introduction

Research into cancer prevention has provided better comprehension of the
mechanisms of human carcinogenesis and has improved the selectivity and
efficacy of intervention. Lung cancer prevention covers different areas of
experimental and clinical research: primary prevention, aimed at eliminat-
ing or reducing the environmental exposure to known carcinogens; second-
ary prevention, including early diagnosis and treatment of preneoplastic or
pre-invasive lesions; and pharmacological prevention or chemoprevention,
aimed at inhibiting the process of carcinogenesis by the administration of
drugs, or other natural substances which are present in human physiology
or a normal diet.

Widespread control of tobacco consumption and reduction of environ-
mental exposure to known carcinogens are the main targets of lung cancer
prevention. Chemoprevention should never be considered a substitute for
primary prevention, but only a potential complement. In fact, with the
success of tobacco-control policies, an expanding cohort of ex-smokers
will remain at high risk of lung cancer for 15 to 20 years, and there is an
objective need for strategies aimed at reducing cancer mortality in indivi-
duals who have stopped smoking.

A large body of experimental data has proved that chemoprevention of
upper aerodigestive tract cancer is feasible but the evidence of a beneficial
effect in humans is still limited and controversial. Selection of high risk
individuals and identification of more effective preventive agents remain
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the most critical aspects of chemoprevention [1]. Despite all the difficul-
ties encountered so far, research into prevention has a indisputable priority
in a disease that is so common and barely curable.

2. Dietary Factors in Lung Cancer

Based on the evidence of geographic and historical trends in cancer inci-
dence, human epidemiological studies have correlated the risk of lung
cancer with environmental factors other than tobacco consumption. Among
these, dietary deficiency of vitamins, micronutrients, or specific foods has
emerged as a potential modifier of lung cancer risk. A relative protection
against lung cancer has been hypothesized for f-carotene and other sub-
stances belonging to the group of antioxidants, such as selenium or vitamin
E (a-tocopherol), both in terms of dietary consumption and serum levels.

A major limit in defining individual habits is represented by the low
accuracy of dietary questionnaires, and the poor specificity of epidemiologi-
cal instruments with respect to the individual substance with biological
anticancer activity.

Overall, the epidemiological data support the hypothesis that a different
intake of common dietary components could modulate the risk of lung
cancer, but unequivocal confirmation can only be provided by prospective
trials testing the effect of specific dietary measures [2].

3. Latency and Intervention

Human epidemiology and experimental data on multistep carcinogenesis
indicate that the development of invasive lung cancer requires a complex
sequence of critical events. In fact, most descriptive epidemiological
studies of time trends and human cohorts, as well as analytical case-control
studies, have consistently demonstrated that the interval between the be-
ginning of the exposure to known carcinogens and the occurrence of lung
cancer ranges from 10 to 30 years. Such a long phase of latency suggests a
large potential space for intervention.

Theoretically, we could hypothesize a combination of selective chemo-
preventive agents aimed at the various phases of carcinogenesis: from the
inhibition of early induction (metabolic activation, formation of DNA
adducts, DNA repair) to the antagonism of tumour promotion and the
reversal of progression to invasive cancer.

Biological and clinical research related to chemoprevention is now
trying to identify the preclinical steps of lung carcinogenesis and the gene-
tic basis of individual susceptibility to tobacco exposure, with ultimate
benefits in the collateral fields of screening of precancerous lesions and
early diagnosis of invasive cancer.
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4. Experimental Evidence

Experimental data have demonstrated that lung cancer can be pharmacologi-
cally prevented or inhibited. Substances with potential chemopreventive
properties, such as retinoids and antioxidants, have been investigated using
nearly all the available systems for testing anticarcinogenic activity, in vitro
and in vivo [3]. Retinoids exert a strong regulatory effect upon the physio-
logical mechanisms of cell proliferation and differentiation, as they are able
to inhibit malignant transformation and suppress tumour promotion, parti-
cularly in the presence of indirect carcinogens such as benzopyrene or
methylcholanthrene [4]. The antipromotion effect of retinoids is of great
interest in human lung cancer chemoprevention, for the possibility of inter-
fering with the late stages of tumour progression. Upregulation or down-
regulation of specific nuclear retinoic acid receptors (RAR«, B, y) may
explain how retinoids can interfere with epithelial cell growth, or inhibit
progression of premalignant cells to cancer [5].

Antioxidants, including selenium, B-carotene, a-tocopherol (vitamin E)
and N-acetyl-cysteine, may inhibit the process of carcinogenesis at various
steps: from metabolic inactivation or detoxification of chemical carcino-
gens, to prevention of DNA damage by free radicals scavenging. New
interest has been aroused in N-acetyl-cysteine (NAC), an aminothiol and
synthetic precursor of intracellular cysteine and glutathione (GSH),
widely used in the past as a mucolytic drug and antidote against acetamin-
ophen-induced hypatotoxicity. NAC has proven effective in decreasing the
direct mutagenicity of several chemical compounds, inhibiting the in vivo
formation of carcinogen-DNA adducts and DNA damage, as well as in-
hibiting urethane-induced lung tumours in mice [6].

Further promising agents with preclinical and early clinical data include
folate, B12, tea polyphenols, selenium and NSAIDs.

5. Clinical Development of Preventive Agents

Retinoids have been extensively investigated as potential chemopreventive
agents, in view of the experimental data and of proven clinical activity
against skin cancer [7]. Of the hundreds of compounds tested in the labo-
ratory, only a few ultimately entered thorough clinical investigation: retinyl
esters (palmitate, acetate), all-trans-retinoic acid (ATRA), 13-cis-retinoic
acid (13-CRA), etretinate, and fenretinide (4-HPR). This is a highly
heterogeneous group of substances, with peculiar properties in terms of
resorption, metabolism, pharmacokinetics, bioavailability, and toxicity.
Significant interest and expectations were generated by the studies in oral
leukoplakia as a model for upper aerodigestive tract carcinogenesis. Random-
ized placebo-controlled trials proved that 13-cis-retinoic acid could achieve
clinical and pathological regression of premalignancy in a high proportion
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of patients. Unfortunately, most patients did not tolerate the treatment for
more than 6 months, and relapse occurred in most cases after the interruption
of treatment. Overall, the toxicological profile of synthetic retinoids has been
less favourable than expected, and the degree of toxicity (dry skin, itching,
flaking, xerostomia, and cheilitis) observed in patients receiving 13-cis-
retinoic acid at full dosage was a limiting factor for chemoprevention studies.
In the group of antioxidants, the ongoing clinical trials include natural sub-
stances such as B-carotene and a-tocopherol and N-acetyl-cysteine (NAC), a
promising compound with excellent longterm tolerability.

In the United States, the National Cancer Institute (NCI) has invested
considerable resources to identify and test specific dietary components and
drugs for chemoprevention purposes, through a comprehensive programme
covering preclinical screening of new agents, assessment of efficacy and
safety, and conduct of clinical trials in humans [8]. The results of such a
large effort may not be fully established before the next decade.

6. Primary Chemoprevention Trials in Healthy Individuals
Table 1 summarizes the randomized trials on lung cancer chemoprevention

in high-risk individuals, funded by the National Cancer Institute [1].

Table 1. Randomized clinical trials on lung cancer chemoprevention

Investigator Population Agent Dose No. subjects  Endpoint
Hennekens, Male PB-Carotene 50 mg/alt. days 22,071 Epithelial
Harvard physicians cancer,
(PHS) 40-84 yr mortality
Albanes, Smokers p-Carotene 20 mg qd 29,133 Lung
Finland 50—-69 yr Vitamin E 50 mg qd cancer,
(ATBC) mortality
Omenn Smokers, PB-Carotene 30 mg qd 18,314 Lung
(Seattle) 50-69 yr; Retinol 25,000 IU qd cancer
(CARET) Asbestos
workers
Intergroup NSCLC 13-CRA 30 mg qd 600 Second
(USA) stage [ primary
tumours

EUROSCAN NSCLC Retinyl 300,000 [Uqd 2,595* Second
(Europe) stage I-III palmitate primary

N-acetyl- 600 mg qd tumours,

cysteine survival
Hong Bronchial 4-HPR 200 mg qd 100 Metaplasia,
(Houston) metaplasia dysplasia,

+ prior cancer intermediate
markers

NSCLC = non-small cell lung cancer; * including head and neck cancer patients.
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Table 2. Results of NCI trials on primary chemoprevention: incidence and mortality per
10,000 person per year

ATBC Trial PB-Carotene No B-Carotene  Difference %
Lung cancer incidence 56 47 +18

Cancer mortality 69 63 +9

Total mortality 218 201 +8

CARET Trial B-Carotene + Retinol  Placebo Difference %
Lung cancer incidence 59 46 +28

Total mortality 144 119 +21

PHS trial B-Carotene Placebo Difference %
Lung cancer incidence 6 6 0

Cancer mortality 29 29 0

Total mortality 74 73 0

Three of these trials have been recently completed and their results
published (Table 2) [9-11]. The Finnish trial (ATBC) was conducted in
cooperation with the National Public Health Institute of Finland, to test the
effects of dietary supplementation of f-carotene (20 mg/day) and a-toco-
pherol (Vitamin E, 50 mg/day) in a population of heavy smokers. The
study accrued 29,133 men, aged 50 to 69, randomized with a 2 by 2 facto-
rial design into four separate treatment groups, to receive either S-carotene
or vitamin E, or both. Against all the expectations, this trial did not show
any protective effect of either a-tocopherol or p-carotene [9]. On the
contrary, fB-carotene supplementation was associated with a statistically
significant increase of lung cancer incidence (56.3% vs 47.5%) and
mortality (35.6% vs 30.8%). Mortality for ischaemic heart disease was
also higher in the group receiving f-carotene, thus contributing to the over-
all excess in mortality of 8 %. This study enrolled only active smokers, and
the vast majority of them (79 %) continued to smoke throughout the inter-
vention. The detrimental effect of B-carotene has been recently confirmed
by the other large trial on heavy smokers (CARET) which showed a 28 %
increase of lung cancer incidence in the treated group compared to the
placebo group [10]. However an opposite effect was noted in the subgroup
of former smokers. The third trial (PHS), that enrolled only a small minor-
ity of current smokers (11%) could not demonstrate any effect of B-caro-
tene administration [11]. These data suggest a possible unfavourable inter-
action between current smoking and p-carotene treatment. A residual
confounding effect of the quantity and duration of smoking during trial can
be hypothesized taking into account the huge difference in lung cancer
incidence (6 versus 47) and overall mortality (73 versus 201) among the
control arms of the three studies, much larger than the one observed within
each trial (Table 2).

While a definitive judgement of these findings will be possible only
after a more extensive publication of the results, and perhaps a longer
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followup, it is clear that vitamin supplementation cannot replace primary
prevention. Therefore, it appears reasonable to concentrate future
chemoprevention programmes on former smokers as part of a wider
tobacco-control policy.

7. Treatment of Precancerous Lesions

Two randomized trials have been conducted on heavy-smoker volunteers
with the aim of reverting bronchial metaplasia and dysplasia with
retinoids. Both studies were negative.

The first study tested the efficacy of etretinate on sputum cytology of
heavy smokers. After 6 months of treatment, the degree of atypia measured
in the sputum of etretinate-treated subjects was similar to that observed in
the placebo group [12]. The second trial tested the effect of 13-cis-retinoic
acid versus placebo on 87 chronic smokers with bronchial dysplasia and/or
metaplasia index greater than 15 %, as assessed by multiple bronchoscopic
biopsies. A new bronchoscopy, performed after 6 months of treatment,
showed a significant decrease in the frequency of squamous metaplasia in
those patients who had stopped smoking, but no difference between the
two treatment arms (55 vs 59%) [13].

Although negative, these experiments have provided a methodological
setup for prospective investigation of bronchial premalignancy with inter-
mediate biomarkers, and new research prospects are now being generated
by innovative endoscopic instruments using spontaneous fluorescence to
detect dysplastic areas and carcinoma in situ on macroscopically normal
bronchial mucosa.

8. Trials on Chemoprevention of Second Primary Tumours

The potential benefit of retinoids as adjuvant treatment, to reduce the
occurrence of second primary tumours, has been demonstrated by two inde-
pendent randomized trials. The first study was conducted on 103 patients
with previously treated head and neck cancer, randomized to receive either
isotretinoin or placebo for 12 months [14]. The incidence of second
primary tumours was significantly lower in the treatment arm after a
median followup of 32 months (4% versus 24 %), and persisted at a later
analysis with 54 months median followup (14 % versus 31%).

The second trial was conducted on 307 patients with early stage lung
cancer, randomized after complete surgical resection to receive high dose
retinol palmitate for 12 to 24 months or no further treatment. The rationale
for such a treatment schedule has been discussed extensively in the first
report of the trial [15]. In summary, natural retinol was chosen due to its
peculiar properties in human embryology and adult physiology, including
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development and maintenance of highly differentiated epithelia respon-
sible for vision, reproduction and mucus secretion, that were not shared by
other synthetic retinoids. The dose of 300,000 I.U./day for a minimum of
12 months was then selected on the basis of two elements: the highest
therapeutic effect achieved in the treatment of dermatological diseases
(like ichthyosis, psoriasis and oral leukoplakia), and maximum tolerance in
toxicological studies (4,000 1.U./kg./day). The emulsified preparation of
retinol palmitate was chosen in consideration of its absorption properties,
resulting in a 6-fold higher bioavailability in comparison with the equi-
valent oily solution. In this trial, after a median followup of 46 months, we
observed a significant difference in the frequency of second primaries
(12% vs 21%) and total cancer failures (37% vs 48%) in favour of the
treatment arm [16]. Despite our initial concerns and a very intense moni-
toring of side-effects in the pilot phase of the study, the toxicity and tol-
erability profile of high dose retinol palmitate was excellent. A high pro-
portion of patients presented typical side-effects such as skin desquamation
or dryness of mucosae, but in the treatment had to be discontinued in only
very few patients because of toxicity [17].

The high frequency of easily detectable-side effects convinced us to
avoid a double-blind placebo-controlled design. In our opinion, the use of
placebo would have been feasible and convenient only with a much lower
dose, below the threshold of clinical toxicity. As for other adjuvant trials in
cancer patients, placebo control may not be necessary if the efficacy of
intervention is being assessed with hard endpoints such as recurrence,
second primary or death. However, the use of placebo becomes essential
if soft endpoints such as intermediate biomarkers are chosen, or chemo-
prevention is being offered to healthy individuals.

Based on these favourable pilot experiments, a series of trials has been
designed with the purpose of preventing new primary malignancies after
curative resection. The EUROSCAN cooperative study was set up in 1988
as a joint venture of the E.O.R.T.C. Lung Cancer and Head and Neck
Cancer Cooperative Groups [18], to test the efficacy of retinol palmitate
and NAC, given for two years with a 2 X 2 factorial design to patients with
previous cancer of the larynx, oral cavity and lung (NSCLC). The accrual
was closed in 1994, with 2,595 patients entered, and the preliminary
analysis is planned for the end of 1996. Another chemoprevention trial on
resected stage I NSCLC was started by the U.S. Intergroup in 1992. This
study is expected to enter over 600 patients per arm, to be treated with oral
13-cis-retinoic acid at the dose of 30 mg/day.

9. Biological Markers and Chemoprevention

The identification of specific biomarkers of lung carcinogenesis has become
one of the crucial aspects in the development of chemoprevention, not only



270 U. Pastorino

to select the best candidates for specific intervention programmes, but also
to monitor the results in the short and intermediate term [19].

In fact, to increase the cost/benefit ratio of intervention plans, specific
subpopulations of very high risk individuals should be identified on the
basis of constitutive or acquired abnormalities detectable in the target
tissues. Moreover, biologically intermediate endpoints will became essen-
tial in the near future to monitor the efficacy of preventive strategies, be-
fore the actual occurrence of invasive cancer [20—22].

A number of genetic abnormalities have been consistently observed in
lung cancer, premalignant lesions, and normal bronchial mucosa, and
represent potential biomarkers for chemoprevention (Table 3).

In practical terms, it is now conceivable to use a panel of specific
markers (3p deletion, p53, EGFR, K-ras, MSI) to select candidates for
chemoprevention. In fact, with the present developments research tech-
nology, such as immunocytochemistry, fluorescence in situ hybridisation
(FISH) and PCR, even small samples collected through bronchoscopic
biopsies, brushing or sputum cytology will become suitable for systematic
screening of high risk individuals [23].

A large effort will be required in the coming years to test and validate
such a large group of biomarkers through purpose-designed, small-scale,
controlled studies. To justify their systematic use, intermediate endpoints
will have to prove specific for the process of carcinogenesis under study,
correlate quantitatively or qualitatively with the degree of tumour pro-
gression, and be modulated by the selected preventive agent. In addition,
such biomarkers should be easily measurable on small specimens and the
process of sampling tolerable at repeated intervals.

Table 3. Intermediate biomarkers in lung cancer chemoprevention

Genetic markers Micronuclei
Ploidy and DNA content
Chromosome deletions/translocations
Microsatellite instability (MSI)
p53
K-ras
Neu

Differentiation markers Squamous markers (keratins, involucrin)
Mucin gene expression
Blood group antigens

Proliferation markers Proliferating cell nuclear antigen (PCNA)
Thymidine labelling index (TLI)
Retinoic acid receptors (RARf)
Epidermal growth factor receptor (EGFR)
Transforming growth factor-8 (TGF-f)
Bombesine-like peptide receptors
Tyrosine kinase receptor
Bcl-2
Angiogenesis
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1. Synopsis

Currently, most new lung cancers are found only after symptoms or signs
reflect the occurrence of regional or distant metastases. Delayed awareness
of lung cancer accounts for its 87% five year mortality rate. New insights
may lead to improved methods of early lung cancer detection. Experimen-
tal intervention proposed for early cancer management generally entails the
oral administration of chemoprevention agents. In this chapter, we discuss
an alternative delivery strategy using direct aerosol delivery. The model
chemoprevention agents for this discussion are the vitamin A analogues.
Preliminary clinical reports suggest benefit in reducing the frequency of
new lung cancers for previously resected non-small cell lung cancer patients
as well as treated head and neck cancer patients. Chronic oral administration
of retinoids is problematic due to the frequency of debilitating side effects.
Alternatively, by delivering retinoids directly to the airways as an aerosol,
the first-pass drug exposure is to the target cell population and the amount
of drug available to the systemic circulation may be greatly reduced. We
hypothesize that this approach to retinoid delivery will result in a signifi-
cantly greater therapeutic index. Direct delivery of the drug to epithelial sur-
faces afflicted by early cancer may also be a general strategy for improving
the therapeutic index with other chemoprevention agents.
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2. Introduction

In 1996, lung cancer will account for more than 157,000 deaths in the Uni-
ted States alone and this will also be the most frequently fatal malignancy
in the world [1]. Increasing use of tobacco worldwide means even greater
lung cancer mortality in years to come [2]. Despite smoking cessation, the
risk of lung cancer remains high since lung cancer may take more than a
decade to evolve from an initiated cell to a clinically evident cancer. The
latency period for the 94,000,000 current and former smokers in the United
States alone assures that a high rate of lung cancer will persist for decades
[3]. The limited survival benefit from current approaches to lung cancer
management dictates a need to identify new clinical management ap-
proaches [4]. Rational analysis of the biological basis for lung cancer sug-
gests new options for lung cancer care [5—8].

Tobacco smoke can cause carcinogenic transformation anywhere in
the smoker’s respiratory tract, so diverse normal pulmonary cell popula-
tions exposed to tobacco smoke account for the wide range of histolo-
gical types of lung cancer [9]. Conventional approaches to early lung
cancer detection fail to improve survival significantly. The National Cancer
Institute sponsored a study in the late 1970s at Sloan Kettering, Johns
Hopkins and the Mayo Clinic evaluating the addition of conventional
sputum cytology to chest X-ray. The result of that 30,000 subject trial was
consistent with a lead-time bias. The screening arms were associated with a
better rate of case detection, early stage and resectable cancers, but the
longterm followup failed to show any significant reduction in lung cancer
mortality [10—14]. This outcome emphasizes the difficulty in detecting
early lung cancer.

Using a sputum immunocytochemical technique, we reported a dual
antibody immunocytochemistry assay which identified the majority of
lung cancer cases about two years in advance of clinically evident lung
disease [15]. This correlational analysis was possible due to existence of an
archive of stored serial sputa which had been prospectively acquired on an
annual basis from the smokers enrolled during the previously discussed
early lung cancer detection trial and stored at Johns Hopkins [13]. The long
term clinical followup of that patient population revealed who went on to
develop cancer and who remained cancer-free. So the sputum archive is an
invaluable resource for early lung cancer markers. Two new ongoing clini-
cal trials may also independently confirm the initial positive early detection
report [16].

Over the last several years, improvements in diagnostic technology, as
well as increased understanding of tumor biology brighten the prospect of
early detection of lung cancer [5, 7, 8, 17, 18]. For example, the Johns
Hopkins sputum archive material was also used to validate that mutations
in ras and p53 or microsatellite alterations could be detected in morphol-
ogically normal sputum specimens up to one year prior to clinical lung
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cancer [19, 20]. As biomarker technology continues to develop, further
clues to the key sequence of events leading to epithelial cancer will emerge.
Cautious optimism about the success of molecular detection of lung cancer
also implies that increasing numbers of preinvasive (or airway-confined)
lung cancer will come to medical attention. Recent experience with increas-
ed detection of early prostate cancer related to the use of prostate-specific
antigen screening suggests that elucidating clinical management options
for early lung cancer that do not involve morbid complications would be
highly desirable [21]. If these new epithelial-directed diagnostics provide
the ability to detect the preinvasive phase of lung cancer, then improved
chemoprevention approaches will be required.

3. Retinoids as a Model for Direct Epithelial Delivery

The leading candidates for short-term application as lung cancer chemo-
prevention agents are vitamin A analogues. A wealth of clinical and ex-
perimental information has established retinoids as potent regulators of
epithelial cell growth with reported benefit in the prevention and treatment
of a number of neoplastic conditions [22—24]. The MD Anderson group
has recently summarized the field of clinical trials for cancer chemo-
prevention [25]. Their investigations of retinoids in the chemoprevention of
head and neck cancer and of lung cancer are provocative, since both
diseases are generally related to tobacco exposure [25—28]. Though the
precise mechanisms are not yet known, retinoids interact with nuclear
receptors which are thought to control cell division and differentiation for
a range of epithelial cells. Recently, Lotan and colleagues demonstrated
that a number of retinoids can upregulate programmed cell death in vitro
[29]. This important observation will be discussed later in more detail.

Despite the growing body of information beyond the published reports
of Hong and coworkers suggesting the benefit of oral retinoids as chemo-
prevention agents [25], the side effects associated with chronic ingestion of
currently available retinoids are a significant problem. Although the
optimal duration of chemoprevention has not yet been defined, it appears
likely that longterm delivery may be required [26]. The ideal situation for
intervention in early lung cancer is to have a chemoprevention option that
is well tolerated, so that poor compliance will not excessively compromise
clinical benefit. New retinoids are in early clinical evaluation, and it
remains to be established if this next generation of analogues will represent
a major improvement with regard to side effect profile. In the setting of
lung cancer prevention with a vast at-risk population, cost also represents
a significant variable. An alternative pharmacological approach to oral
retinoid delivery that preserves its chemoprevention effect but reduces
side effects would constitute a major advance for lung cancer chemo-
prevention.
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4. Rationale for Direct Epithelial Delivery

The complex pharmacology in attempting to control the evolution of
carcinogenesis on the bronchial epithelial surface with oral delivery of
retinoids is summarized in Figure 1. Oral administration is shown in the
bottom panel. As reviewed by the group from the University of Arizona,
absorption of 13-cis-retinoic acid is variable and incomplete following oral
administration, the retinoid binds almost exclusively to albumin in the
plasma (up to 99.9%) and appears not to be displaced by high metabolite
concentration [30]. The presence of albumin reduces the functional bio-
availability of retinoid. The net effect is that only a minute fraction of
the administered retinoid dose is actually available to the respiratory
epithelium.

Based on the success of the MD Anderson group in using 13-cis-retinoic
acid as a chemoprevention agent for lung cancer [25—28], we have been
interested in the effects of retinoids on epithelial cancers and have evalua-
ted the antiproliferative effects of 13-cis-retinoic acid [31]. In contrast to
previous studies, when defined serum-free medium is used, a broad range
of cancer cell lines are significantly growth inhibited. This observation

Figure 1. Schematic outlining the issues with either oral or aerosolized delivery of a chemo-
prevention agent.
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began a line of investigation that could lead to a new and more effective
delivery for this important class of regulatory molecules.

Since the loss of retinoid regulation of growth observed in vitro with
cancer cells can be blocked by preabsorbing albumin with high concen-
trations of free fatty acids, the issue of retinoid-protein interaction may be
relevant in the airway in which the concentration of albumin in bronchial
fluid is generally less than that in the plasma [32].

We and others have speculated that epithelial-directed drug delivery
approaches may greatly improve the prospects for controlling early lung
cancer [31, 33]. Direct aerosolization of the retinoid as shown schemati-
cally in the top half of Figure 1 may result in a significantly greater frac-
tion of the administered dose reaching the target tissue in the lung.
Enhancement in bronchial epithelial targeting might provide the required
concentration of drug to activate retinoid receptors with a substantially
reduced systemic dose. If successful, this delivery approach would permit
the desired growth inhibition of the transformed respiratory epithelial cells
without the debilitating systemic toxicity associated with oral retinoid
administration. The goal of more targeted drug delivery is to provide the
kind of “benign” chemoprevention option that would make participation in
a population-based early cancer screening program more attractive to an
individual at risk of developing lung cancer.

5. Status of the Development of Aerosol Delivery Systems

Many of the functional responses of the lung to exogenously administered
drugs have been elucidated by investigators working on asthma or infec-
tious disease therapies [32, 34—-37]. The body of information about
aerosolized drug delivery from this work is of direct relevance to the
development of local therapies in the lung for chemoprevention. Current
aerosolized delivery capability is a result of an enhanced understanding in
several areas. Details of lung anatomy and physiology have better defined
the target and its predictable biological responses [32]. The physical
chemistry of drug formulation to achieve greater biostability, specific targe-
ting and bioavailability have also recently improved [34, 35]. A range of
delivery devices have been employed, and the evolution of this technology
has resulted in significantly more efficient delivery systems [36, 37].

The gross anatomy of the lung’s conducting airway, involving 23 levels
of arborization, and its relationship to tobacco injury has long been known
[32, 38]. The identity of all the numerous cell types in the lung has been
more recently established. Each cell type performs different specialized
functions such as gas exchange and detoxification of toxins as well as a
range of endocrine and other metabolic functions [32]. All respiratory
epithelial cells can potentially be a target for the carcinogenic action of
tobacco smoke, so that the aerosolization of the retinoid must deliver effec-
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tive dose concentrations to the entire epithelial surface. Without describing
all of these cell types and their functions, it is of fundamental importance
to determine the chronic effect of a new drug or delivery technique on the
wellbeing of normal cell populations. Concerns about the tolerance of
normal airway components to aerosolized retinoid are partly addressed by
in vitro work of De Luca and coworkers which showed that hamster
tracheal cultures of normal airway cells were quite tolerant of high ambient
concentrations of retinoid, and grew without evident ill consequence [23,
24]. Despite favorable results with rodent models, careful preclinical
evaluation of the precise formulation proposed for human administration is
required. The experience with antibiotics provides a basis for optimism.
With aerosolized antibiotics, an increase of effective pulmonary tissue drug
levels 10 to 40 times that achieved with parenteral delivery, without increase
in clinically evident toxicity, was found [39].

6. Use of Pharmacological Models to Refine Epithelial-Directed
Interventions

The development of pharmacological models has allowed for much more
predictable progress in drug development. The theoretical description of
regional chemotherapy for intra-arterial and intracavitary drug administra-
tion is a relatively mature discipline with powerful predictive capability
[40]. A simple equation permits the estimation of the pharmacokinetic
advantage that can be obtained in a particular setting:

R, =1 + CLy/K(1 —E) (1)

where R, is the pharmacokinetic advantage (defined as the ratio of the tissue
exposure to the systemic exposure following regional drug delivery divided
by the same ratio following systemic delivery), CLgis the total body clear-
ance following intravenous drug administration, K is the intercompartment
transport parameter, and E is the irreversible extraction of drug by the target
region. Exposure may be measured by the area under the concentration vs
time curve (AUC) of plasma that would be in equilibrium with the tissue. If
there is no extraction by the region (E = 0), Equation (1) becomes simply:

The advantage of regional delivery derives from the first pass of the drug
through the compartment containing the target epithelial cell population;
absorbed drug acts as a systemic dose. Equation (2) shows that the
pharmacokinetic advantage depends on the ratio of CLtp to K. If K were
the same for two drugs, then the agent with the larger clearance from the
body would be kinetically preferred.

A number of assumptions are required in the derivation of the basic
equation for pharmacokinetic advantage. These include: (1) constant CL3
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and K, (2) linearity of the underlying biological processes such as meta-
bolism, binding and transport, and (3) a uniform concentration of drug in
the target region. All of these assumptions raise questions or pose difficul-
ties to the application of the simple theory to aerosol delivery to the lung.
The total body clearance of retinoids in human subjects has generally not
been measured because of the unavailability of intravenous formulations;
however, approximate estimates may be possible for some from oral data
[41—43]. Careful kinetic studies of absorption of drugs and other chemicals
from the lung of several species are available following both intratracheal
and aerosolized delivery [44]. These provide considerable insight into the
effect of molecular size and lipid solubility, but the rate is expressed as a
first-order rate constant (min'), and conversion to the transport parameter
K (ml/min) is not immediately obvious because the effective volume is not
known. We are not aware of any work reporting the rate of absorption of
retinoids from the lung. Studies of a variety of retinoids in rodents have
established that most tissues, including the lung, can track the plasma
concentration quite closely [45—48]. The brain and testes appear to have a
small barrier. Linearity of the biological processes is not established and is
unlikely to be correct at all relevant concentrations. Application of the
model is confused by the spatial distribution of the drug within the airways,
and by concentration gradients that exist during drug absorption from the
airway surfaces. In principle, we would like to know the (free) drug
concentration at the epithelial sites of action and its variation with time.
Definition of the pharmacokinetic advantage in terms of the AUC may not
adequately address the biological effect (pharmacodynamics) of retinoids.
The effect may depend both on concentration and duration of exposure and
not simply on their integral as expressed by the area under the concentra-
tion curve.

This analytical approach suggests that a critical feature with direct
epithelial delivery will be the first-pass concentration of the drug. From
this perspective using a rapidly cleared retinoid such as all-trans-retinoic acid
[42] may be comparable to a more slowly cleared drug such as fenretinide
if they have similar values of CLz and K. The only data for apparent
clearance of retinoids is after oral administration in humans [43]. Yet from a
biological perspective, we might argue for the use of fenretinide because it
seems to be more potent in stimulating apoptosis [29]. The concept of
programmed cell death or apoptosis has been catapulted to critical attention
in the cancer biology community in recognition of the central importance
of this regulatory mechanism to the pathogenesis of cancer [49, 50]. This
prominence is reflected in Figure 2 which schematically demonstrates the
central regulatory influence of apoptosis in maintaining normal differentia-
tion. While apoptosis can be modulated by retinoids [29], many other drugs
are also capable of enhancing this action [49—52]. The prospective evalua-
tion of such complex leads will help define the most critical variables to
derive a predictive pharmacological equation for aerosolized intervention
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CARCINOGENESIS:

Influence of Apoptosis

Invasion

Anti Apoptotic Factors

Figure 2. Schematic representation of the influence of apoptosis in maintaining normal
differentiation by suppressing clonal emergence of populations capable of invasion or metastasis.

delivery. The experience with retinoids may guide the general development
of subsequent epithelial-directed intervention approaches for other chemo-
prevention agents. Other approaches to aerosol delivery modelling can be
evaluated [53] to determine which is the most predictive and would be
applicable to other chemoprevention agents being considered for aerosol-
ized delivery. In the future, if we determine that a proposed intervention
agent such as the lipoxygenase inhibitor must be aerosolized [52], then an
established development path will be much clearer. A large number of
drugs could find application in this setting.

The possibility of aerosolizing retinoids has considerable intuitive appeal
in the clinical community, so that if preliminary clinical evaluation validated
the benefit of aerosolized retinoids, this approach may be rapidly expanded.
Despite the strong potential of using epithelial-directed chemoprevention
strategies, the pharmaceutical industry may not be interested in developing
these agents. A NCI Working Group on Chemoprevention Development
found that the drug development cost and longterm risk of side effects func-
tionally excluded the pharmaceutical industry from developing chemo-
prevention agents [54]. Aerosolized delivery could improve this situation as
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the anticipated dose to protect the airway could be much less than the oral
dose so that the potential for systemic side effects is greatly reduced. This
also means that patient expense is reduced. If this change in delivery strategy
results in more enthusiastic participation of the pharmaceutical and biotech-
nology industry, this field will develop at a much faster rate.

7. Conclusion

Developments in the field of molecular diagnostics provide a basis for
cautious optimism about progress in population-based early lung cancer
screening. Parallel developments are clearly needed refine the range of
therapeutic intervention for early cancer management. Successful early
diagnostic approaches will routinely identify individuals with carcinogenic
involvement restricted to the airway. Compounds such as retinoids provide
important models to evaluate for local benefit with early cancer. The most
efficient route to deliver agents to arrest the development of the early
cancer may be via the airway. Refinements in aerosolized drug delivery
over the last decade have resulted in a greatly improved ability to deliver
drugs to the respiratory epithelium. This chapter reviews the prospects for
development of new approaches to cancer care.
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1. Introduction

For the purpose of finding nontoxic cancer preventive agents, we studied
natural products derived from marine and plant sources. The following
compounds inhibited tumor promotion on mouse skin in two-stage carcino-
genesis experiments: two marine natural products and four plant natural
products. Among these natural inhibitors, we suggest green tea as a cancer
preventive in humans. This chapter reviews our basic study on cancer
preventive agents derived from natural sources.

1.

Marine natural products (Figure 1)

a) Sarcophytol A, isolated from a soft coral, Sarcophyton glaucum, a
cembrane-type diterpene [1]

b) Canventol, a synthetic compound derived from the structure of
sarcophytol A [1]

c¢) Discodermin A, isolated from a marine sponge, Discodermia kiiensis,
a peptide [2]

Plant natural products (Figure 1)

a) (-)-Epigallocatechin gallate (EGCG), isolated from green tea,
Camellia sinensis, a tea polyphenol [1, 3]

b) Penta-O-galloyl-B-D-glucose (5GG), which is obtained by hydrolysis of
tannic acid, isolated from a gall, Schisandrae fructus, a polyphenol [3]

¢) Morusin, isolated from the root bark of the mulberry tree, Morus
alba L., an isoprenylated flavone [4]

d) Cryptoporic acid E, isolated from a fungus, Cryptoporus volvatus, a
dimer of drimane sesquiterpene isocitric acid [5].
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Figure 1. Structures of sarcophytol A, canventol, discodermin A, EGCG, 5GG, morusin and
cryptoporic acid E.

2. Inhibitory Potency of Tumor Promotion

It is relatively easy to find various inhibitors, when compounds are subjected
to two-stage carcinogenesis experiments on mouse skin initiated with
7,12-dimethylbenz(a)anthracene (DMBA) plus a tumor promoter, either
teleocidin (one of the 12-O-tetradecanoylphorbol-13-acetate (TPA)-type
tumor promoters), or okadaic acid. Table 1 shows inhibitory potency of
tumor promotion by various compounds. This assay system has numerous
advantages as a tumor model, because it is rapid, quantitative and has been
well investigated [1]. As for mechanisms of action, the compounds inhibit
clonal growth of the initiated cells containing mutations in the second nucleo-
tide of codon 61 of the c-Harvey-ras protooncogene induced by DMBA.

3. Canventol

In addition to inhibition of tumor promotion, sarcophytol A in the diet in-
hibited carcinogenesis of the colon, bladder, pancreas, liver, breast and lung
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Table 1. Inhibition of tumor promotion by various compounds

Inhibitors Tumor promoter  Reduction of Reduction of
tumor-bearing mice average number Ref.
(%) of tumors/mouse
Sarcophytol A Teleocidin 53.0 » 7.1 2.1 - 0.1 [1]
Okadaic acid 86.7 — 46.7 47 > 1.5 [1]
Canventol Okadaic acid 86.7 — 20.0 47 - 0.5 [1]
Discodermin A Okadaic acid 86.7 — 46.7 47 — 1.1 [2]
EGCG Teleocidin 53.0 — 13.0 21 - 0.1 [3]
Okadaic acid 730 - 0 42 -0 [1]
5GG Teleocidin 100.0 — 53.0 33 - 09 [3]
Morusin Teleocidin 100.0 — 60.0 53 - 1.1 [41
Cryptoporic acid E~ Okadaic acid 73.3 — 20.0 42 — 05 [1]

Initiation on mouse skin was achieved by a single application of DMBA in all these experiments.

in rodents. However, we had difficulty continuing the experiments with
sarcophytol A, due to a shortage of the compound [1].

Dr. Marcus A. Tius at Department of Chemistry, University of Hawaii has
synthesized a compound associated with a simpler structure than sarco-
phytol A (Fig. 1). The compound, named canventol, inhibited tumor
promotion by okadaic acid on mouse skin more strongly than sarcophytol A
did (Table 1) [1].

Dr. Vernon E. Steele at the National Cancer Institute subjected canventol
to his multiple experimental preclinical system consisting of six bio-
chemical assays [6]. Canventol affected four assays: it inhibited TPA-
induced ornithine decarboxylase in rat tracheal epithelial cells; it inhibit-
ed benzo(a)pyrene-DNA binding in human bronchial epithelial cells; it
induced reduced glutathione in buffalo rat liver cells; and it induced
NADPH-quinone reductase. We also found that canventol inhibits both
protein isoprenylation in the cells and release of tumor necrosis factor-o
(TNF-a) from BALB/3T3 cells induced by okadaic acid [1]. We think
canventol has potential as a possible cancer preventive agent in various
organs.

4. EGCG and Green Tea

One of the most important advantages of EGCG and green tea as cancer
preventives in humans is nontoxicity. Japanese drink green tea every day
and Western people drink black tea, which is originally derived from the
same plant, Camellia sinensis. As Table 2 shows, EGCG in drinking water
inhibited carcinogenesis in rat glandular stomach, mouse duodenum, rat
colon and mouse liver [1]. Green tea extract (GTE) in drinking water,
which corresponds to green tea itself, inhibited both lung carcinogenesis in
mice induced by a nicotine-derived nitrosamine, 4-(methylnitrosamino)-1-
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Table 2. Inhibition of carcinogenesis with EGCG and green tea extract

Organs Species Carcinogens  Inhibitors ~ Reduction of Ref.
tumor incidence
(%)

Glandular Rat MNNG EGCG 62.0 — 31.0 [1]
stomach

Duodenum Mouse C57BL/6 ENNG EGCG 63.0 — 20.0 [1]
Colon Rat AOM EGCG 77.3 — 38.1 [1]

Rat MNU GTE 67.0 — 33.0 [1]
Liver Mouse C3H/HeN Spontaneous EGCG 833 — 522 [1]
Lung Mouse A/J NNK GTE 96.3 — 65.5 [7]
Pancreas Hamster BOP GTE 54.0 — 33.0 [1]
Skin Mouse SKH-1 UVB GTE 670 - 7.0 [8]

MNNG: N-methyl-N’-nitro-N-nitrosoguanidine; ENNG: N-ethyl-N’-nitro-N-nitrosoguanidine;
AOM: azoxymethane; MNU: methylnitrosourea; NNK: 4-(methylnitrosoamine)-1-(3-pyridyl)-
1-butanone; and BOP: N-nitrosobis-(2-oxopropyl)amine.

(3-pyridyl)-1-butanone (NNK) [7], and tumor development on mouse skin
induced by either UV B light or UV B light plus TPA [8].

H-EGCG administered by a p.o. intubation into mouse stomach is
distributed into various organs. Radioactivity was found after 24 hours in
the digestive tract, liver, lung, brain and skin [9]. EGCG and green tea
extract had previously shown inhibition of carcinogenesis in most of the
organs.

The cohort study of the town of Yoshimi in the Saitama prefecture, which
was conducted by Drs. Kei Nakachi and Kazue Imai at the Division of
Epidemiology of our Research Institute, revealed that cancer onset of
patients who had consumed more than 10 cups of green tea per day was
8.7 years later among females, and 2.5 years later among males, than that
of patients who had consumed fewer than three cups per day [10]. Looking
at the numbers of lung cancer patients among the 164 women, the results
indicated that drinking green tea prevents development of lung cancer in
humans [10].

5. A New Process of Cancer Prevention

We have studied the mechanisms involved in tumor promotion, that is, the
process of clonal growth of the initiated cells. Based on evidence that a
tumor promoter, okadaic acid, mimics TNF-«/interleukin-1 (IL-1) in in-
ducing phosphorylation of proteins and expression of early response genes
in human fibroblasts, as well as activation of NF-xB in Jurkat cells, we
have demonstrated that TNF-a acts both as a tumor promoter and a central
mediator of tumor promotion [1].

Pretreatment with the inhibitors mentioned above (such as sarcophytol
A, canventol and EGCG), commonly inhibited TNF-a mRNA expression
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and TNF-a release in BALB/3T3 cells induced by okadaic acid, whereas it
enhanced the expression of early response genes, rather than inhibiting
them. Thus, inhibition of TNF-a mRNA expression along with inhibition
of TNF-a release is a new process of cancer prevention [11].

Recent investigation has revealed that TNF-« is involved in various
diseases, such as rheumatoid arthritis, Crohn’s disease, multiple sclerosis,
graft versus host disease, HIV, malaria, sepsis, and cachexia associated
with cancer. It is reasonable to conclude that specific inhibitors of TNF-a
production will almost certainly be effective not only in cancer prevention
but also in the therapy and prevention of these other diseases.

6. Summary

We have reviewed our contributions in finding natural inhibitors of carci-
nogenesis. Green tea is now an acknowledged cancer preventive in Japan
and will possibly soon be recognized as such in other countries. Moreover,
green tea has advantages over other cancer chemopreventive agents, as it is
also effective against cardiovascular and liver disease. It is apparent that
natural products are rich sources of new inhibitors of various diseases.
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1. Introduction

Experimental evidence for introducing functional genes into tissues and
organs has opened new therapeutic approaches to reverse genetic or acquir-
ed pathologies. Gene therapy strategies applied to airway disorders (such
as cystic fibrosis (CF), cancer and a1-antitrypsin (a1-AT) deficiency) have
recently been implemented. At present the direct delivery of beneficial
genes to diseased airway cells is accomplished using either replication
defective viral vectors, based on the adenovirus, adeno-associated virus
(AAV), retrovirus genome, or nonviral synthetic vectors, such as cationic
lipids complexing plasmid DNA (for review see [1]). Virus-based vectors
efficiently transfer foreign genes to different target airway cells. However,
safety considerations and limitations, such as host immune response, may
limit their application to certain diseases. On the other hand, synthetic
vectors are interesting candidates owing to their putative immunotolerance
and low toxicity. However, their gene transfer efficiency needs to be in-
creased. Several clinical protocols involving patients with cystic fibrosis,
al AT deficiency and lung cancer have been approved and conducted in the
USA and in Europe. The vast majority involves CF patients.

2. Cystic Fibrosis

Mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene are responsible for cystic fibrosis, one of the most common
autosomal recessive diseases in the Caucasian population (approximately
1/2500 live births). The major affected organs are the lungs, the pancreas



292 C. Schatz and A. Pavirani

and the gastrointestinal tract, but complications in lungs are the major
cause of morbidity and mortality [2]. At present there is no efficient
longterm therapy available for cystic fibrosis, so CFTR gene delivery to
airways may represent an alternative to correct or alleviate the respiratory
manifestations [3, 4]. The first clinical protocols involving replication-
deficient adenovirus- or AAV-based vectors or plasmid/cationic lipid com-
plexes expressing the CFTR cDNA started in 1993 [5, 6], 1995 and 1994
[7], respectively, and since then many other trials have been conducted
(Table 1). The goal of these trials has been to demonstrate the absence of
toxicity at a vector dose that may induce potential clinical efficiency.
Moreover, since the vectors currently employed do not permanently trans-
fer a recombinant CFTR gene to the airway epithelium, repeat administra-
tions are envisaged. Thus no inflammatory or immune response should be
associated with vector delivery.

The first results have shown CFTR transfer and expression to the nasal
and pulmonary epithelium of patients using both adenovirus and synthetic
vectors. Partial and transitory correction of the nasal epithelial potential
differences was observed [5—10, 12]. In particular, Crystal et al. [5] re-
ported expression of CFTR mRNA (up to 9 days) and protein (up to 4 days)
in nasal and bronchial cells after adenovirus instillation into the nose and
bronchi of a few patients. Zabner et al. [6] and Knowles et al. [8] have also
shown transitory presence of CFTR mRNA after nasal instillation of a
recombinant adenovirus. However CFTR transfer and expression was not
demonstrated in all patients. Adenovirus vectors carrying the CFTR cDNA
were shown to correct the CF nasal epithelium electrophysiologically by
reducing the basal potential differences and by increasing the potential
differences in the presence of f-agonists after administration to the nose
[6, 9, 10]. Partial and variable C1~ transport corrections have been reported
after repeated nasal instillations, which were probably due to an observed
immune response against adenovirus [10]. In the Knowles study [8] no
correction in CI” and Na* nasal epithelia transport was demonstrated using
a recombinant adenovirus. After cationic lipid-mediated instillation of a
CFTR-expressing plasmid, partial electrophysiological correction was
observed in some nasal epithelia [7].

In terms of safety, gene transfer to CF patients has been well tolerated
with only a few exceptions. In the study by Crystal et al. [5] one patient
receiving 2 X 10° plaque forming units (pfu) of a recombinant CFTR
adenovirus (20 ml volume) in a lung lobe showed a transient systemic
and pulmonary syndrome possibly mediated by interleukin (IL)-6 [11].
At the nasal level, inflammation and increase in albumin, IL-6 and IL-8
in the nasal lavage have been reported by Knowles et al. [8] in two out
of three patients treated with 2x 10!° pfu of recombinant adenovirus.
Shedding and spreading of recombinant adenovirus were seldom found
and no novel infectious virus was generated by possible genomic recom-
bination.
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The first clinical trial involving aerosolization of an adenoviral vector
expressing CFTR was performed by Bellon et al. [12] on six CF patients.
The results indicate that doses of up to 102 and 5.4 x 108 pfu in the nose and
lungs, respectively, are well tolerated. No significant deviations in immun-
ological and inflammatory parameters were seen in serum and broncho-
alveolar lavage (BAL). Following aerosol administration no antibodies
against adenovirus were found in BAL of all patients. CFTR expression in
the lung was demonstrated by reverse transcriptase-polymerase chain reac-
tion (RT-PCR) at a dose of 107 pfu and by immunocytochemistry starting
from 108 pfu. CFTR mRNA expression lasted for 15 days after aerosoliza-
tion. In the nose, CFTR mRNA and protein expression was seen in all
patients and lasted up to 15 days.

3. Lung Cancer

Gene therapy has opened new avenues for directly destroying tumour cells
or suppressing their growth. Two types of approach are currently under
investigation: the introduction of tumour suppressor genes into tumour
cells and the use of cytokine genes to induce immune response to tumours.
Roth et al. [13] have injected a retrovirus expressing the wildtype p53 pro-
tein directly into the tumours of nine patients with non-small cell lung can-
cer (NSCLC). No appreciable vector-related toxicity was seen and gene
transfer was confirmed in post-treatment biopsies. Regression of tumour
size was observed in three patients and stabilization of tumour growth in
three others. Another clinical protocol from the same group, in which a
recombinant adenovirus expressing the wildtype p53 is injected into
tumour of patients with NSCLC, has been approved in the USA [14].

Another approach for lung cancer gene therapy has been pursued by T.
Tursz (Institut Gustave Roussy, Paris, France) utilizing recombinant adeno-
virus vectors expressing cytokines such as IL-2. The feasibility of the
approach has been tested by injecting a recombinant adenovirus expressing
E. coli B-galactosidase as a marker gene product directly into lung tumours
of 12 inoperable patients [15]. At present 9 out of 12 patients have been
treated using a fiberoptic bronchoscope. Doses ranged between 107 to
10° pfu. Vector delivery was well tolerated by patients. Vector DNA was
detected by PCR in tumour biopsies for up to 84 days after virus adminis-
tration and f-galactosidase expression was monitored in six out of nine
patients for more than 30 days.

4. a1-Antitrypsin Deficiency

A clinical gene therapy protocol (K. Brigham, Vanderbilt University,
Nashville, TN, USA) for the transfer of al1-AT cDNA into nasal and lower
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respiratory cells of patients with al-AT deficiency and with adult respira-
tory distress syndrome (ARDS) has been approved by the US authorities.
In lung, a1-AT neutralizes the effect of damaging proteolytic enzymes.
Patients who inherit a defective al/-4AT gene develop emphysema at an
early age due to lack of the active protein, while patients with ARDS release
high levels of proteases, as a result of trauma, infection etc., which over-
whelm the protective effect of al-AT. The vector to be employed in the
clinical setting consists of cationic lipids complexing plasmid DNA encod-
ing a-AT.

5. Conclusion and Perspectives

There is compelling evidence that gene delivery to airway epithelium and
lung tumours is feasible and can be well tolerated in CF and lung cancer
patients. The large number of Phase I trials, especially those involving
patients with CF, have however highlighted certain limitations of currently
used gene transfer vectors. First, immune and inflammatory responses
to the so-called “first generation” adenovirus vectors were observed at high
doses and may limit their repeated use. Second, there is a general consensus
when it comes to efficiency of gene transfer and expression, which is
relatively low in the case of synthetic vectors. By capitalizing on the first
clinical results, new research into virus biology and in vector construction
has been initiated. These studies should enable the generation of novel
vector systems with an improved safety and efficiency. The next years will
be fundamental to translate gene delivery to airways into an established and
valid therapeutic strategy.
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1. Lung Cancer Epidemiology
1.1. Descriptive Epidemiology

Lung cancer is the most frequent cancer in the world, with more than one
million new cancer cases occurring each year. When the world cancer
burden was last estimated in 1985, it was calculated that 896,000 cases
were diagnosed in that year, 677,000 in men and 219,000 in women [1].
This represented a clear increase compared to estimations for preceding
years. In 1980 lung cancer ranked second to stomach cancer both in
mortality and incidence worldwide [2].

Very large variations exist across countries in terms of either propor-
tional share of lung cancer mortality among all cancer deaths (from less
than 1% to more than 15 % among men), or in terms of incidence rate (from
less than 10 new cases/100,000 man-years to more than 100, age-standard-



298 A.J. Sasco

ized to the world population). There are also large discrepancies among
women [3].

In France, cancer is the main cause of death among men (86,166 deaths
per year) and the second among women (55,665 deaths per year) [4]. In
men, lung is the leading cancer site with more than 19,000 deaths, whereas
in women the figure is around 3,000. This situation is the result of a dramatic
rise in male lung cancer mortality from 1950 to today. Among women, lung
cancer mortality is still low, but a sharp increase is predicted [5].

1.2. Etiological Epidemiology

1.2.1. Tobacco: We cannot discuss lung cancer without mentioning
tobacco. It is currently estimated that tobacco kills three million people per
year throughout the world, not only from lung cancer but from all tobac-
co-related ailments such as cancers of the upper aerodigestive tract,
bladder, kidney, pancreas and cervix, cardio- and cerebrovascular diseases,
chronic respiratory diseases and yet other pathologies. By the year 2025,
tobacco will kill ten million people per year.

The association between lung cancer and tobacco use has been the
testing ground for the methodology of chronic disease epidemiology. Al-
though some astute clinicians had already suspected such an association
during the last century and the first half of this one, notably in Germany, it
has mainly been from 1950 onwards that data have accumulated. The two
pioneering studies on this topic were published in the United Kingdom [6]
and the USA [7]. The first was a prospective study conducted among medi-
cal practitioners which is still ongoing and for which the results of forty
years of followup have been published [8]. The second study was the first
of a long series of case-control studies [7]. This was closely followed by
two similar studies in the United Kingdom [9] and in France [10] which
played a highly educational role. Today, hundreds of studies are available
using different methodological approaches, with a larger number of case-
control studies rather than cohort studies conducted in many populations of
the world by a multitude of research teams.

So much information has accumulated that tobacco has been officially
recognized as a carcinogen, both as smokeless tobacco [11] and tobacco
smoking [12]. Tobacco therefore constitutes the most widespread carcino-
genic agent in the world and is generally recognized as such.

1.2.2. Other lung carcinogens: Given the fact that up to 85 % of lung can-
cers are due to tobacco in men and at least 60% in women [13], the deter-
mination of other etiological factors is problematic and may have been sub-
stantially delayed. It is difficult to identify the role both of rare exposures,
for example in the workplace, and of low exposures, as in the general envi-
ronment. The problem is compounded by the fact that in general only small
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risks are expected, therefore making even harder the separation of true
causal effects from potential biases. Nevertheless, a list of confirmed or
probable lung carcinogens has been compiled and is fairly lengthy; most of
these have been identified in an occupational setting [14]. It includes,
among others, asbestos, arsenic and its compounds, beryllium and its
compounds, bis-chloromethylether, chloromethylether of technical quality,
cadmium and its compounds, chromium and its compounds (hexavalent),
mustard gas, nickel and its compounds, vinylchloride, talc-containing
asbestos fibres, toluene chloride, dimethylsulphate, aflatoxins, acrylo-
nitrile, soot, tars and some mineral oils, rubber products, radon and its
derivatives, and most recently, silica.

2. Methodology for Research on Lung Cancer

2.1. The Traditional Epidemiological Approach

Although much is already known about lung cancer etiology, significant
discoveries may still take place using long-established epidemiological
methods [15]. Rare, well-defined exposures will lead to the setting up of
cohort studies which, depending on available means, may either be retro-
spective if data bases already exist, or prospective if the importance of
the problem warrants the cost. Frequent exposures, sometimes not well
defined, will be evaluated through case-control studies using traditional or
more innovative approaches [16]. Newer methods, sometimes called
hybrid, may also be used such as case-control studies nested within cohorts
or case-cohort and related designs. The latter use different sampling
schemes based on the source population of non-cases.

2.2. Molecular Epidemiology

This new development has been presented as the “magical” tool which will
be able to estimate whatever cannot be measured by questionnaires and will
quantify both exposure and effect validly and accurately. In other words, it
will give us the definitive answer. In reality, we are not yet there. However,
molecular biology has potentially a powerful contribution to make to
cancer research by allowing for a more precise definition of a set of events
between exposure and disease. Biology will give us the tools to identify and
measure series of exposure markers, markers of disease and also markers
of susceptibility. This will make apparent and quantifiable many inter-
mediate points in the causal links between exposure and disease. It will
also, hopefully, give us better means for adequate prevention [17].

2.2.1. Exposure markers: Tobacco is an excellent example of an exposure
which may at the same time be extremely easy to measure in the domain of
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active smoking, and much more difficult when dealing with environmental
tobacco smoke.

Tobacco consumption is usually estimated both in terms of daily quantity
of tobacco and number of years of smoking, the latter being by far the most
relevant in cancer etiology. By contrast, the evaluation of exposure to tobacco
in the environment is a more delicate, although attainable, goal. It is within
this context that molecular epidemiology can contribute considerably.

Rather than just measuring an external dose, we can now attempt to
estimate the internal dose. This corresponds to measurements in the bio-
logical fluids of either the agent itself or its metabolite. With regard to
tobacco, we can for example measure cotinine or N-nitrosoproline, or carry
out a general test of the mutagenicity of urine. These methods come closer
to measuring the actual exposure of the individual than simple measure-
ments of external dose.

Even more relevant to the etiology of disease is the evaluation of the bio-
logically active dose, which reflects not only the external agent becoming
internal, but also the interaction with the host at the most fundamental
level, leading to the appearance of DNA or protein adducts. The list of
specific examples in the modelling of exposure to tobacco is long: N-3-
(2-hydroxyethyl)-histidine, N-(2-hydroxy-ethyl)-valine, 4-amino-hemo-
globin, various DNA adducts, in particular with polycyclic aromatic hydro-
carbons (PAH), as well as protein adducts for the same PAH, and specific
compounds such as nornitrosonicotine-hemoglobin adducts or nornitro-
socotinine.

2.2.2. Disease markers: These should be more correctly termed biological
markers of effect as they reveal an impact of the agent or exposure on the
host, not immediately resulting in pathology, but already having a mea-
surable effect. Early preclinical effects include, at the subcellular level,
gene mutation, oncogene activation or inactivation of tumour suppressor
genes. More advanced effects lead to sister chromatid exchange or even
chromosomal damage.

If the exposure continues and nothing is done to prevent neoplastic
change, progression to functional or structural modifications preceding the
occurrence of clinical disease will take place. Even at this late stage, after
the appearance of symptoms, the evolution towards death will be condi-
tioned by a number of factors with prognostic significance.

2.2.3. Susceptibility markers: This last series of markers is of paramount
importance as they act throughout, from exposure to disease and death. At
each step, from the exposure agent’s action to reaction of the cell and the
host in general, as well as disease progression, development will be con-
ditioned by susceptibility phenomena, some of which can be measured.
Two fields of research have grown considerably in recent years. The
domain of enzymatic activity was the first to be developed via studies of
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specific P450 cytochromes. Examples of such topics include the CYP2D6
involved in debrisoquin metabolism, in which intense metabolizers have
six times the risk of getting lung cancer as slow metabolizers; P450 2D6
protein and NNK metabolism; inducibility of CYP1A1 (arylcarbohydrate
hydroxylase activity in relation to PAHs) where once again a higher in-
ducibility is associated with a greater risk. On a more general level,
enzymes may be involved either in metabolic activation or in detoxifi-
cation and excretion as they are both potentially relevant to carcino-
genesis.

In the field of genetic predisposition to cancer, growing importance is
being given to inherited mutations of tumour suppressor genes, including
recessive forms, the role of p53 in carcinogenesis, as well as acquired gene-
tic mutations, in particular at the HPRT locus.

Finally, other elements have to be included under the influence of nutri-
tional, as well as immune, status which clearly condition cancer suscepti-
bility.

2.2.4. Strategies for future studies related to lung cancer prevention:
These should address the continuum of states from exposure to death and
the issue of separation between risk factor and pathological process. Two
types of study can be envisaged [17].

2.2.4.1. Transitional studies. The first step corresponds to biomarker
development studies which have to assess issues of reliability of markers,
along with considerations of collection and treatment of samples. The
second generation deals with biomarker characterization studies which can
be cross-sectional or longitudinal studies.

2.2.4.2. Etiological and intervention studies. Observational studies can
be either simply descriptive, or aiming at etiology (and therefore ana-
lytical). All study designs can be used: cross-sectional, cohort or longi-
tudinal, as well as case-control. More and more hybrid research designs
are added, such as case-control studies nested within cohorts, case-cohort
and related studies using different sampling schemes based on non-cases.
Intervention studies can bring useful information on the influence of modi-
fication of risk factors and screening, in particular using sensitive methods
for the evaluation of susceptibility in large populations of former smokers
and of course in treatment, including the delicate area of pharmacopre-
vention.

2.2.5. Statistical methodology: Software enabling almost everyone to use
complex multivariate models is now available. This has promising poten-
tial but also presents a great hazard, as the likelihood of misuse increases
exponentially. Issues to be dealt with are many: calculation of the power of
a study, specification of sensitivity and specificity, evaluation and quanti-
fication of random or differential misclassification, evaluation of inter-
action, antagonism or synergism, use of multiple markers, repeated mea-
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surements and data correlated over time, and need for transformation to
satisfy statistical assumptions [17].

2.2.5.1. Molecular biology issues. Validation of measurements has to be
addressed first, in terms of internal and external validity, as well as selec-
tion of markers. In practice, variability within and between laboratories
will also have to be evaluated in terms of quality assurance and quality
control. Biomonitoring and pharmacokinetic modelling may be used to
estimate doses, taking into account biological marker kinetics as well as
pharmacokinetic models and molecule-host interactions, with regard to
practical applications.

A related issue is the question of biological banking of specimens. These
may have many uses but this domain is not free from problems such as mea-
surement error, selection bias and confounding. In addition, it is crucial to
keep in mind ethical and legal considerations.

3. Prevention of Lung Cancer
3.1. Population-Based Prevention

It is clear that throughout the world today the absolute priority is the fight
against tobacco. If we could eliminate tobacco, we could save millions of
lives in years to come. This goal is particularly important for developing
countries, where we should be attempting to halt the progression of the
tobacco epidemic. In addition, the elimination of tobacco should also be an
aim for children and adolescents in all societies of the world, and last but
not least for women.

3.2. Chemoprevention

Preliminary attempts at chemoprevention have not proven particularly suc-
cessful. For example, the Finnish study on -carotene and a-tocopherol did
not yield the expected results [18] and therefore the following question can
be asked: “B-carotene, helpful or harmful?” [19].

Issues to consider before launching such studies include possible
iatrogenicity of these products, which would limit their use in healthy
subjects [20]. On the other hand, their potential could be great, in parti-
cular for addressing the needs of large populations of former smokers
where intervention to control the late stages of tumour promotion could
be envisaged.

3.3. Research Agenda for the Future

Information should be sought on quantitative rather than purely qualitative
risk assessment, issues of identification and monitoring of genetically
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predisposed subjects and possibly newer generations of cancer screening
studies. Plenty of questions remain to be answered.

4. Conclusion

The domain of lung cancer prevention offers scope for everyone. Action
can and should be immediate, strong and continuous in order to fight to-
bacco use. This will be the role of public health leaders, but even more so
of people in the field and the population at large. This is complementary
to the research effort which has to be pursued within the scientific com-
munity. Through better communication between public health experts and
researchers, as well as between epidemiologists and laboratory scientists, a
better world can be built.
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1. Introduction

Lung cancer remains a common cause of mortality throughout the world;
in the U.S. alone, 177000 new cases were predicted for 1996 and an
estimated 158000 Americans died of lung cancer [1]. The impact of im-
provements in multimodality therapy on lung cancer mortality remains
modest [2]. Although substantial reduction in adult smoking has been
achieved in the U.S. (50% of adults are former smokers) [3], many new
lung cancers are being diagnosed among former smokers [4, 5]. Data
analysis from both M.D. Anderson Cancer Center and Harvard-affiliated
hospitals showed that more than 50 % of lung cancer cases occur in former
smokers. From the current smoking trends, it appears that former smokers
will account for a growing percentage of all lung cancer patients. We must
therefore examine which former smokers are at high risk for lung cancer.
Strategies extending beyond smoking cessation to direct preventive
intervention in order to inhibit and reverse the carcinogenesis process (i.e.
chemoprevention), are clearly needed and have the potential to reduce lung
cancer incidence and mortality. Well-focused, comprehensive programs of
integrated clinical and laboratory studies providing the opportunity to
analyse biological and genetic parameters of successful retinoid inter-
vention at the bronchial tissue level are currently underway. These
programs are based on recent clinical evidence for the feasibility and
effectiveness of retinoids in oral leukoplakia reversal [6], and in prevention
of second primary tumors (SPTs) in the high risk group of previously
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treated head and neck cancer patients [7]. Well-characterized agents,
suitable cohorts and reliable intermediate markers of risk and efficacy that
would replace cancer incidence as an endpoint are three critical aspects of
successful chemoprevention trials [8]. Another critical issue in the
development of effective prevention strategies is understanding the early
sequences of cancer: critical genetic events or critical levels of event
accumulation that lead to the emergence of malignant clones. Intraepithe-
lial neoplasia has long been identified as an intermediate step in the causal
pathway to cancer, but the use of recently available molecular tools is
providing the basis for identification of cellular and molecular biomarkers
that can be used as surrogate endpoints for cancer incidence in chemo-
prevention trials, and for increased risk cohort selection for such trials.
Careful application of the most accurate and sensitive of these biomarkers,
along with risk factors (genetic or lifestyle) and exposure biomarkers
(measures of carcinogen exposure such as carcinogen-DNA adducts), can
accelerate the pace of intervention research progress.

2. Field Cancerization and Multistep Carcinogenesis

The use of chemoprevention strategies in lung cancer is based on a great and
still growing body of information that implicates several initiating and pro-
moting factors in the carcinogenesis process, and on the two seminal con-
cepts of field cancerization and multistep carcinogenesis. Field canceriza-
tion, a term proposed by Slaughter et al. [9], predicts a diffuse response to
carcinogenic injury throughout the exposed field and is manifested by the
frequent occurrence of premalignant lesions, leukoplakia, squamous meta-
plasia/dysplasia, and multiple primary tumors within the lungs and the upper
aerodigestive tract. Multiple lung primary tumor formation (a clinical mani-
festation of field cancerization) is common; individuals with lung cancer
have a 15 to 20% chance of developing a second primary at a rate of 2 to 3%
a year [10]. Carcinogen exposure produces a series of genetic changes that
eventually lead to cancer development. These changes vary in their rate of
accumulation, depending upon the individual’s inherent susceptibility to
carcinogenic exposure. This multistep process is histologically evidenced as
bronchial metaplasia or dysplasia. The extent of these histological changes in
smokers reflects their smoking history [11], although it is unclear which of
these changes will eventually transform into cancer. Thus, premalignant
histology may not be the most definitive surrogate marker for cancer risk or
tissue response. New markers, ideally reflecting cellular responses to the
actions of chemopreventive agents, are needed. Detection of molecular
changes in bronchial washings and sputum samples is one potential method
of screening patients for the presence of premalignant or malignant cells, in
particular with the use of the new PCR-based technology, which has sensitiv-
ity far exceeding that of standard cytological techniques [12].
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3. Genetic Biomarkers

It is now apparent that multiple genetic changes and molecular events
(including mutations, deletions, gene amplifications or translocations),
occur during the multistep molecular pathogenesis of lung cancer. A mole-
cular analysis of changes present in apparently nontumorous lung tissue in
the field of the lung tumor may give insight into the risk of a particular
individual for developing an SPT. In situ hybridization, which allows the
visualization of chromosomes in nondividing cells, applied on tissue
biopsies from the field at risk, demonstrated that genomic instability (as
manifested by chromosome polysomy) was associated with the extent of
histological progression and appeared highest in individuals who sub-
sequently developed cancer [13, 14].

Allelotype analysis provides another way to estimate the degree of
genomic instability that is linked to the multistep process of tumori-
genesis, by identifying commonly deleted chromosomal segments in
tumors; these often harbor genes that function as tumor suppressors in
the tissue. Analysis of frequently observed allelic losses in premalignant
lesions of the lung might yield a higher sensitivity for clonal out-
growth, which can act as an additional risk factor beyond generalized
genomic instability. Several groups have molecularly characterized
premalignant lesions or second primary tumors distant from primary lung
tumors and have demonstrated that these lesions can exhibit evidence of
clonal outgrowth, as marked by genetic changes frequently observed in
the primary lung cancer [15, 16]. These changes are often distinct from
those in the primary lung tumor, which supports the idea that the
tumorigenesis process is ongoing at many sites in the carcinogen-ex-
posed lungs. Sozzi et al. found evidence for chromosomal rearrange-
ments, including 3p and 17p deletions and overexpression of growth
factors receptors, by examining short-term cultures of “normal” lung
cells from patients with lung tumors [17] with a significantly higher
frequency of changes in patients with multiple tumors of the upper aero-
digestive tract [18].

The loss of chromosome 9p21 represents one of the most common
genetic changes in lung cancer [19]. Mapping studies on chromosome
9p21 identified pI6 and characterized it as a cdk inhibitor involved in the
G1/S transition of the cell cycle [20], and functional studies have demon-
strated its tumor suppression function [21]. The paucity of point mutations
in p16 in many tumor types [22] pointed to alternative mechanisms of p16
inactivation, including homozygous deletions which are frequent in lung
cancers [23] and methylation of a 5* CpG island leading to transcriptional
inactivation [24, 25]. Furthermore, loss of chromosome 9p is now known
to occur early in the progression of lung cancer. Kishimoto et al. identified
loss of heterozygosity (LOH) at the 9p locus in 38 % of hyperplastic foci,
80% of dysplastic foci, and 100% of carcinoma in situ (CIS) lesions in
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bronchial epithelium from patients with non-small cell lung cancer
(NSCLC) [26]. Loss of the identical allele in preneoplastic lesions and
the corresponding tumor was seen in all cases, which supports the field
cancerization theory. In the same tissue specimens, LOH at 3p occurred in
76% of hyperplasias, 86 % of dysplasias, and 100% of CIS [27]. Loss of
genetic material on chromosome 3p is one of the most common changes
in these tumors. Chromosome 3p involves at least three distinct regions
(3p25, 3p21.3 and 3pl4-cen) that presumably harbor undiscovered
tumor suppressor genes, inactivation of which may be critical for the
development of lung cancer [28]. Deletions of 3p in preinvasive
bronchial lesions have also been previously described [15, 27, 29] as
occurring in an incremental fashion following histological progression
from hyperplasia to invasive cancer, which further supports the theory of
accumulation of genetic damage during the multistep lung carcino-
genesis process, and demonstrates the potential value of such alterations
as risk markers for the subsequent development of invasive cancer [29].

Our group has performed molecular analyses to determine the nature
of genetic damage in the bronchial epithelium of smokers at several
chromosomal loci, and analysed microsatellite alterations at three loci
(3pl4, 9p21 and 17p13) in bronchial biopsies from current and former
smokers [30]. LOH was found in 75%, 59 %, and 18% of informative
cases for 3pl4, 9p21, and 17p13, respectively. Higher LOH frequency
was observed in current versus former smokers and in those with meta-
plasia index =15 % versus those with <15 %. These data demonstrate the
high prevalence of genetic alterations in the bronchial epithelium of
smokers, and the persistence of these alterations even after smoking
cessation. Individuals harboring such changes could benefit from
chemopreventive intervention.

As stated above, 17p loss is another frequent finding in preinvasive
lesions and lung cancer. The p53 gene in this region has the highest
frequency of mutations of any gene yet identified in human cancers [31];
the frequency of p53 mutations in lung cancer is estimated to be 56%
(90% in small cell lung cancer and about 55% in NSCLC) [32]. During
lung carcinogenesis, p53 mutations occur at the interface between severe
dysplasia and CIS [15, 17]. In fact, immunohistochemical study of
premalignant lesions contiguous to head and neck tumors conducted
by our group has shown a correlation of accumulated p53 protein levels
with histological progression [33] and that p53 positivity correlated with
higher levels of polysomy, a correlation that was more pronounced in
dysplastic and cancer lesions [34]. In addition, abnormal p53 expression
in these lesions is associated with refractoriness to retinoids [35] and with
lack of RAR-B upregulation following treatment with 13-cis-retinoic
acid. Furthermore, p53 abnormalities in the initial head and neck tumor
predict increased incidence of second primary tumors, as well as recur-
rences of the primary tumor [36]. Our ability to detect clonal populations
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of p53 mutation-containing cells could help us to select the population of
patients who would benefit most from chemopreventive approaches and
novel biological approaches such as gene therapy [37].

4. Retinoid Biology and Chemoprevention

The use of retinoids in lung cancer chemoprevention is based on evidence
that vitamin A deficiency leads to squamous metaplasia and keratinization
of the mucosal epithelium of the airways that can be reversed by retinoids,
and on the suppression of experimental lung carcinogenesis in animals.
Retinoids exert their actions through activation of the nuclear retinoid recep-
tors that act as transcription factors for genes that influence cell growth and
differentiation; therefore, changes in their expression may cause aberrations
in the response of cells to retinoids, and alterations in growth and differen-
tiation regulation. It was found that RAR 3 expression is suppressed in many
lung cancer cell lines [38], a finding that suggests implication of a selective
suppression of RAR in malignant transformation. Selective suppression of
RARP in the early stages of carcinogenesis in the oral cavity and marked
upregulation of RARP after retinoid treatment [39] associated with clinical
response have been confirmed, thus giving RARS excellent potential as an
intermediate biomarker. A pilot study of RARf expression in specimens
from a previous chemoprevention trial in bronchial metaplasia revealed that
only 55% expressed RARS before treatment and some upregulation of
RARS expression was noted after retinoid treatment. Retinoid receptor
expression was compared in specimens from normal and malignant lung
tissue. All receptors were expressed in at least 89 % of control normal bron-
chial tissue specimens from patients without a primary lung cancer and
distant normal bronchus specimens from NSCLC patients. RARx, RXRa,
and RARy were expressed in >95% of the 79 NSCLC specimens, in
contrast to RARS, RARYy, and RXR} expression, which was detected in
only 42%, 72%, and 76% of NSCLC specimens, respectively [40]. These
findings provide further evidence for implication of RARp, and possibly
RARy and RXRJ, in lung carcinogenesis.

5. Conclusions

The challenge of serious prevention research for lung cancer is still great,
but the advances already made, especially in the characterization of the
molecular events occurring during tumorigenesis, justify the optimism of
investigators in this field. Ahead of us remain years of, hopefully, fruitful
collaboration between basic scientists, epidemiologists, pathologists and
clinicians in an attempt to delineate definitively the parameters of success-
ful preventive intervention.
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1. Introduction

It was felt that huge advancement has been made in achieving an under-
standing of lung cancer in terms of somatic mutation and the alteration of
tumor gene expression during the past ten years. At the same time, techni-
cal advances have been made in the areas of automated PCR, in situ
hybridization, flow cytometry, immuno-histochemistry and array-based
hybridization methods.

The general consensus which has emerged is that, although it is as yet
unclear which molecular biomarkers should be employed, the knowledge
base and the technology in hand have made the mass screening of risk and
early lung cancer diagnosis a realistic possibility during the next five years.
In that context, several specific considerations were discussed.

2. The Concept of a Decision Making Hierarchy

It was suggested that mass screening should be considered in terms of a
spectrum of molecular tests, from the most easily implemented and least
expensive to the most detailed, costly and presumably most informative in
terms of molecular detail.

At the least costly extreme, it was proposed that blood-based screening
should be more thoroughly investigated, with the study of bloodborne anti-
p53 antibodies being an excellent recent lead in this area.

Sputum and BAL analysis was viewed as the most promising example of
analysis at the intermediate level of sophistication, especially in view of its
noninvasive character and recent efforts to establish staged, archival
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sputum and BAL libraries. Continued development of PCR, in situ PCR, in
situ hybridization, computer assisted immuno-histochemistry and array
hybridization methods were discussed as warranting more vigorous study
for the analysis of such samples.

Finally, at the most complicated extreme, continued development of
endobronchial biopsy was encouraged, especially in those instances where
blood, sputum or BAL analysis have indicated unusual risk factors. Al-
though this method of sample accumulation is clearly more expensive, the
relative purity of the biopsy material is most conductive to the advanced
methods of molecular analysis.

For blood, sputum, BAL and endobronchial biopsy, a general conclusion
was drawn that individual biomarkers are not likely to be as valuable as
panels of biomarkers, chosen in the context of recent advancements in the
understanding of initiation and promotional biology of lung tumorigenesis.
Thus, based upon current advancement in multiplexed-PCR, SSP, multi-
probe microscopy and flow cytometry and the microarray hybridization
methods, efforts should be focused on development of integrated bio-
marker sets, to analyse mutation and expressional markers concurrently.

Such sets could entail expressional biomarkers associated with xeno-
biotic inactivation, DNA repair, cellular proliferation and apoptosis. Muta-
tional endpoints such as k-ras and p53, more generalized LOH and others
should also be evaluated in such analyses.

The challenge remaining is the determination of the combination of
expressional and mutational biomarkers which provides the most useful
risk or diagnostic information, at the earliest possible step in the disease
process. In parallel, significant work needs to be done in order to extend the
technologies of the day, so that such highly detailed information can be
readily obtained at low cost in large populations.

3. Hardware and Software

Several technologies which seem most promising for large scale biomarker
screening involve the use of electrophoresis, flow cytometry, and 2D
imaging methods via digital microscopy, phosphorimagers, CCD cameras
or proximal imaging. Although many of these methods are currently
employed in the practice of pathology, it is felt that to be employed for large
scale screening they must be coupled to methods of automated sample pre-
paration and data analysis, thereby maximizing speed and minimizing
(costly) human intervention.

Implementation of advanced concepts for large-scale sample analysis,
especially for relatively complex sets of biomarkers, may become simpli-
fied by the general availability of sample preparation robotics (hardware)
and data analysis software which should be robust enough to accommodate
large populations, with minimal human input.
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These sample preparation and automation difficulties are still significant
and must be addressed as soon as possible.

4. Ethical Questions

The concept of low-cost, multiparameter biomarker analysis of early lung
cancer risk is emerging as a practical technical possibility. In spite of the
huge potential for such technology, significant questions were raised as to
the ethical application of such mass screening methods.

First, concern was raised that, in the absence of validated chemopre-
ventative or curative treatment protocols for lung cancer, technology for
early risk and diagnostic screening would provide little practical benefit to
the patient population, beyond an additional rationale to terminate smoking.

More importantly, fears were raised that such very early risk information
could be used as the basis for the withholding of medical or life insurance
to high risk individuals, especially in countries such as the USA which lack
universal health care coverage.

5. Direct Coupling of Early Risk Assessment and Therapeutics

In a more positive light, it was generally concluded that the short-term
ethical problems associated with these new technologies may be worth the
risk, in that the development of very high throughput, multiple biomarker
technologies for population-based screening are likely to fuel expansion of
our current understanding of lung tumor biology, and more directly, become
a set of tools to be used in the development of chemopreventative therapy.

Current Phase I/II studies in the use of retinoids as chemopreventive
agents were cited as a good preliminary example. Current molecular bio-
logy suggests that development of such retinoid therapies would greatly
benefit if the pool of available patients could be prescreened with respect
to a relatively complete set of expression biomarkers in the lung which
might be important to an understanding of drug activity (P450 levels,
retinoic acid receptor (RAR) expression, expression of related genes in the
RAR signaling pathway, etc.).

The nature of early-stage drug intervention is that, by definition, tumor
tissue and symptoms associated with tumor invasion have not yet appeared.
Therefore, in short-term trials, it is not possible to use traditional indicators
of progression or remission to evaluate the efficacy of such chemopreven-
tative agents. The general availability of molecular biomarker panels is
viewed as a powerful new set of tools to evaluate the short- and long-term
efficacy of such novel chemopreventative agents, at the level of molecular
physiology, and to direct the design and implementation of improved drug
candidates.
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6. Summary

At present, the molecular understanding of lung cancer etiology and the
technologies which would implement such knowledge are not well-enough
developed to initiate large-scale populations-based risk assessment or
disease diagnosis.

However, advances in cancer molecular biology and analytical methodo-
logy have been very rapid over the past five years. When paired with the
enormous input of information from the Human Genome Project, it is felt
that we are on the “doorstep” of an era where large-scale population-based
screening of risk and diagnosis can be envisaged, based on the analysis of
very large biomarker panels, with endpoints which include biomarkers of
expression and mutation in the same set.

A challenge for the next five years should be systematic efforts to co-
ordinate research and development programs of molecular genetics, bio-
technology and clinical research, with the goal of developing these very
high throughput technologies.

On the engineering side, new research and development efforts should
be directed to search for improved hardware and software for fully auto-
mated sample preparation, new physical methods for detecting mutation
and gene expression at the RNA and protein level, new automated solu-
tions for very high throughput sample handling, and finally informatics
which can compile the massive expression data sets which would be
generated.

On the biological side, emphasis should be placed on multiple bio-
marker analysis (the markers being chosen on the basis of molecular gene-
tics) while keeping a simultaneous focus on the application of such
technology to programs of chemopreventative drug discovery. For ex-
ample, new basic research efforts should be directed towards the search
for mutation and patterns of gene directed towards the search for mutation
and patterns of gene expression that could serve as the biomarker set to
screen populations for a predisposition towards tobacco-induced chemical
carcinogenesis. A candidate gene set of that kind might include most or all
of the P450s, along with the several glutathione transferases.

Simultaneous effort should be made to evaluate the cost/benefit ratio to
be obtained form such advanced methods, along with the many ethical
implications. In the final analysis, the greatest value to be obtained from
the new technologies for mass screening of populations, will be their ability
to identify members of the population at greatest risk of lung cancer and
simultaneously to drive the discovery of new therapies which can be used
to treat that high risk sub-population. The goal will be to detect the disease
process and to intervene medically at a point which is so early in tumor pro-
gression that we can realistically begin to consider a cure for lung cancer,
rather than being limited to the management of its late stage and generally
fatal symptoms.
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CHAPTER 30

Optimization of the Use of Biological Samples
for the Prospective Evaluation of Preneoplastic
Lesions: Summary of Breakout Session

R. Gemmill, Elisabeth Brambilla, J.P. Martin and Ugo Pastorino *

* Thoracic Survery, Royal Brompton Hospital, London, UK

The participants in this joint session had a wide-ranging discussion about
these issues and came up with specific recommendations, since sample
availability is such a major issue of prospective evaluation. Questions dis-
cussed included:

What truly constitutes a neuroendocrine tumor?

What events characterize distal preneoplasias?

Is there a precursor lesion for small cell lung cancer?

What are the best markers to use for preneoplasias, especially consider-
ing the limited materials available?

AL =

Suggestions included p53 which was felt to be an excellent marker to
predict future development of invasive carcinoma. At the same time, we
have only a poor idea of the total spectrum of genetic changes present in
preneoplastic lesions. Another suggested marker is the HNRNP A2/B1
epitope detected by antibody 703D4.

In light of the fact that the WHO is developing a new histological classifi-
cation for lung tumors, and that for the first time this classification will
include preneoplastic lesions, now is the time to define the constellation of
genetic changes that characterize these lesions. This will permit genetic
changes to be correlated with phenotype wherever possible. To achieve this
goal, the participants made several specific suggestions:

1. Encourage histopathologists and molecular pathologists or molecular
geneticists to work together on the same lesions.

2. Encourage investigators to cast a wide net for discovery of more gene-
tic changes. Techniques could include comparative genomic hybridiza-
tion, representational difference analysis, methylated CpG island detec-
tion, high density cDNA arrays.

3. Request that the IASLC sponsor a workshop within one year to focus
on correlating histopathology and molecular genetic changes in pre-
neoplasia.
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4. Establish a WWW site to foster communication among groups looking
at genetic lesions in preneoplasias. Initially, this site should include
names, addresses, genes and markers being examined. With time, it
could be used as a forum to share tools and protocols so that results are
comparable, by allowing and stimulating standardization. The site could
also provide a forum for reporting problems with techniques. It is not
intended that people necessarily share samples, since these are very
limited.

It is hoped that these recommendations will hasten the time when the de-
finition of a preneoplastic lesion will include both histology and gene-
tic/molecular pathology and that this combination will give us a much
better predictor for risk of progression.
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