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The 1964 Surgeon General’s Report linking cigarette smoking and lung cancer has had an
enormous positive effect on public health in the U.S. Beginning then, male smoking
prevalence decreased from 51.1% to the current 21.6% while prevalence in females
diminished from 33.3% to 16.5% (1-3). In parallel, but about 25 years later, lung cancer
mortality in men began to decrease from its maximum of 91 per 100,000 to 60 per 100,000
in 2010 while female rates have decreased from their maximum of 42 per 100,000 in 2002 to
38 per 100,000 in 2010 (Figure 1) (4). Other tobacco-related diseases continue to decrease.
These facts clearly demonstrate the critical importance of tobacco control in disease
prevention. This perspective will summarize ways in which research on mechanisms of
tobacco carcinogenesis and early detection methods contribute to tobacco control and lung
cancer prevention. We will present some highlights of this research in the past 50 years and
discuss what needs to be accomplished to further advance lung cancer prevention.

Selected highlights

There have been significant advances in the characterization of carcinogens in tobacco and
tobacco smoke. Improvements in analytical chemistry, particularly in mass spectrometry,
have facilitated characterization of multiple compounds in tobacco which has the typical
complexity of any agricultural product, and in tobacco smoke, which is even more complex
because the plant constituents are heated to at least 880 °C during smoking. More than 8,000
compounds have been identified in tobacco and tobacco smoke (5). Among these are more
than 70 carcinogens classified by the International Agency for Research on Cancer as having
sufficient evidence for carcinogenicity in either laboratory animals or humans (6,7). These
include polycyclic aromatic hydrocarbons, tobacco-specific nitrosamines, volatile
nitrosamines, aromatic amines, aldehydes, volatile hydrocarbons such as benzene and 1,3-
butadiene, miscellaneous other organic compounds, metals, and the radioelement 210po
among others, a carcinogenic brew which is far more diverse than imagined in 1964. Many
of these carcinogens are arguably linked to the multiple cancers which occur in tobacco
users thus providing a starting point for rational prevention strategies. In this regard, it is
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critical to understand the structure of the enemy- strengths and weaknesses- in order to
design suitable preventive approaches.

The concept of carcinogen metabolic activation to products that covalently bind to DNA, the
bedrock of our understanding of chemical carcinogenesis, was just being developed by
James and Elizabeth Miller at the time of the first Surgeon General’s Report (8). Multiple
well known research groups investigated this process, particularly in the second half of the
20™ century. These studies have convincingly demonstrated the ways in which virtually all
organic carcinogens in cigarette smoke are metabolically activated (usually by cytochrome
P450 enzymes) and detoxified (by P450s, UGTs, GSTs, sulfatases, and others) (9). Figure 2
illustrates some pathways by which 6 important tobacco smoke carcinogens -
benzo[a]pyrene (BaP), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), N’-
nitrosonornicotine (NNN), N-nitrosodimethylamine (NDMA), ethylene oxide, and 4-
aminobiphenyl (4-ABP) — bind to DNA (6). Multiple studies convincingly demonstrate the
presence of DNA adducts in the lungs of smokers, in quantities significantly higher than
those found in non-smokers, consistent with this presumed assault of metabolically activated
carcinogens from cigarette smoke (10). While we need to know more about the chemical
structures of the common DNA adducts found in smokers’ lungs in order to focus our
preventive approaches, their presence en masse is significant in itself. DNA adducts are
critical in the carcinogenic process because they can cause miscoding during DNA
replication. That is why there are multiple DNA repair enzymes to excise adducts (11). Base
excision repair, nucleotide excision repair, alkylguanine transferases, mismatch repair,
double strand break repair among others can return DNA to its normal unadducted state. If
the repair systems are overwhelmed or inefficient, the result can be miscoding, often
resulting in a G — T mutation, commonly found in theTP53 and KRASgenes in lung tumors
from smokers but significantly less frequently in non-smokers (12).

Consistent with the presence of multiple DNA adducts in smokers’ lungs, studies applying
next generation sequencing techniques to DNA isolated from lung tumors in smokers have
demonstrated the presence of multiple mutations in critical genes. In one study, DNA
isolated from 188 primary lung adenocarcinoma was sequenced. More than 1,000 mutations
were identified in important cancer-related genes including TP53 and KRAS (Figure 3) (13).
Another study described mutations in a non-small cell lung cancer from a person who had
smoked 25 cigarettes per day for 15 years before removal of the tumor: more than 50,000
single nucleotide variants were observed (14). A third study interrogated non-small cell lung
carcinoma and adjacent normal tissue for mutations and found an average mutation
frequency which was ten times higher in smokers compared to non-smokers (15). These
studies provide convincing evidence for the dire consequences resulting from exposure to,
and metabolic activation of, multiple carcinogens in cigarette smoke.

Other investigations demonstrate the presence in cigarette smoke of free radicals and other
agents that can induce oxidative damage, inflammatory substances such as acrolein and
related compounds, co-carcinogens such as catechol, and tumor promoters which activate
the NFkB pathway (11,16). Tumor promotion serves to exacerbate the mutational
consequences of multiple DNA adducts by enhancing the proliferation of mutated cells that
have been programmed for molecular pathways leading to cancer.
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Our vastly increased understanding of the carcinogens and toxicants in cigarette smoke,
along with studies on their metabolism in humans, has allowed the development of highly
specific and quantitative biomarkers of carcinogen and toxicant uptake and metabolism in
smokers and non-smokers exposed to secondhand smoke (17). “Total nicotine equivalents”,
the sum of nicotine and 5 of its metabolites, has been particularly important, allowing
determination of nicotine uptake in smokers. The plasma ratio of two of these metabolites —
3’-hydroxycotinine: cotinine — reflects the ability of a smoker to metabolize nicotine and is a
phenotypic marker of activity of cytochrome P450 2A6, the major nicotine metabolizing
enzyme (18). Smokers with low activity tend to smoke less because more nicotine remains
in circulation. Related studies demonstrate the relationship of common variants in the
CRNA5-CHRNA3-CHRNBA4 nicotinic acetylcholine receptor subunit gene cluster on
chromosome 15925 to lung cancer because of altered nicotine and carcinogen uptake (19—
21). Another important tobacco-specific biomarker is 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol (NNAL) and its glucuronides, metabolites of the powerful lung
carcinogen NNK, which are found in the urine of all smokers as well as in non-smokers
exposed to secondhand smoke (in lower concentrations) (17). The detection of nicotine
metabolites and NNAL in the urine of non-smokers has played an important role in the
development of the pervasive clean air regulations which we now enjoy but were
unimaginable in 1964.

What needs to be done

The most straightforward method of preventing lung cancer is elimination of tobacco
smoking. While considerable progress has been made, smoking prevalence in the U.S. has
not changed very much in the past decade, and worldwide smokers number about 1.4 billion
(2,22). We need to continue those policies shown to be effective in tobacco control such as
anti-tobacco advertising, taxation, and clean air regulations. Beyond that, how can
mechanistic studies help in tobacco control?

Our deep understanding of carcinogens and toxicants in tobacco and tobacco smoke,
achieved during the past 50 years, provides the groundwork for product modification. This is
now possible with passage in 2009 of the Family Smoking Prevention and Tobacco Control
Act, which gives the FDA power to regulate tobacco products. The FDA has developed a
comprehensive list of “harmful and potentially harmful” constituents of tobacco products
(23). It will be important to legally obligate manufacturers of tobacco products to
significantly decrease the concentrations of these carcinogens and toxicants in tobacco
products, leading arguably to less dangerous products for those smokers who are addicted to
nicotine and cannot break their habit.

One area of great potential importance is the identification of those smokers who are at high
risk for lung cancer. Approximately 15-24% of lifetime smokers will get lung cancer (6). If
these susceptible individuals could be identified at a relatively young age, intensive
surveillance and tobacco cessation activities could be initiated, thereby decreasing their lung
cancer risk. Presently, there are several statistical models available for identifying smokers
highly susceptible to lung cancer, with varying degrees of reliability (24-28). None of these
models includes tobacco carcinogen and toxicant biomarkers and all are retrospective in
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nature, including number of years of smoking as an important variable. It may be possible to
use tobacco carcinogen and toxicant biomarkers to identify susceptible individuals at a
young age when intervention would still be useful. Urinary metabolites such as total nicotine
equivalents or NNAL, or polymorphisms in CYP 2A6 might fulfill this role by identifying
smokers with higher carcinogen and toxicant exposure. DNA adduct s or hemoglobin
adducts of metabolically activated carcinogens might also be useful in this regard.

While our understanding of individual carcinogens in tobacco smoke has advanced
considerably, we are less able to describe the mechanistic effects of the whole mixture of
smoke constituents as well as its complex subfractions. Such studies generally involve
exposure of laboratory animals to smoke, an approach with many difficulties because
laboratory animals will not voluntarily inhale tobacco smoke in the same way as humans
(29). There are important unanswered mechanistic questions relevant to the whole mixture.
These include the relative roles of individual constituents and the enhancing or inhibiting
effects of multiple other constituents or subfractions. A clearer understanding of these
aspects could perhaps improve the positive health impact of tobacco product regulation.
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Figure 1.
Age-adjusted total U.S. morality rates for lung and bronchus cancer. Square, males;
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Figure 2.
Metabolism of six tobacco smoke carcinogens which produce DNA adducts that have been

identified in the lungs of smokers.
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Figure 3.
Significantly mutated genes in lung adenocarcinoma based on sequencing of 623 genes in

188 tumors.(13) White bars, significant on the basis of 3 methods; Hatched bars, significant
on the basis of 2 methods; Black bars, significant on the basis of 1 method.
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