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Abstract
Cigarette smoke is a complex mixture of chemicals including multiple genotoxic lung
carcinogens. The classic mechanisms of carcinogen metabolic activation to DNA adducts, leading
to miscoding and mutations in critical growth control genes, applies to this mixture but some
aspects are difficult to establish because of the complexity of the exposure. This paper discusses
certain features of this mechanism including the role of nicotine and its receptors; lung
carcinogens, co-carcinogens and related substances in cigarette smoke; structurally characterized
DNA adducts in the lungs of smokers; the mutational consequences of DNA adduct formation in
smokers’ lungs; and biomarkers of nicotine and carcinogen uptake as related to lung cancer. While
there are still uncertainties which may never be fully resolved, the general mechanisms by which
cigarette smoking causes lung cancer are well understood and provide insights relevant to
prevention of lung cancer, the number one cancer killer in the world, causing 1.37 million deaths
per year.
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Introduction
The new century has witnessed a continuing decrease in age-adjusted lung cancer mortality
in the United States, from 55.4 per 100,000 persons in 1999 to 50.7 in 2007, the most recent
year for which data are available (http://wonder.cdc.gov/). This encouraging positive trend,
which has resulted almost entirely from decreased cigarette smoking, illustrates the power of
cancer prevention. However, the facts about lung cancer are still undeniably ugly. It is
estimated that 156,940 lung cancer deaths will have occurred in the U.S. in 2011.1 Lung
cancer accounted for 1.37 million deaths in the world in 2008 (http://www.who.int/
mediacentre/factsheets/fs297/en/index.html). Ninety percent of this unimaginable death toll
was caused by cigarette smoking in populations with prolonged use.2 An estimated 1 billion
men and 250 million women in the world are smokers. Male smoking prevalence is
particularly high in parts of eastern Europe and Asia, while female smoking prevalence is
highest in some parts of eastern Europe.3 Apparently, the now common knowledge of the
relationship between smoking and lung cancer cannot fully counteract the marketing
prowess of the tobacco industry and the addictive power of nicotine. Still, there are some
hopeful signs on the horizon with the passing of the Framework Convention on Tobacco
Control by the World Health Organization and the Family Smoking Prevention and Tobacco
Control Act by the U.S. government, the latter giving the U.S. Food and Drug
Administration the power to regulate tobacco products.
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A better understanding of mechanisms of lung carcinogenesis by cigarette smoke is likely to
provide new insights on cancer prevention. This paper will present a mechanistic framework
for understanding how cigarette smoking causes lung cancer, focusing on genotoxic
caricnogens and their DNA addition products (commonly called adducts). Specific aspects
of this mechanism will be discussed, with attention to some more recent developments or to
gaps in the literature. The pathways by which tobacco products cause lung cancer essentially
recapitulate established mechanisms of carcinogenesis by individual compounds, which
were elucidated in classic studies during the late 20th century. It is the complexity of tobacco
carcinogenesis due to the presence of multiple carcinogens and toxicants however which
continues to challenge investigators to identify specific mechanisms that fully explain the
ways in which smoking causes lung cancer.

Overall mechanism of lung carcinogenesis by tobacco smoke
Figure 1 presents the current version of a mechanistic framework for understanding how
cigarette smoking causes lung cancer. This figure has evolved somewhat since its first
presentation which featured only its current central track,4 but the central track is still the
main player. Each box and horizontal arrow in the central track represents a significant event
or combination of events that drive the process towards cancer, while vertical arrows are
protective. Details of these pathways have been discussed in the 2010 U.S. Surgeon General
Report entitled “How Tobacco Smoke Causes Disease” http://www.surgeongeneral.gov/
library/tobaccosmoke/report/index.html and an overview is presented here.

People start smoking at a relatively young age, generally as teen-agers, before they fully
appreciate the addictive power of cigarettes and general issues of mortality. They become
addicted to nicotine and cannot break the cigarette habit, leading to years of smoking in spite
of their best intentions. Nicotine, perhaps in concert with other tobacco smoke constituents,
is highly addictive. Nicotine is not a carcinogen. But each puff of each cigarette results in
the delivery of a mixture of carcinogens and toxicants along with nicotine. Over 5,000
compounds have been identified in cigarette smoke, including 73 compounds which are
considered carcinogenic to either laboratory animals or humans by the International Agency
for Research on Cancer.5,6

Most cigarette smoke carcinogens are substrates for drug metabolizing enzymes such as the
cytochromes P450, glutathione S-transferases, and UDP-glucuronosyl transferases which
catalyze their conversion to more water soluble forms that are detoxified and can be readily
excreted. But during this process, reactive intermediates such as carbocations or epoxides
are produced and these electrophilic compounds can react with nucleophilic sites in DNA
such as the nitrogen or oxygen atoms of deoxyguanosine and other DNA bases. The result is
the formation of DNA adducts which are critical in the carcinogenic process. We know that
DNA adduction is important because evolution has dictated the development of DNA repair
enzymes that can fix damaged DNA. People with rare syndromes in which DNA repair is
deficient, such as Xeroderma pigmentosum, are highly prone to cancer development. If the
DNA adducts persist unrepaired, they can cause miscoding during DNA replication as
bypass polymerases catalyze the insertion of the wrong base opposite the adduct. The result
is a permanent mutation. If this mutation occurs in a critical region of an oncogene such as
KRAS or a tumor suppressor gene such as TP53, the result is undeniably loss of normal
cellular growth control mechanisms and development of cancer. Multiple recent studies
using next generation sequencing methods demonstrate the presence of thousands of
mutations in the lungs of smokers, including in critical growth regulatory genes, most
frequently KRAS and TP53, but others as well.7–10

Hecht Page 2

Int J Cancer. Author manuscript; available in PMC 2013 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.surgeongeneral.gov/library/tobaccosmoke/report/index.html
http://www.surgeongeneral.gov/library/tobaccosmoke/report/index.html


Some tobacco smoke constituents such as nicotine and tobacco-specific nitrosamines bind
directly to cellular receptors without a metabolic activation process. This can lead to
activation of Akt, PKA and other pathways which can contribute to the carcinogenic
process.11 Furthermore, cigarette smoke contains compounds that can induce inflammation
resulting in enhanced pneumocyte proliferation,12 as well as co-carcinogens, tumor
promoters, inducers of oxidative damage and gene promoter methylation, all processes
which undoubtedly contribute to lung cancer development. In the following, some specific
aspects of this general mechanism are discussed in more detail.

Nicotine is not a carcinogen
Nicotine (Figure 1, first box, central track) is the reason that people cannot stop smoking,
but it is not the cause of lung cancer. There has been a steady stream of recent studies
demonstrating effects of nicotine in in vitro systems (reviewed in 13 and 14). The results of
these studies have shown among other effects increased cell proliferation, inhibition of
apoptosis, stimulation of cancer cell growth, and enhancement or inhibition of angiogenesis.
Nicotine was also reported to promote tumor growth and metastasis in cancer xenograft
models. Some lung tumors were induced in hamsters treated with nicotine under hypoxic
conditions. Collectively, these results have conveyed a message: nicotine may be a
carcinogen, tumor promoter, or co-carcinogen, and it has been suggested to be the “estrogen
of lung cancer.” This is in spite of numerous negative carcinogenicity studies of nicotine in
laboratory animals. The question of nicotine’s possible carcinogenicity is highly relevant to
mechanisms of carcinogenesis by cigarette smoking and to nicotine replacement therapy, a
smoking cessation aid used by millions of former smokers.

Two recent studies have squarely addressed this issue. In one, Murphy et al treated A/J mice
with nicotine in the drinking water (0.44 µmol/ml) resulting in a daily dose to the mouse on
a mg/kg basis which was much higher than that experienced by a smoker.13 The A/J mouse
is extremely susceptible to lung tumor induction by carcinogens. Many compounds,
including some which were ultimately shown to be fairly weak carcinogens in other models,
elicited a response in the A/J mouse by increasing the number of lung tumors per mouse
compared to controls.15 In contrast, nicotine had no effect whatsoever when provided in the
drinking water to A/J mice for 46 weeks.13 The number of lung tumors per mouse, 0.32 ±
0.1 was statistically indistinguishable from that in controls, 0.53 ± 0.1. Furthermore, this
study demonstrated that nicotine had no effect on lung tumor induction by the tobacco-
specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Lung tumor
multiplicity in NNK-treated mice was 18.4 ± 4.5 and was not affected by nicotine given
before, after, or concurrently with NNK. The second study used A/J mice crossed with
C57BL/6 mice.14 These mice were treated with NNK followed by nicotine (0.62 µmol/ml).
Nicotine treatment did not alter tumor multiplicity or size. Similar results were obtained in a
mutant Kras-mediated lung tumor model and in syngeneic murine lung cancer cell lines.
Nicotine had no effect.

Collectively, these results are consistent with most previous studies in laboratory animals
and demonstrate conclusively that nicotine is not a carcinogen, co-carcinogen, tumor
promoter, or inhibitor of NNK carcinogenesis. The lack of carcinogenicity of nicotine is
completely consistent with studies that demonstrate that nicotine is not metabolically
activated to DNA-binding intermediates.
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Variants in nicotinic acetylcholine receptor subunit genes CHRNA3 and
CHRNA5 and lung cancer

The addictive properties of nicotine result from its binding to nicotinic acetylcholine
receptors. An association between common variants in the CHRNA5-CHRNA3-CHRNB4
nicotinic acetylcholine receptor subunit gene cluster on chromosome 15q25 and lung cancer
risk was originally reported in three whole-genome association studies.16–18 These genes
had been shown previously to be strongly associated with self-assessed nicotine
dependence.19 Multiple studies have confirmed and extended the association of variants in
these and related genes with lung cancer.20–25

We demonstrated that this association was likely due to smoking behavior resulting in
increased uptake of nicotine and the lung carcinogen NNK in carriers of these variants, as
determined by quantitation of nicotine metabolites and the NNK metabolite total NNAL in
urine.26 The association between increased levels of NNK uptake and higher risk for lung
cancer is completely plausible based on the powerful genotoxic carcinogenicity of NNK for
the lung that has been observed in studies with mice, rats, hamsters, and ferrets treated with
NNK, including some studies which used very low doses.27 The increased uptake of
nicotine, which was confirmed by measurement of its metabolite cotinine in a similar study
based in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, is
an effective surrogate for uptake of other carcinogens and toxicants in cigarette
smoke.23,28,29 Thus, carriers of these variants smoke more intensely and are consequently
exposed to higher levels of NNK and other carcinogens in cigarette smoke, thereby
increasing their risk for lung cancer. Their increased risk is not due to increased uptake of
nicotine itself because nicotine is not a carcinogen.

While not the focus of this review, there is a significant body of evidence demonstrating that
polymorphisms in CYP2A6, the major gene for catalysis of nicotine metabolism, have a
significant effect on smoking behavior and possibly on lung cancer risk.30,31

Lung carcinogens in cigarette smoke
Carcinogens (Figure 1, second box, central track) form the link between nicotine addiction
and lung cancer. Considering the chemical complexity of tobacco smoke, with more than
5,000 identified constituents,5 and its biological variety typified by the presence of
carcinogens, toxicants, irritants, tumor promoters, co-carcinogens, and inflammatory agents,
any attempt to identify individual compounds which cause lung cancer in smokers is
perilous. Among the 73 compounds in cigarette smoke which have been classified by IARC
as having sufficient evidence for carcinogenicity in either laboratory animals or humans,
there are more than 20 which are lung carcinogens. These include polycyclic aromatic
hydrocarbons (PAH), NNK, volatiles such as 1,3-butadiene and ethylene oxide, metals such
as cadmium, and the radioactive compound 210Po.4,32 Evidence and unresolved issues
pertaining to the involvement of these carcinogens in lung cancer have been discussed
recently.32 The strongest evidence for a role of individual carcinogens as causes of lung
cancer is for the PAH and NNK, which reproducibly and robustly induce tumors of the lung
in laboratory animals.27,33,34 PAH are all genotoxic carcinogens, requiring enzymatic
activation to DNA-reactive intermediates such as bay region diol epoxides which are
mutagenic and carcinogenic and react easily with DNA forming adducts with well
characterized miscoding consequences.35,36 Depending on PAH structure, animal model
system, and route of administration, the lung can be a significant target of PAH
carcinogenesis.33 There is solid evidence from animal studies and in vitro studies that
metabolically activated PAH bind to DNA and cause mutations in TP53 and KRAS, as
indicated in Figure 1. NNK is also a genotoxic carcinogen, converted enzymatically in the
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body to highly electrophilic DNA-binding diazohydroxides and related intermediates which
bind to DNA causing mutations in KRAS, consistent with the general mechanism shown in
Figure 1.34,37 The requirement for local metabolic activation of NNK in the mouse lung has
been elegantly demonstrated by experiments using mice in which cytochrome P450-
reductase, the requisite co-factor for cytochrome P450-catalyzed metabolic activation of
NNK, has been knocked out in the lung,38 and a polymorphism in Cyp 2A5 decreased
NNK-induced DNA adduct formation and lung tumorigenesis, as seen in parallel
epidemiologic studies of lung cancer.39 NNK readily and selectively induces tumors of the
lung in all species tested, independent of the route of administration, and frequently at low
doses.27 Lung tumor induction by PAH and NNK occurs smoothly in standard laboratory
animal models, without the need for unrealistic doses or genetic modification. The total
amount of five carcinogenic PAH and NNK in the mainstream smoke of a single cigarette is
about 0.6 nmol, or 360 trillion molecules.40

Inhalation studies of cigarette smoke have many difficulties which have been previously
summarized, all relating to the fact that laboratory animals do not voluntarily inhale
cigarette smoke, but rather try to avoid it.2,41 Nevertheless, a number of relatively recent
studies have demonstrated lung tumor induction in both rats and mice exposed to cigarette
smoke; in the older literature, tumors of the hamster larynx were produced.41–44 Depending
on the study design, both the volatile and particulate phases of cigarette smoke have been
implicated in tumor induction. There is little concrete evidence from inhalation studies that
can implicate any particular carcinogen or group of carcinogens as the responsible agent.
The tumor promoting and inflammatory activities of whole cigarette smoke are also
involved, as discussed further below. In summary, it is still difficult to blend the results of
carcinogenicity studies of individual tobacco smoke carcinogens with the results of
inhalation studies. Some progress in that area was achieved however in older mouse skin
studies of cigarette smoke condensate, which demonstrated the combined role of PAH and
tumor promoters or co-carcinogens.45

There is still room for considerable further research on analysis of carcinogenic PAH in
cigarette smoke. For example, three of these compounds – cyclopenta[c,d]pyrene,
dibenzo[a,l]pyrene, and dibenz[a,h]anthracene – have been evaluated by the International
Agency for Research on Cancer as “probably carcinogenic to humans” (Group 2A) based on
a combination of carcinogenicity studies in laboratory animals and mechanistic data.33 For
cyclopenta[c,d]pyrene and dibenzo[a,l]pyrene, there are very limited or no data on their
quantities in cigarette smoke, and fairly limilted data have been presented for
dibenz[a,h]anthracene.6 There are multiple PAH in cigarette smoke possibly including
unidentified carcinogens.46–48

Co-carcinogens, tumor promoters, and inflammatory agents in cigarette
smoke

This section pertains to the first box in the lower track of Figure 1. The tumor promoting and
co-carcinogenic activities of cigarette smoke condensate were clearly demonstrated in
studies starting in the 1960s using mouse skin models and later by inhalation studies in
hamsters.43,45 These studies established the presence of tumor promoters in the weakly
acidic fraction of the condensate, but the responsible compounds have not been identified.
Phenol and catechol, major constituents of these fractions, do not possess significant tumor
promoting activity when tested on mouse skin. However, catechol is a potent co-carcinogen
with the classic PAH carcinogen benzo[a]pyrene (BaP) as well as its proximate carcinogen
BaP-7,8-diol, when tested on mouse skin, and fractions of cigarette smoke condensate
enriched in catechol show similar activity.49–51 Co-treatment of catechol with either BaP or
BaP-7,8-diol produced larger tumors and caused more inflammatory changes than in the
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groups not treated with catechol. The multiplicity of BaP-7,8-diol-induced tumors on mouse
skin was increased 14-fold by catechol.51 Cellulose and chlorogenic acid in tobacco are
good precursors to catechol in cigarette smoke.52 As the levels of catechol in cigarette
smoke are considerable, ranging from about 5 – 90 µg (45 – 818 nmol) per cigarette, further
studies are required to examine its potentially important role in tobacco carcinogenesis.

Pro-inflammatory changes have been observed in the lungs of smokers and inflammation is
closely associated with tumor promotion and activation of NF-κB.53–55 Anti-inflammatory
agents are effective chemopreventive agents against tobacco carcinogen-induced lung
tumorigenesis in mouse models.56 Chronic obstructive pulmonary disease, particularly
emphysema, is an independent risk factor for lung cancer in smokers, further implicating
inflammation.57 One recent study examined the tumor promoting activity of cigarette smoke
in mouse models. Smoke exposure subsequent to treatment of A/J mice with NNK increased
lung tumor multiplicity, and similar results were obtained in K-rasLA2 mice with a mutation
in K-ras codon 12 identical to that produced by NNK. These results demonstrated the tumor
promoting activity of cigarette smoke in a mouse lung tumor model. Further experiments
demonstrated that IkB kinase β (IKKβ), required for NF-κβ activation, played a critical role
in tumor promotion, most likely through the induction of inflammation and associated
changes.12 The authors claimed to have provided the first evidence for tumor promotion by
tobacco smoke, but in reality this was established in studies with Syrian golden hamsters
nearly 40 years ago.58 Collectively, these data demonstrate the need for further investigation
of inflammatory agents in cigarette smoke. Prime candidates would include catechol and
acrolein.

DNA adducts in smokers’ lungs
This section pertains to the critical DNA adducts box in the central track of Figure 1. We
know from multiple studies carried out in the second half of the 20th century that genotoxic
carcinogens, either directly or after metabolic activation, react with DNA to form covalently
bound DNA adducts that are absolutely central in the carcinogenic process because they can
cause miscoding events in critical genes. In many experimental systems, cancer induction
increases in tandem with increases in specific promutagenic DNA adducts and decreases
when adduct formation is blocked.

As summarized in the chapter by Phillips et al in this issue, there is convincing evidence for
the presence of multiple DNA adducts in the lungs of smokers, with levels that are higher
than those in non-smokers in many studies. Most of this evidence results from the use of
non-specific DNA adduct detection techniques such as 32P-postlabelling and immunoassay.
While these studies are convincing in aggregate, none of them provide information on DNA
adduct structures, thus preventing one from working backwards to the offending carcinogen
or toxicant. Only 20 structurally characterized DNA adducts in the lungs of smokers have
been reported to date.59–63 This is remarkable in view of the fact that there are 73
established carcinogens in cigarette smoke and each can form multiple DNA adducts. The
structures of the identified adducts are illustrated in Figure 2. Clearly, this is an area where
further research is required.

The DNA adducts in Figure 2 have multiple potential sources in cigarette smoke.59–65 7-
Methyl-dG, 7-ethyl-dG, O6-methyl-dG and O6-ethyl-dG could be formed by direct acting
methylating or ethylating agents in cigarette smoke (mostly unidentified to date) or from the
metabolic activation of nitrosamines such as N-nitrosodimethylamine or N-
nitrosodiethylamine. 7-Hydroxyethyl-dG could originate from reaction of ethylene oxide
with DNA, while 8-oxo-dG is a well established product of oxidative damage. 8-ABP-dG is
a product of metabolic activation of 4-aminobiphenyl. BPDE-N2-dG results from reaction of
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BaP-7,8-diol-9,10-epoxide with DNA. N2-Ethylidene-dG is formed by the reaction of
acetaldehyde with DNA. α-OH-PdG and γ-OH-PdG are products of the reaction of acrolein
with DNA while γ-OH-MePdG originates from reaction of crotonaldehyde with dG. M1-dG
results from reaction of the lipid peroxidation product malondialdehyde with dG. O4-Ethyl-
T is formed upon reaction of an ethylating agent with thymidine, while 1,N6-etheno-dA,
3,N4-etheno-dC, Bε-dC and Hε-dC are mainly products of lipid peroxidation. The HPB-
releasing adducts are the only adducts in this figure that are reasonably specific to tobacco
smoke exposure, as they arise mainly from tobacco-specific nitrosamines, or possibly other
HPB-transferring compounds in tobacco smoke. Most studies of these specific DNA adducts
have analyzed relatively few lung DNA samples and there is a paucity of quantitative data
available. This prevents generalizations about levels of these specific adducts in lung tissue
of smokers vs. non-smokers. Further quantitative studies of specific DNA adducts are
needed to advance our understanding of the role of individual tobacco smoke components in
the etiology of lung cancer.

Consequences of DNA adduct formation – mutations in critical genes
This section pertains to the 4th box of the central track of Figure 1. The availability of the
human genome and modern sequencing technology has made it possible to carry out large
scale studies of mutations in human cancers. Based on the presence of multiple genotoxic
carcinogens in cigarette smoke along with persuasive evidence for the presence of DNA
adducts in the lungs of smokers, even if many of them have yet to be structurally
characterized, wouldn’t one expect to find multiple mutations in critical genes that could
drive the process toward lung cancer? The answer to this hypothetical question is clearly
affirmative, and several recent large scale sequencing studies confirm this expectation,
consistent with the central track of the general mechanistic scheme shown in Figure 1.

In one study, Greeenman et al reported on the presence of mutations in the coding exons of
more than 500 protein kinase genes in over 200 diverse human cancers including lung
cancer. The number of somatic point mutations, including driver mutations, varied widely
within and between different types of cancer. Lung cancers were among those with the
highest numbers of somatic mutations (4.21 per megabase) and this was attributed to
recurrent exogenous mutagen exposure.10

A second study carried out sequencing of 188 primary lung adenocarcinomas. A total of 247
megabases of tumor DNA sequence were analyzed and 1,013 non-synonymous somatic
mutations in 163 of the 188 tumors were identified. These included 915 point mutations, 12
dinucleotide mutations, 29 insertions and 57 deletions. A total of 26 significantly mutated
genes were identified, including several tumor suppressor genes and oncogenes known to be
mutated in lung cancer: TP53, KRAS, CDKN2A, STK11, and others. The greatest number
of mutations was found in TP53 and KRAS.7

A third investigation used massively parallel sequencing technology to sequence a small cell
lung cancer cell line. A total of 22,190 somatic substitutions were identified including 134 in
coding exons. G → T transversions were the most common change observed (34%),
followed by G →A transitions (21%) and A →G transitions (19%), which is quite similar to
data that have been obtained by analysis of the TP53 gene, discussed below.8

A fourth report focused on a non-small cell lung cancer from a 51-year old who reported
smoking an average of 25 cigarettes per day for 15 years prior to excision of the tumor, a
poorly differentiated sample with 95% tumor content, most likely an adenocarcinoma.
Single nucleotide variants were common, occurring predominantly at G →C base pairs,
with the most prevalent change being G →T transversions, as in other studies, statistically
distinct from germline mutations. More than 50,000 single nucleotide variants were
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observed, approximately 17.7 mutations per megabase. The results showed that lung cancers
can harbor large numbers of varied mutations. For example, at least 8 genes in the EFGR-
RAS-RAF-MEK-ERK pathway were either mutated or amplified.9

The results of these studies amplify and confirm those of earlier investigations which
focused on mutations in TP53 and KRAS in lung tumors from smokers (reviewed in 4,59).
Mutations in TP53 and KRAS are more common than in other genes.7 Consistently, updates
of the TP53 mutation data base (http://www-p53.iarc.fr) demonstrate that, in lung tumors
from smokers, G → T transversions are the most prevalent mutations, followed by G → A
transitions. There are significantly more G → T transversions in smokers than in non-
smokers, while G → A transitions are more common in non-smokers. Hotspots for mutation
in the TP53 gene in tobacco smoke associated lung cancers occur at codons 157, 158, 245,
248, 249, and 273.66,67 Multiple studies carried out in a variety of systems using different
techniques ranging from the UvrABC nuclease incision method in combination with
ligation-mediated PCR to mass spectrometry of specific isotopically labeled TP53 sequences
demonstrate that PAH diol epoxide metabolites react preferentially at the TP53 hotspots
observed in tobacco smoke associated lung cancers.66–71 These results provide strong
support for the involvement of PAH in lung cancer etiology in smokers. However, similar
results have been reported in experiments with acrolein, which occurs in cigarette smoke in
concentrations up to 10,000 times greater than those of BaP.72 Acrolein-DNA adducts (α-
OH-PdG and γ-OH-PdG, Figure 2) have been detected in human lung tissue, but no data are
available on differences between smokers and non-smokers. Human leukocyte DNA
contains mainly γ-OH-PdG, with similar levels in smokers and non-smokers,73,74 while the
acrolein metabolite 3-hydroxypropyl mercapturic acid is consistently significantly elevated
in the urine of smokers compared to non-smokers.75 The possible role of acrolein in the
generation of TP53 mutations in human lung tumors requires further investigation, but it
should be noted that acrolein, while toxic to the lung and other tissues, has not been shown
to be a lung carcinogen, in contrast to BaP and other PAH which are potent in this respect.76

The COSMIC data base (http://www.sanger.ac.uk/genetics/CGP/cosmic/) stores and
displays somatic mutations in genes associated with cancer. For KRAS, it indicates that the
most common mutations are in codon 12, mainly G →T transversions and, to a lesser
extent, G →A transitions. G → T at the first position of codon 12 is most common, and this
has also been associated with PAH exposure, while G → A transitions may arise from
exposure to NNK or related compounds.77 However, caution is advisable in drawing firm
conclusions from these data as there are numerous genotoxic carcinogens that mutate codon
12 of KRAS.4

In summary, the available results of late generation sequencing studies as well as the
extensive data bases on TP53 and KRAS mutations are completely consistent with the
induction of multiple mutations in critical growth control genes by metabolically activated
carcinogens. The question of which carcinogen is responsible for each mutation is more
complex, and while some data provide convincing support for a role of PAH, there are still
uncertainties.

Tobacco carcinogen and toxicant biomarkers and lung cancer
This section relates to the central track of Figure 1. Although there are still some challenges
to quantitation of DNA adducts in human samples which prevent their use in large studies of
tobacco smoke carcinogen metabolic activation as it may relate to lung cancer, this is not the
case for urinary metabolites. As examples, validated analytical methods exist for urinary
metabolites of nicotine, PAH, tobacco-specific nitrosamines such as NNK, and volatile
carcinogens and toxicants such as 1,3-butadiene, ethylene oxide, benzene, acrolein, and
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crotonaldehyde.75 There are differences in the types of cigarettes that smokers habitually use
and in the ways that they smoke them. These differences, which cannot be captured by
counting numbers of cigarettes per day smoked, will nevertheless have a significant impact
on the central track of Figure 1. In the simplest possible terms, greater exposure to genotoxic
carcinogens will increase the probability of DNA damage and mutations, thus increasing the
probability of lung cancer. The development of a predictive algorithm for identifying which
smoker may be susceptible to lung cancer would be one positive outcome of this research.

The basic hypothesis that biomarker levels are related to lung cancer risk has been tested in
a number of studies using the techniques of molecular epidemiology. The nicotine
metabolite cotinine is a good biomarker for nicotine uptake. While nicotine is not a
carcinogen, it is expected that carcinogen delivery will parallel nicotine delivery in a
smoker. Several studies have found a relationship between urinary or serum cotinine levels
and lung cancer risk in smokers.23,78–80 In one recent study nested in the Shanghai Cohort
Study which enrolled over 18,000 men from 1986–1989 and followed them for lung cancer
development, we found a significant relationship between urinary total cotinine (cotinine
plus its N-glucuronide) and lung cancer development based on analysis of total cotinine in
over 900 urine samples, all from smokers, even after taking into account number of years of
smoking and numbers of cigarettes per day.28 Total cotinine was also an effective surrogate
for levels of urinary mercapturic acids of volatile carcinogens and toxicants quantified in
this study.29 Thus, total cotinine is specifically related to lung cancer in smokers, which is
fully consistent with the central track of Figure 1.

The relationships of biomarkers of NNK and PAH uptake to lung cancer have also been
examined in nested case-control studies. Total NNAL, the sum of the NNK metabolites
NNAL plus its glucuronides, is an accepted and widely used biomarker of uptake of the
tobacco-specific lung carcinogen NNK.75,81 Levels of total NNAL in serum were quantified
in samples from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial and
were significantly associated with increased risk for lung cancer, after adjustment for
number of cigarettes per day and years of smoking.82 Similar results were obtained in nested
case-control studies within the Singapore Chinese Health Study and the Shanghai Cohort
Study, the latter with significantly larger numbers of samples.28,80 The association of total
NNAL with lung cancer was still significant after adjusting for total cotinine.

Phenanthrene tetraol is a biomarker of uptake plus metabolism of the PAH phenanthrene
which is a ubiquitous but non-carcinogenic PAH with many similarities in metabolism to
BaP.83,84 Urinary phenanthrene tetraol levels were also significantly associated with lung
cancer risk in the Shanghai Cohort Study, after correction for cigarettes per day and number
of years of smoking.28 Phenanthrene tetraol, total NNAL, and total cotinine were all
significantly associated with lung cancer risk in this study, with smoking adjusted odds
ratios ranging from 2 – 4. The significant associations of phenanthrene tetraol and total
NNAL with lung cancer after correction for total cotinine most likely are related to the
potent lung carcinogenicity of PAH and NNK, which cannot be completely accounted for
simply by measurement of total cotinine in urine.

Based on these results, and after further studies, it may be possible to use a combination of
tobacco toxicant and carcinogen biomarkers to predict risk for lung cancer in smokers.
Studies to date have used various parameters in risk models, but none have yet incorporated
biomarkers.85–91
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Conclusions
The assault on lung cells of genotoxic carcinogens in cigarette smoke has disastrous
mutagenic effects that have been demonstrated in many studies approaching the problem
from different perspectives. This clearly stands out as the greatest voluntary human exposure
to a mixture of chemical carcinogens, with horrific consequences in terms of lung cancer
mortality. Many aspects of the general mechanism of carcinogenesis outlined in Figure 1 are
firmly established but there are still some areas that could profit from further investigation.
These include structural analysis of DNA adducts in smokers’ lungs, a better understanding
of the role of non-genotoxic tobacco smoke constituents in the lung cancer process, the role
of polymorphisms in genes involved in nicotine and carcinogen uptake and metabolism, and
the identification of smokers at high risk for lung cancer. A better understanding of
mechanisms of lung caner induction by cigarette smoke can provide new insights on
prevention of lung cancer in smokers, and possibly on cancer prevention generally.
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Figure 1.
Mechanistic framework for understanding how cigarette smoking causes lung cancer. All
events can occur chronically since a smoker typically uses multiple cigarettes per day for
many years.
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Figure 2.
Structures of DNA adducts identified in human lung. Abbreviations: dG, deoxyguanosine;
dR, 2′-deoxyribose; T, thymidine; dA, deoxyadenosine; dC, deoxycytidine; HPB, 4-
hydroxy-1-(3-pyridyl)-1-butanone.
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