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Abstract

Cytochrome P450 2A6 (CYP2A6) catalyzes nicotine metabolism and contributes to the
metabolism of the tobacco-specific lung carcinogen, NNK. Genetic variation in CYP2A6 may
affect smoking behavior and contribute to lung cancer risk. A nested case-control study of 325
lung cancer cases and 356 controls was conducted within a prospective cohort of 18,244 Chinese
men in Shanghai, China. Quantified were 4 allelic variants of CYPZAE[ *1(+51A), *4, *7,and *9]
and urinary total nicotine, total cotinine, total frans-3-hydroxycotinine (3HC), and total NNAL (an
NNK metabolite). Calculated were total nicotine equivalents (TNE), the sum of total nicotine, total
cotinine and total 3HC; and the total 3HC:total cotinine ratio as a measure of CYP2AG6 activity.
The nicotine metabolizer status (hormal, intermediate, slow and poor) was determined by
CYPZAG6 genotypes. The smoking-adjusted odds ratios (95% confidence intervals) of lung cancer
for the highest vs. lowest quartile of total nicotine, total cotinine, total 3HC, TNE, and total NNAL
were 3.03 (1.80-5.10), 4.70 (2.61-8.46), 4.26 (2.37-7.68), 4.71 (2.61-8.52), and 3.15 (1.86-5.33)
(@all Pyeng < 0.001), respectively. Among controls CYP2A6 poor metabolizers had a 78% lower
total 3HC:total cotinine ratio and 72% higher total nicotine (Pyenq <0.002). Poor metabolizers had
an odds ratio of 0.64 (95% confidence interval=0.43-0.97) for lung cancer, which was statistically
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non-significant (odds ratio=0.74, 95% confidence interval=0.48-1.15) after adjustment for urinary
TNE and smoking intensity and duration. The lower lung cancer risk observed in CYP2A6 poor
metabolizers is partially explained by the strong influence of CYP2A6 genetic polymorphisms on
nicotine uptake and metabolism.

INTRODUCTION

Tobacco smoking is the most important causal factor for lung cancer. It is estimated that
90% of all lung cancer deaths are attributable to cigarette smoking.l However, there is
considerable variation in susceptibility to lung cancer among smokers. For current smokers
it is estimated that the cumulative risk of lung cancer by age 75 years is about 15%.2 The
large inter-individual variation in smoking-related lung cancer risk may be determined in
part by variability in the uptake and metabolism of tobacco carcinogens. There are 72
established carcinogens in cigarette smoke.3 Among these, polycyclic aromatic
hydrocarbons (PAH) and the tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) are widely considered to be among the most important causative
agents for lung cancer.4® We previously reported that the urinary level of total 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), a metabolite of NNK, and the urinary
level of phenanthrene tetraol, a biomarker of PAH, were associated with increased risk of
lung cancer in two prospective cohorts of Chinese smokers.5: 7

Cytochrome P450 (CYP) enzymes catalyze the a.-hydroxylation of both NNK and NNAL 8
which generates reactive metabolites that covalently modify DNA and lead to the initiation
of lung carcinogenesis. These enzymes include CYP2A6 and CYP2B6 in the liver and
CYP2A6, CYP2A13 and CYP2B6 in the lung.® 10 In human liver microsomes, up to 70% of
NNK a-hydroxylation is inhibited by CYP2A6 antibodies.? CYP2B6 is similar in catalytic
efficiency to CYP2AGB, but is typically less abundant in the liver.%: 11 CYP2A13 is a more
efficient catalyst of NNK a-hydroxylation than is CYP2A6, however CYP2AG6 protein is
more abundant in the human lung.1! These data suggest that CYP2A6 may play an
important role in the catalysis of NNK a-hydroxylation, and the development of lung cancer
in smokers.

Nicotine, although non-carcinogenic, is a psychoactive substance that is responsible for
tobacco addiction and influences tobacco use patterns. Nicotine is primarily metabolized by
CYP2A6-catalyzed 5’-oxidation.12 The product of this reaction is then oxidized, either by
CYP2AG6 or aldehyde oxidase, to cotinine.12: 13 In most smokers, the conversion of nicotine-
tocotinine accounts for 70-80% of inhaled nicotine.12 CYP2AG is also the primary enzyme
that converts cotinine to #rans-3-hydroxycotinine (3HC), which is the most abundant urinary
metabolite of nicotine.12 Nicotine, cotinine, and 3HC all are glucuronidated.12 The sum of
urinary total nicotine (nicotine plus nicotine-glucuronide), total cotinine (cotinine plus
cotinine-glucuronide), and total 3HC (3HC plus its glucuronide) is called “total nicotine
equivalents” (TNE). TNE of smokers represents approximately 80% of the excreted nicotine
dose,12 and is the best marker for daily nicotine intake and total tobacco smoking
exposure.14
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Genetic polymorphisms in CYPZA6 gene may contribute to inter-individual variation in risk
of lung cancer among smokers by altering cigarette consumption and smoking patterns
resulting from altered nicotine metabolism and excretion and/or affecting the activation/
detoxification pathway of NNK. Several epidemiological studies have examined the
relationship between individual polymorphisms of CYP2A6 and lung cancer risk. The
results are inconsistent. Some studies found a reduced risk of lung cancer in individuals
carrying the low-activity CYP2A6 alleles,15-17 while others reported an increased or null
risk association with lung cancer.18-20 The inconsistent findings among these studies could
be due, in part, to the difficulties and measurement error in genotyping due to the altered
gene structure resulting from the deletion polymorphism in the CYP2A6 gene as well as
different genetic variants across different race/ethnic populations.

At present, there are more than 80 known single nucleotide polymorphisms (SNPs) in the
CYP2A6 gene located at 19q13.2 (http://www.cypalleles.ki.se/cyp2ab.htm). This highly
polymorphic gene results in large inter-individual and interethnic variations in the protein
expression and activities of CYP2A6. Genetic polymorphisms of the CYP2A6 gene that
result in no or reduced CYP2AG activity alter nicotine metabolism and tobacco consumption
in smokers.16: 2122 The ratio of 3HC to cotinine in plasma or in urine has been used to
assess the relative activity of CYP2A6.12: 21 |n urine a somewhat better measure of CYP2A6
is the ratio of total 3HC to cotinine, since a portion of the 3HC is excreted as its glucuronide
conjugate.12 21 Alternatively the urinary ratio of total 3HC to total cotinine has been used to
phenotype CYP2A6 activity.23

The overarching goal of this research project is to evaluate the relationship between
biomarkers of tobacco smoking exposure and genetic variants of CYP2AG6 on the risk of
lung cancer development. The present report focused on the analyses that examined: 1) the
association between urinary TNE and other metabolites of tobacco constituents and risk of
lung cancer; 2) the CYPZ2A6 genotype-phenotype (urinary total 3HC:total cotinine ratio)
association to verify the accuracy of CYPZA6 genotype; 3) the association between
CYP2A6 genotype-determined metabolizer status and risk of lung cancer.

MATERIAL AND METHODS

Study Population

Subjects were drawn from the Shanghai Cohort Study.2* Briefly, the Shanghai Cohort
consisted of 18,244 men enrolled from 1 January 1986 through 30 September 1989, who
were 45-64 years of age and resided in the city of Shanghai, China. In addition to in-person
interviews eliciting information on use of tobacco and alcohol, a 10-ml blood sample and a
single-void urine specimen were collected from each participant at baseline. The Shanghai
Cohort Study has been approved by the Institutional Review Boards at the Shanghai Cancer
Institute and the University of Pittsburgh. The present study has been approved by the
Institutional Review Boards at the Shanghai Cancer Institute, the University of Minnesota
and the University of Pittsburgh.
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Nested Case-Control Study

Identification of incident lung cancer cases was accomplished through annual in-person re-
interviews of all surviving cohort members and routine review of reports from the
population-based Shanghai Cancer Registry. To date, losses to follow-up totaled 839
individuals (4.6%) of the entire cohort after 25 years of study. The nested case-control
design was previously described.” As of December 31, 2006, 706 cohort participants
developed lung cancer. Among them, 574 were current smokers, 43 were former smokers,
and 89 were never smokers at baseline. Only current smokers at baseline were eligible for
the present study because urinary metabolites of nicotine and NNK were undetectable in
never smokers and long-term quitters. For each of 574 cases of current smokers, we
randomly selected one control subject from all cohort members who were current smokers at
biospecimen collection, free of cancer and alive at the time of cancer diagnosis of the index
case. Controls were matched to the index case by age at enrollment (2 years), date of
biospecimen collection (+1 month) and neighborhood of residence at recruitment.

Laboratory Measurements

Urinary metabolites of cigarette smoke constituents—Urine samples of all study
subjects were retrieved from the biospecimen bank. Specimens from matched control
subjects and their index cases were always assayed in the same batch. All urine aliquots
were identified only by unique codes, and laboratory personnel had no knowledge of the
case/control status of the test samples. The assay for quantifying total NNAL in urine was
identical to the one previously described.® Quantification of total nicotine, total cotinine, and
total 3HC in urine that had been treated with p-glucuronidase was carried out by gas
chromatography-mass spectrometry or liquid chromatography tandem mass spectrometry as
previously described.”: 25 Urinary creatinine (Cr) was assayed by Fairview-University
Medical Center Diagnostic Laboratories (Minneapolis) with a Kodak Ektachem 500
chemistry analyzer.

CYP2A6 Genotyping—Genomic DNA was extracted from buccal cells or serum samples
using QIAmp DNA mini kit (Qiagen Inc, Valencia, CA, US). Quality and quantity of
purified DNA were evaluated using a Nanodrop UV-spectrometer (Thermo Fisher Scientific
Inc., Wilmington, DE, US). DNA samples were stored at —20°C until analysis.

Genotyping of CYP2A6was accomplished with several different methods. There are two
structural variants of CYPZA6. *4 (gene deletion) and *1.2(a hybrid allele with CYPZA7).
These structural variants were measured using quantitative PCR assays designed by ABI
(Applied Biosystems); all qPCR assays were repeated 4 times. An initial assay using a probe
specific to intron 1 of CYP2A6 (hs0754274 _cn) was used to determine the number of
CYP2A6 gene copies present relative to the housekeeping gene RNaseP. Those with no
amplification of hs0754274 _cn would be designated as having two structural variants (i.e.
*4/#4); this was not observed in the present study. Those with a single copy of CYP2A6
were carried forward to a second qPCR assay using ABI probe hs07545275 cn which is
specific for intron 7 of the CYP2A6 gene (i.e., does not cross-react with CYP2A7). Those
subjects with 1 copy of intron 7 in the second assay were designated *1/#4, and those with 2
copies of intron 7 were designated *1/*12 (the allele *12 was not observed in the present
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study). We then assessed additional variants that do not alter the CYP2A6 gene structure. To
maximize assay specificity and minimize DNA input, the *7(rs5031016) and *9
(rs28399433) alleles were genotyped using nested PCR followed by pyrosequencing
(Pyromark Q96MD instrument, Qiagen). The *1(+51A)variant was captured with an allelic
discrimination (TagMan) assay for rs1137115.

We assessed the performance of genotyping using two approaches. For quality control (QC)
purpose, DNA samples of Han Chinese ethnicity from the Coriell Institute (Coriell.org) were
inserted in all test samples in one-tenth by frequency. In addition, 55 paired buccal-derived
and serum-derived DNA samples from 55 unique study subjects were evenly dispersed
among all test samples to assess the concordance of genotypes from the two different DNA
sources. Of the 55 paired DNA samples, discordant genotypes were observed for the
structural variant (CYPZA6%*4) in two paired DNA samples, and the *7and *9each in three
paired samples whereas no discordant genotypes of *1(+51A)were detected. All six subjects
with discordant genotypes were excluded from the present analysis.

CYP2A6*9was considered a ‘decrease of function (D)’ allele whereas *4and *7were
considered ‘loss of function (L)’.21: 26 A more recently identified SNP rs1137115, a
synonymous variant in exon 1 of CYP2A6 gene that defines CYP2A6*1A(51A), is
associated with lower mRNA expression and slower Jn vivo nicotine metabolism,2” and was
considered as a D allele in the present study. Thus the CYP2A6 genotype grouping was
based on these predicted pharmacokinetic impacts: (1) ‘normal metabolizers’ were defined
as having neither a D nor L allele (i.e., *1/*1); (2) ‘intermediate metabolizers” had only one
D allele (i.e., *ZA(51A) or *9); (3) ‘slow metabolizers’ had either one L allele or two D
alleles (e.g., *1/*4or *9/*9); and (4) ‘poor metabolizers’ had either one L plus one D allele
or two L alleles (e.g., *9/%70or *7/*4).

Of the 574 case-control pairs, 40 cases and 19 controls did not have urine samples for total
cotinine measurement. Among those with cotinine measurement, 16 urine samples (5 from
cases and 11 from controls) had urinary total cotinine levels below 35 ng/mL, indicating that
they were from nonsmokers (or very light/infrequent smokers) at the time of urine
collection. In addition, 136 subjects (71 cases and 65 controls) did not have urinary total
3HC due to the depletion of their urine samples after measurement of other urinary
biomarkers in previous studies.®: 7- 28 Among the remaining 937 subjects, we did not obtain
DNA from 67 subjects (48 cases and 19 controls). In addition, 84 cases (19.8%) and 99
controls (21.6%) were excluded where CYP2A6 genotype could not be determined. The
most frequent missing genotype was CYPZA6*4 (42 cases, 53 controls), followed by *7
(with additional 22 cases and 24 controls), *9(16 cases, 8 controls), and *7(+51A) (11
cases, 10 controls). The main reason for these undeterminable genotype calls was the limited
amount of DNA extracted from serum samples that were still available after previous
genotyping assays.28 Among the genotypes, one case and five controls had discordant
genotypes from the repeated tests of duplicate samples. After excluding those subjects, the
present study included 325 cases and 356 control subjects.
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Statistical analysis

Urinary metabolites of cigarette smoke constituents including total nicotine, total cotinine,
total 3HC and their sum, TNE, were expressed in nmol/mg Cr, and total NNAL in pmol/mg
Cr to correct for varying water contents of individual spot urine samples. The metabolic total
3HC:total cotinine ratio in urine was calculated to evaluate the CYP2A6 activity. We also
calculated the ratio of total NNAL over TNE as a detoxification index for NNK through
urinary excretion of NNAL after controlling for nicotine uptake. Given the markedly skewed
distributions of these urinary biomarkers, formal statistical testing was performed on
logarithmically transformed values, and geometric means are presented.

The 2 test and the #test were used to compare the distributions of selected variables
between lung cancer cases and controls. The analysis of covariance (ANCOVA) method was
used to examine the difference in the concentrations of urinary biomarkers or their ratios
across different CYPZA6 genotype predicted metabolizers among control subjects.

We used unconditional logistic regression method, for maximizing the number of subjects
included in the analysis, to calculate odds ratios (ORs) and their corresponding 95%
confidence intervals (Cls) and Pvalues to assess the relationship between urinary
metabolites of cigarette smoke constituents and lung cancer risk with adjustment for
matching factors including age, year of sample collection, and neighborhood of residence at
enrollment. For each urinary biomarker, study subjects were grouped into quartiles
according to its distribution among control subjects. The linear trend test for the association
between urinary biomarker and lung cancer risk was based on the ordinal value of quartiles.
Similarly we examined the association between CYP2A6 genotype-predicted metabolizers
and lung cancer risk because the phenotypic measure of CYP2AG6, the total 3HC:total
cotinine ratio, is somewhat influenced by genetic variants of UDP glucuronosyltransferase
(UGT) 2B10, the enzyme that catalyzes cotinine glucuronidation. However, the variants are
relatively rare in Asian populations.2® The logistic regression models that assessed the
association between the CYP2A6 genotype-determined metabolizer status and lung cancer
risk included different sets of covariates as follows: 1) demographic variables and/or self-
reported history of smoking intensity and duration that provided the risk estimates similar as
those reported in previous studies; 2) urinary TNE, the best biomarker for daily nicotine
intake and total tobacco smoking exposure that reduced the measurement error in tobacco
smoking based on self-report only; and 3) further adjustment for total NNAL that would
show the independent effect of CYP2A6 on the risk of lung cancer.

Statistical analyses were carried out using SAS software version 9.3 (SAS Institute, Cary,
NC). All ~-values reported are two-sided, and those that were less than 0.05 were considered
to be statistically significant.

RESULTS

Of the 325 cases, 214 (66%) were histopathologically confirmed while the remaining 111
(34%) were diagnosed based on radiography or computer-assisted tomography evidence.
Among the histopathologically confirmed cases, 102 (47.7%) were squamous cell cancers,
80 (37.4%) adenocarcinomas, 15 (7.0%) small cell cancers, and 17 (7.9%) other cell types.
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The mean age (standard deviation) at cancer diagnosis of all case patients was 67.7 (6.6)
years. The average time interval between baseline biospecimen collection and cancer
diagnosis was 10.5 (5.5) years, ranging from 1 month to 20.5 years.

Compared with controls, cases had greater numbers of cigarettes smoked per day, years of
smoking, and pack-years of smoking at baseline. The percentage of regular drinkers of
alcohol was comparable between cases and controls. Among drinkers of alcohol, cases
consumed more drinks per day than their controls (Table 1).

The geometric means of total nicotine, total cotinine, total 3HC, TNE, and total NNAL in
urine of cases were statistically significantly higher than those in controls (Table 1). Lung
cancer risk increased with increasing level of urinary biomarkers (Table 2). The smoking-
adjusted ORs (95% CIs) for lung cancer for the highest relative to the lowest quartile of total
nicotine, total cotinine, total 3HC, TNE, and total NNAL were 3.03 (1.80-5.10), 4.70
(2.61-8.46), 4.26 (2.37-7.68), 4.71 (2.61-8.52), and 3.15 (1.86-5.33), respectively (all Pyeng
< 0.001). The positive association between total NNAL and lung cancer risk remained
statistically significant after adjustment for TNE; the TNE-adjusted OR for the highest
quartile of total NNAL was 2.06 (95% CI = 1.17-3.63; Pyeng = 0.025).

The allele frequencies of CYP2A6*1A(51A), *4, *7, and *9among controls and cases are
shown in Supplemental Table S1. In both controls and cases, *9was the most common
variant allele, followed by *7A(51A)and *7; *4was the least frequent allele (6.2% in
controls). The distributions of CYP2A6 genotypes in controls and cases, respectively, were
in Hardy-Weinberg equilibrium (£ >0.15) (Supplemental Table S2). The difference in the
total 3HC:total cotinine ratio, a quantitative measure of CYP2A6 enzyme activity, was more
than 10 fold between the CYP2A6 *1/*1 (normal function) and *7/#4 (loss of function)
genotypes in both controls and cases (Figure 1 and Supplemental Table S2). Compared with
the normal metabolizers (i.e., CYPZA6*1/*1), the CYP2A6 genotype predicted intermediate
metabolizers had a 26% reduced total 3HC:total cotinine ratio, slow metabolizers had a 53%
reduced total 3HC:total cotinine ratio, and poor metabolizers had an 78% reduced total
3HC:total cotinine ratio among controls (Figure 1 and Table 3).

Urinary biomarkers of nicotine metabolism as well as smoking history across the 4 different
CYP2A6-predicted metabolizer stata are shown in Table 3. There was no difference in
smoking history (age at starting to smoke, number of cigarettes per day, years of smoking,
and pack-years of smoking) between metabolizer status groups. Compared with normal
metabolizers, poor metabolizers had a statistically significant 72% higher level of urinary
total nicotine, a significant 77% lower total 3HC, and a non-significant 25% lower TNE
(Pyrend = 0.132). There was no significant difference in urinary total cotinine, total NNAL
and the ratio of total NNAL to TNE among the CYP2A6 predicted metabolizer groups.

The associations between CYPZA6-determined metabolizer status and risk of lung cancer
are shown in Table 4. The risk of lung cancer in intermediate and slow metabolizers was
comparable with the normal metabolizers. Compared with these three genotype groups
combined, poor metabolizers had a statistically significant lower odds ratio of lung cancer
(OR =0.64, 95% CI = 0.43-0.97). Adjustment for number of cigarettes per day and number
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of years of smoking slightly weakened the association, but the OR remained statistically
borderline significant (OR=0.68, 95% CI = 0.44-1.04, P=0.074). Further adjustment for
urinary total cotinine did not change the risk estimate (cotinine-adjusted OR = 0.68, 95% CI
=0.44-1.05, P=0.082). Urinary TNE explained some additional effect of CYP2A6 poor
metabolizer status on lung cancer risk, suggesting TNE may be a better biomarker than total
cotinine for tobacco smoking. However, there was still a statistically non-significant 26%
reduced risk of lung cancer for the CYP2A6-determined poor metabolizers (TNE-adjusted
OR =0.74, 95% CI = 0.48-1.15, P=0.18). Additional adjustment for total NNAL did not
change the CYPZA6-lung cancer risk (Table 4).

The association between the CYP2A6 predicted metabolizer status and risk of lung cancer
stratified by levels of exposure to cigarette smoking is shown in Table 5. There was no
statistically significant association between the CYP2A6 metabolizer status and lung cancer
risk in low or high cigarette smoking exposure groups defined by number of cigarettes per
day, number of years of smoking, pack-years of smoking, urinary total TNE, or urinary total
NNAL (all Ps> 0.05). None of the interaction terms between CYPZA6 genotype-determined
metabolizer status and levels of exposure to cigarette smoking was statistically significant
(all Pfor interaction > 0.15).

We also examined and found no difference in the association between the CYP2A6
genotype-determined metabolizer status and risk of lung cancer by histological type. The
CYP2A6-risk association was similar for lung adenocarcinoma (28% reduced risk) and
squamous cell carcinoma (23% reduced risk). Neither reaches significance given reduced
sample sizes.

DISCUSSION

Utilizing the resources of the Shanghai Cohort Study, we demonstrated that CYP2A6
genotype-determined poor metabolizer status was associated with a statistically significant,
36% reduced risk of lung cancer. Adjustment for number of cigarettes per day and number
of years of smoking slightly weakened the association, but there was a statistically
borderline significant 32% reduced risk of lung cancer. Additional adjustment for urinary
TNE, the best biomarker of daily nicotine intake and total tobacco smoking exposure,
further diminished the effect of the C YP2A6 poor metabolizer status on lung cancer risk, but
there was still a statistically non-significant 26% reduced risk of lung cancer. Further
adjustment for urinary total NNAL did not alter the risk estimate for lung cancer. Although
statistically non-significant, a 26% risk reduction of lung cancer associated with the
CYP2A6-determined poor metabolizer status suggests a potential important role of CYP2A6
in the development of lung cancer. Future studies with a prospective study design and a
larger sample size are warranted to confirm the role of CYP2AG in the development of lung
cancer in smokers.

CYP2AG catalyzes the a-hydroxylation-mediated bioactivation of the tobacco specific lung
carcinogen NNK and NNAL.8 It's not possible to directly measure either NNK or NNAL a-
hydroxylation pathway in smokers. If CYP2AG6 is an important catalyst of NNK a-
hydroxylation, one would predict that poor CYP2A6 metabolizers would have a reduced
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amount of NNK metabolized by the a-hydroxylation pathway and increased conversion to
NNAL.29 In addition, the further metabolism of NNAL by a-hydroxylation would also be
decreased in these individuals. Therefore, we investigated the association of CYP2A6
predicted metabolizer status and the urinary ratio of NNAL to TNE (TNE is serving as a
proxy for NNK dose). We did not detect any association between this indirect measure of
NNK bioactivation and CYP2AG6 activity. Future studies are warranted to develop
biomarkers that directly measure the NNK activation pathway, such as DNA adducts, that
can clarify the role of CYP2AG6 in lung carcinogenesis through the NNK a-hydroxylation
pathway.

Consistent with the plasma ratio of 3HC to cotinine, 12 2! the present study demonstrated
urinary total 3HC:total cotinine ratio as an excellent measure for CYP2A6 enzyme activity.
There was a more than 10-fold difference in the total 3HC:total cotinine ratio between the
CYP2A6 *1/*1 and *7/*4 genotypes, and a strong dose-dependent relation between
CYP2AG6 genotypes and phenotypic measures (Figure 1). These data suggest that the urinary
total 3HC:total cotinine ratio is a robust phenotypic measure for CYP2A6 activity for ad-
libitum smoking.

Nicotine is the main addictive compound in tobacco.30 Approximately 80% of nicotine is
inactivated to cotinine in a reaction principally mediated by the enzyme CYP2A6,12 and an
association between genetic variation in CYP2AG activity and smoking behavior has been
reported in several, but not all study populations.15-17: 31 An early meta-analysis found no
association between individuals with CYPZA6 variant alleles and smoking status or amount
smoked.32 In a more recent study of African Americans, cigarette consumption, age of
initiation, and nicotine-dependence scores did not differ among CYP2A6 genotype or
phenotype groups.32 Whereas, a recent study in a Chinese population found that the
CYP2A6 genotype-predicted poor metabolizers consumed fewer cigarettes per day, initiated
smoking at a later age, had a shorter duration of smoking, and were more likely to quit
smoking than normal metabolizers (these findings were specific to men).34 In the present
study, we did not find statistically significant differences in the number of cigarettes smoked
per day, age at starting to smoke, number of years of smoking, and pack-years of smoking
across different CYPZA6 genotypes in control subjects. However, TNE were 25% lower in
poor metabolizers compared to normal metabolizers, although the difference did not reach
statistical significance level. The lack of an association for TNE and other smoking
measures could be due to the late age of smoking initiation of our study population (23.4
years), and limited access to cigarettes due to rationing and the relatively high cost of
cigarettes in Shanghai, China before the 1980s.

The frequencies of CYPZA6 alleles vary widely among different racial/ethnic populations.
We focused on the CYPZA6 *4, *7,and *9alleles because they are common in Asian
populations.3* We also genotyped rs1137115, a SNP that captures the CYP2A6 *1A(+51A)
allele, which results in a significant reduction in nicotine metabolism in European American
smokers, as we previously reported.2’: 35 Consistent with the data in European Americans,
homozygous variant individuals had approximately one-third the total 3HC:total cotinine
ratio of individuals with the CYP2A6 *1/*1 genotype (Supplemental Table S2).
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A number of studies have assessed the association between CYPZA6 genetic polymorphisms
and risk of lung cancer in different populations; however, the results are inconsistent and
inconclusive. For example, the earliest report on the CYP2A6 deletion polymorphism and
lung cancer risk was a hospital-based case-control study in a Japanese population and
reported a 50% reduced risk of lung cancer associated with CYP2A6 deletion (*4).36 A
similar study in a French population found no association between CYPZA6 deletion and
lung cancer risk.18 In contrast, a hospital-based case-control study in China reported that
Han Chinese with the CYP2A6%*4 deletion had a two-fold increased risk of lung cancer.19
Four reports of meta-analysis for the association between CYP2A6 genetic polymorphisms
and risk of lung cancer were recently published, although these analyses primarily
comprised the same individual studies.37-40 All four meta-analyses reported a statistically
significant approximately 50% lower crude odds ratio of lung cancer for poor metabolizers
(e.g., carriers of two loss-of-function alleles or one loss-of-function allele plus one decreased
function allele) in Asians, especially in smokers.38: 39 These smoking-unadijusted results
were similar to our findings. Comprehensive adjustment for exposure to cigarette smoking
measured by urinary TNE, number of cigarettes per day and years of smoking explained
a10% reduced risk of lung cancer associated with the CYP2A6-determined poor metabolizer
status. Although statistically non-significant, there is still a 26% reduced risk of lung cancer
for smokers with the CYPZ2A6-determined poor metabolizers after adjustment for the best
biomarker of daily nicotine intake and total tobacco smoking exposure, suggesting that
CYP2A6 may play a role in the risk of lung cancer independent of its impact on cigarette
consumption and smoking patterns.

Several genome-wide association (GWA) studies of lung cancer provided strong evidence of
a susceptibility region in 15925.1 that includes three cholinergic nicotine-receptor genes
(CHRNA3, CHRNA4, and CHRNAS5) encoding nicotinic acetylcholine receptors,*1-43 and
in 5p15.33 that contains two genes (7ERT and CLPTMIL).**-46 A pooled analysis
confirmed these loci in whites but not in Asian populations.?” While CYP2A6 has not been
associated with lung cancer in GWA studies, CYP2A6 SNPs have been identified in GWA of
cigarette consumption?® and nicotine metabolism.#® The most potent CYP2A6 alleles for
CYP2AG6 function are structural alterations, which may obscure detection using single
nucleotide polymorphisms (SNP)-GWA approaches. There was one GWA study involving
more than 17,000 smokers and 997 lung cancer cases in a Japanese population that
investigated both copy number polymorphism (CNP) and SNP in CYPZA6 locus in relation
to smoking quantity and lung cancer risk.20 That study identified two susceptibility alleles
including one CNP (rs8102683) and one SNP (rs11878604). The deletion CNP of rs8102683
was linked to CYP2A6*4 and the variant allele of rs11878604 was linked to deleterious
alleles including CYP2A6*7and *9and other SNPs. Compared with the wild-type
haplotype [having at least one copy of rs8102683 and wild-type allele (T) of rs11878604],
individuals carrying either rs8102683 deletion or rs11878604 variant allele (C) (or both)
smoked 3-4 fewer cigarettes per day, and had approximately 50% reduced risk of lung
cancer. The estimated reduced risk of lung cancer was not adjusted for number of cigarettes
smoked per day, thus an altered smoking pattern could be confounding the observed effect of
CYP2A6 genetic variants on lung cancer risk. That study also suggested that the CYP2A67*4
was not well tagged by nearby SNPs in the 1000 Genomes Project.>0
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The inconsistent results of CYP2A6and lung cancer risk among previous studies could be
attributed to several factors: 1) possible measurement error in genotyping of CYP2A6 due to
the altered gene structure resulting from the deletion polymorphism; 2) different
distributions of CYP2A6 variants and allele frequencies across different racial/ethnic groups.
For example, the CYP2A6%*7 allele is absent in both Caucasian and African populations but
is common in Asian populations (5.7-12.5%), whereas CYP2A6*2and *12are present in
Caucasians (3-5%) but absent or extremely rare in Asians;22- 34 3) inclusion of smokers and
nonsmokers in prior studies; 4) the lack of adjustment for total tobacco smoking exposure
such as urinary TNE; 5) potential selection bias due to hospital-based retrospective study
design; and 6) small sample size and low statistical power. The present study circumvented
most of these limitations by using a prospective study design, including only current
smokers whose smoking status was biochemically verified, enrolling only Han Chinese, and
genotyped for CYP2A6 variants that are relatively common in Asian populations. We used a
novel genotyping approach that more accurately determined genetic variants of CYP2A6. In
addition, the present study included a new SNP, CYPZA6*1(+52A) that has not been studied
with lung cancer risk. More importantly, the CYP2A6 genotype-determined metabolizer
status was confirmed by the urinary 3HC:total cotinine ratio, a functional measure of
CYP2AG activity, indicating the high quality of genotyping and phenotyping data in the
present study. However, a limitation of the present study was the relatively small sample
size.

The present study was the first to show that urinary TNE was a strong predictor of lung
cancer risk. TNE is a comprehensive measure of nicotine uptake and a better measure of
tobacco smoke exposure than reported cigarettes per day or total cotinine, which was
demonstrated in the adjustment for TNE versus total cotinine on the association between
CYP2A6 poor metabolizers and lung cancer risk. Future studies should consider using
urinary TNE as a biomarker of total tobacco smoking exposure for disease risk assessment.

In summary, using prospectively collected urine and DNA samples from participants of the
Shanghai Cohort Study, we demonstrated that common genetic polymorphisms of CYP2A6
significantly reduced the metabolic conversion of cotinine to 3HC, and resulted in increased
excretion of total nicotine and decreased excretion of TNE. The comprehensive adjustment
for total tobacco smoking exposure using the validated urinary biomarker TNE plus self-
reported smoking intensity and duration partially explained the significantly reduced risk of
lung cancer in smokers with the CYP2A6 genotype-determined poor metabolizer status. A
statistically non-significant 26% reduced risk of lung cancer for the poor metabolizers
requires future studies to confirm the role of CYP2A6 in the development of lung cancer.
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NOVELTY AND IMPACT

Smoking dramatically increases lung cancer risk, yet only about one-fifth of long-term
heavy smokers develop the disease. Cytochrome P450 2A6 (CYP2AG6) catalyzes nicotine
metabolism. Genetic variation in CYPZA6 may affect smoking behavior and contribute to
lung cancer risk. The authors examined the association between CYP2A6 genotype
determined metabolizer status, verified by phenotypic measures, and the risk of
developing lung cancer in a prospective cohort of Chinese men in Shanghai, China. There
was a statistically significant reduced risk of lung cancer in CYP2A6 poor metabolizers
that is partially explained by smoking intensity and duration, and urinary total nicotine
equivalents, the best biomarker of daily nicotine intake and total tobacco smoking
exposure. These data clarify the role of CYP2A6 genetic polymorphisms in the
metabolism of tobacco smoke constituents and the development of lung cancer in
Chinese smokers.
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Figurel.
Geometric means of total 3HC:total cotinine ratio by CYP2A6 genotype among control

subjects, the Shanghai Cohort Study
Abbreviations. 3HC, total trans-3-hydroxycotinine.
t See the genotype grouping described in Methods section.
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Table 1

Baseline demographic and lifestyle characteristics and urinary biomarkers of current smokers who developed
lung cancer (Cases) and those who remained cancer-free (Controls), The Shanghai Cohort Study 1986-2014

Characteristics or biomarkers* Cases Controls P T
Number of subjects 325 356
Mean age (SD), years 56.7 (4.9) 56.7 (4.9) 0.919
Sex, %
Men 100 100 -
Women
Mean body mass index (SD), kg/m? 21.3(2.7) 21.8 (3.0) 0.020
Level of education, %
No formal education 10.2 6.9 0.108
Primary (1-6 years) 34.7 31.3
Secondary and above 55.1 61.8
Mean no. of cigarettes/day (SD) 19.8 (8.7) 15.4(7.1) <0.001
Mean no. of years of smoking (SD) 35.2(8.3) 32.2 (10.0) <0.001
Mean no. of pack-years of cigarettes (SD) 35.3(18.4) 25.2 (14.6) <0.001
Alcohol drinking, %
Nondrinkers 41.9 433 0.710
Regular drinkers 58.2 56.7
Mean no. of drinks/day (SD)¢ 33(29) 25(23) 0.004
Urinary biomarkers Geometric mean (95% CI)
Total nicotine (nmol/mg Cr) 12.44 (11.06-14.00) 7.56 (6.76-8.46) <0.001
Total cotinine (nmol/mg Cr) 13.08 (11.88-14.40) 7.76 (7.08-8.52) <0.001
Total 3HC (nmol/mg Cr) 16.60 (14.80-18.60) 9.34 (8.38-10.42) <0.001

TNE (nmolimg cr)® 46.80 (42.80-51.16)  28.52 (26.20-31.04)  <0.001

Total NNAL (pmolimg Cr)7 0.20 (0.20-0.22) 0.14(0.14-0.16)  <0.001

*
Abbreviations: SD, standard deviation; NNAL, 4-(methylInitrosamino)-1-(3-pyridyl)-1-butanol; 3HC, frans-3-hydroxycotinine; TNE, total
nicotine equivalents.

fTwo—sided Pswere based on ttest for continuous variables or chi-square test for categorical variables.
IAmong regular alcohol drinkers only.
§The sum of total nicotine, total cotinine and total 3HC.

”Sixteen subjects (8 cases and 8 controls) were excluded due to missing NNAL.
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Table 2

Urinary levels of nicotine metabolites and total NNAL in relation to the risk of developing lung cancer, The
Shanghai Cohort Study 1986-2014

Cases Controls

*
Biomarkersin quartile (cut-off values) ORT (95% CI)

1duosnuen Joyiny 1duosnuey Joyiny
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Total nicotine (nmol/mg creatinine)

15t (<3.85) 30 86 1.00
2nd (3,85-9.56) 7 91 2.10 (1.22-3.61)
31 (9,57-18.47) 91 e 2.35 (1.38-4.00)
4th (>18.47) 127 89 3.03 (1.80-5.10)
Pfor trend <0.001
Total cotinine (nmol/mg creatinine)
15t (<3.89) 20 80 1.00
2nd (3,89-9.07) 49 93 2.00 (1.08-3.71)
31 (9,08-15.81) 110 % 3.35 (1.86-6.04)
4th (>15.81) 146 89 4.70 (2.61-8.46)
Pfor trend <0.001
Total 3HC (nmol/mg creatinine)
18t (<4.17) 19 79 1.00
2nd (4,17-10.79) 62 89 2.31 (1.25-4.28)
34 (10.80-20.13) 89 89 3.02 (1.65-5.51)
4th (>20.13) 155 99 4.26 (2.37-7.68)
Pfor trend <0.001
TNE (nmol/mg creatinine)¢
15t (<15.64) 19 78 1.00
2nd (15.64-33.27) 51 93 1.91 (1.02-3.58)
31 (33.28-54.28) 9% 90 3.26 (1.79-5.93)
4th (>54,28) 159 95 4.71 (2.61-8.52)
Pfor trend <0.001
Total NNAL (pmol/mg creatinine)§
15t (<0.09) 33 86 1.00
214(0.10-0.15) 69 88 1.87 (1.10-3.18)
31 (0.16-0.25) 96 92 2.09 (1.24-3.51)
4th (>0.25) 119 82 3.15 (1.86-5.33)
Pfor trend <0.001

1duosnuen Joyiny

*
Abbreviations: NNAL, 4-(methylInitrosamino)-1-(3-pyridyl)-1-butanol; 3HC, trans-3 “hydroxycotinine; TNE, total nicotine equivalents; OR, odds
ratio; Cl, confidence interval.

fAdjusted for number of cigarettes per day, number of years of smoking, and matching factors.
iThe sum of total nicotine, total cotinine and total 3HC.

§Sixteen subjects (8 cases and 8 controls) were excluded from this analysis due to missing total NNAL.
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