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Abstract
Urinary metabolites of the tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and its glucuronides,
termed total NNAL, have recently been shown to be good predictors of lung cancer risk, years
prior to diagnosis. We sought to determine the contribution of several genetic polymorphisms to
total NNAL output and inter-individual variability. The study subjects were derived from the
Harvard/Massachusetts General Hospital Lung cancer case-control study. We analyzed 87 self-
described smokers (35 lung cancer cases and 52 controls), with urine samples collected at time of
diagnosis and (1992–1996). We tested 82 tagging SNPs in 16 genes related to the metabolism of
NNK to total NNAL. Using weighted case status least squares regression, we tested for the
association of each SNP with square-root (sqrt) transformed total NNAL (pmol per mg creatinine),
controlling for age, sex, sqrt packyears and sqrt nicotine (ng per mg creatinine). After a sqrt
transformation, nicotine significantly predicted a 0.018 (0.014, 0.023) pmol/mg creatinine unit
increase in total NNAL for every ng/mg creatinine increase in nicotine at p<10E-16. Three
HSD11B1 SNPs and AKR1C4 rs7083869 were significantly associated with decreasing total
NNAL levels: HSD11B1 rs2235543 (p= 4.84E-08) and rs3753519 (p= 0.0017) passed multiple
testing adjustment at FDR q=1.13E-05 and 0.07 respectively, AKR1C4 rs7083869 (p=0.019) did
not, FDR q=0.51. HSD11B1 and AKR1C4 enzymes are carbonyl reductases directly involved in
the single step reduction of NNK to NNAL. The HSD11B1 SNPs may be correlated with the
functional variant rs13306401 and the AKR1C4 SNP is correlated with the enzyme activity
reducing variant rs17134592, L311V.
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Novelty and impact: This paper quantifies the associations of polymorphisms in several genes involved in the metabolism of a
tobacco-specific nitrosamine NNK, a potent carcinogen, with its metabolite measured as total NNAL in urine. The paper provides
evidence that genetic variability in NNK carbonyl reductases, HSD11B1 and AKR1C4, may contribute to the inter-individual
variability seen in total NNAL, previously shown to be a predictor of lung cancer risk.
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Introduction
Lung cancer is the leading cause of cancer-related mortality and has the third leading
incidence rate of cancer in the United States.1 Long-term inhalation of tobacco smoke is the
main cause of lung cancer with a relative risk of approximately 20 for smokers compared to
non-smokers and a 30 percent increased risk for those exposed to second-hand smoke.2 Yet
not all smokers develop lung cancer; the cumulative risk by age 75 for smokers is an
estimated 10–20%,3, 4 which may indicate that individual susceptibility to tobacco smoke
carcinogens is modified by other factors such as genetics. Tobacco-specific nitrosamines
(TSNA) such as NNK (4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone) and polycyclic
aromatic hydrocarbons are considered to be important carcinogens for lung cancer
development. Formed from nicotine in the tobacco curing process, NNK is one of the most
carcinogenic TSNAs in unburned tobacco and its smoke. 5 The increase in nitrate levels in
cigarettes to enhance more complete combustion of tobacco has been postulated as one
factor leading to the increase in lung adenocarcinoma due to the increased formation of
TSNAs.6 NNK induces lung adenocarcinomas in various laboratory rodents, regardless of
the route of administration.7 After humans smoke or otherwise consume tobacco, NNK is
rapidly metabolized to NNAL (4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol) and NNAL-
Gluc.8, 9 NNK and NNAL form DNA adducts after α-hydroxylation and are among the most
potent carcinogenic TNSAs for lung tumorigenesis studied in mice.7 NNK is involved in
multiple mechanisms in carcinogenesis. NNK induces signaling pathways that promote cell
survival and proliferation10 and anti-inflammation in part through its role as a high affinity
agonist of β-adrenergic and α7-nicotinic acetylcholine receptors.11, 12 This altered signaling
not only affects neoplastic cells in various organs (lung, nose, colon, kidney, pancreas, liver)
but also appears to affect pulmonary neuroendocrine cells leading to pulmonary disorders
such as asthma and sudden infant death syndrome in infants of smoking mothers.13

Urinary levels of total NNAL (NNAL plus NNAL-Gluc) have recently been shown to be
associated with lung cancer in a dose-dependent manner in cigarette smokers in two separate
nested case-control studies.14 The highest tertile of total NNAL conferred an odds ratio of
2.11 (1.25–3.54) after controlling for measures of cigarette smoking and cotinine levels.
Similarly, total NNAL levels have been associated with oral leukoplakia in smokeless
tobacco users.15 Levels of total NNAL increase with an increase in the number of cigarettes
smoked per day (CPD), but the rate decreases over 15 cigarettes per day and there is
considerable variability.16, 17 Inter-individual variability in NNK metabolism was directly
demonstrated by incubating freshly isolated human lung non-tumor cells with NNK and
measuring metabolites of NNK bio-activation and transformation to NNAL, with wide
metabolite ranges.18 Genetic polymorphisms in the genes affecting NNK metabolism may
contribute to this variability. SNPs in UGT2B10 and CYP2A13 have been shown to alter
NNAL-Gluc formation and NNK α-hydroxylation activity respectively in vitro.19, 20 There
have been no prior epidemiological studies, however, examining the associations of these
genes with total NNAL levels.

Carbonyl reductases and UDP-glucuronosyl transferases are involved in conversion of NNK
to NNAL and detoxification to NNAL-Gluc. HSD11B1 codes for 11-Beta-Hydroxysteroid
Dehydrogenase, Type I, located in lung and liver, which converts NNK to (R)-NNAL and
shows a range of variability in mRNA expression and activity.21 AKR1C1, AKR1C2 and
AKR1C4 code for aldo-keto reductases that convert NNK to (S)-NNAL.22 AKR1C1 has
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been shown to be highly over-expressed in non-small cell lung carcinoma (NSCLC) and
small cell lung carcinoma, bronchial epithelial cells of NSCLC, and oral cancer cells by
Affymetrix microarray.23 AKR1C4*5 (L311V rs17134592) is found on the C-terminal loop
and affects steroid substrate specificity and Kcat.23 UGT2B10 codes for the UDP-
glucuronosyl transferases that converts NNAL to NNAL-Gluc. In microsomes from human
embryonic kidney (HEK)-293 cells over-expressing the UGT2B10 variant of SNP
rs4657958 Asp67Tyr exhibited minimal glucuronide formation activity from NNAL or other
TSNAs tested in vitro.19 Other pathways reduce the availability of NNK to be converted to
NNAL. Cytochrome P450s are involved in toxification, converting NNK to intermediates
that produce DNA adducts. Relevant genes are CYP2A13, CYP2A6, CYP3A4/5, CYP2B6,
and CYP2E1. CYP2A13 is mainly expressed in nasal epithelium, trachea and lung and is
primarily responsible for α-hydroxylation of NNK.24 CYP2A13 R257C (rs8192789),
D158E, and V323L (rs3885816), had two- to three-fold decreased catalytic efficiency for
NNK α-hydroxylation20 although allele frequencies in Caucasians are less than 3% for these
SNPs. The CYP2A13 R257C variant carrier was associated with substantially reduced risk
for lung adenocarcinoma [odds ratio= 0.41 (0.23–0.71)].25 The enzyme CYP2A6 is also
involved in NNK metabolism, primarily in the liver, but also metabolizes nicotine to
cotinine. Pyridine-N-oxidation detoxifies both NNK and NNAL. Other genes relevant for
NNK metabolism are CYP2C8, LOX (lysyl oxidase), PTGS (prostaglandin endoperoxide
synthase).26 In summary, candidate genes in this study include HSD11B1, AKR1C1/2/34,
UGT2B10, CYP2A13, CYP2A6, CYP3A4/5, CYP2B6, CYP2E1, CYP2C8, LOX, PTGS1/2
and UGT2A3 (Figure 1).

The total NNAL biomarker endpoint is narrowly defined compared to the broader phenotype
of lung cancer although urinary measurements are representative of a relatively short time
window of exposure prior to the time of collection. We hypothesized inter-individual
variability in total NNAL levels is due to in part to genetic variation in specific metabolic
genes of NNK metabolism which could help explain genetic susceptibility of smokers to
lung cancer. We aimed to examine the roles of polymorphisms in 17 genes involved in NNK
metabolism in the large Harvard/Massachusetts General Hospital (MGH) Lung Cancer
Study from which study participants had been genotyped in a genome-wide association
study (GWAS) and for whom there were also frozen urine samples.

Materials and Methods
Study population

Samples were drawn from the Harvard/MGH Lung Cancer Study conducted from 1992 to
the present. Interviewer-administered health questionnaires adapted from American
Thoracic Society questionnaire27 provided information on demographics (such as age, sex)
and detailed smoking histories from each subject. Current smokers were classified as those
who reported smoking more than 100 cigarettes during their lifetime and who were smoking
less than a 1 year prior to diagnosis or enrollment. Figure 2 outlines our sampling procedure.
One thousand cases and one thousand controls, all self-reported Caucasian, were genotyped
using the Illumina Human 610-Quad BeadChip for a GWAS on lung cancer risk and
survival. 984 cases and 970 controls remained after applying quality control on ambiguous
gender (genotype did not agree with the questionnaire), possible relatives and population
outliers identified by a principle components analysis.

Urine samples had been collected early in the study (1992–1996) on 699 subjects at the time
of diagnosis for the cases. The collected samples were frozen immediately and stored at
−20°C for 5 years and −80°C for 10 years. Cases were requested to cease smoking prior to
tumor resection and sample collection. Three hundred and thirty genotyped subjects also had
urine samples (5cc) which could be used for this study of which 92 were current smokers.
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We limited our analysis of total NNAL, total nicotine and total cotinine in urine samples to
the current smokers only, to maximize the probability of NNK exposure from mainstream
tobacco smoking. There were 39 lung cancer cases and 53 controls.

Analysis of biomarkers
The outcome, total NNAL excretion (pmol per mg creatinine of NNAL plus NNAL-Gluc) in
human urine was measured by gas chromatography with nitrosamine selective detection
(GC-TEA).28 Total NNAL LOD was set at < 0.15 pmol/ml urine. Total NNAL LOD values
were replaced with 0.07 pmol/ml urine. Total nicotine was measured as an alternative
measure of exposure to NNK, which is undetectable in urine by GC-TEA. Total cotinine
was measured as a potential confounder. Total nicotine per mg creatinine and total cotinine
per mg creatinine (Free nicotine or cotinine plus their N-glucuronides) were analyzed by gas
chromatography-mass spectrometry.29 Urinary creatinine was assayed with VITROS
chemistry products CREA slides from Ortho Clinical Diagnostics (Raritan, NJ).

Selection of candidate genes and genotyping methods
Genotyping had been completed with the Illumina Human 610-Quad BeadChip from which
tag SNPs could be extracted on selected genes. Seventeen candidate genes for metabolic
enzymes with good evidence that they use NNK as a substrate (Table 1) were selected from
the literature9, 19, 20, 22, 23, 25, 26, 30 and the bioinformatic databases GeneCards
(http://www.genecards.org/index.shtml) and PharmGKB (http://www.pharmgkb.org/). 141
tag SNPs from Illumina Human 610-Quad BeadChip within 2 kb of the gene were chosen
where gene start and stop endpoints were used as defined by National Center for
Biotechnology Information (NCBI) build 36, the same build that the Illumina 610 BeadChip
was based on. Call rates of genotyping were all greater than 95%. 126 SNPs passed the
Hardy-Weinberg test of equilibrium at p≥0.05 in the original GWAS 970 controls. One per
pair of SNPs in perfect LD (r2=1) were removed. The final 82 SNPs analyzed (Appendix 1)
had sufficiently large minor allele frequencies (MAFs) and representative genotype
frequencies in our subset of subjects with urine samples, using the following criteria. Recall
that there were a total of 984 cases and 970 controls GWAS genotyped and passed quality
control; of these there were 92 current smokers with urine samples and 552 current smokers
without urine samples (referred to as the just GWAS sample) (Figure 2). The SNPs had an
MAF≥0.05 in all 254 current smoker controls. We compared genotype frequencies in all 92
subjects analyzed in this study to those in the 552 just GWAS current smokers. We also
compared the genotype frequencies in 53 controls analyzed in this study to the 201 just
GWAS current smoker controls. To ensure our sample is similar to the GWAS sample, we
retained SNPs where the genotype frequencies did not differ by the Fisher exact test
(alpha=0.05) in the two comparisons.

Statistical analysis
We used SAS/Genetics software (ver. 9.1.3; SAS Institute, Cary, NC) and PLINK (ver.
1.06)31 http://pngu.mgh.harvard.edu/purcell/plink/ to perform the analyses. We determined
allele frequencies in cases and controls separately. To check for genotyping error, we
examined departure from Hardy Weinberg Equilibrium in controls, using a χ2 test. All
statistical testing was done at the two-sided 0.05 level for the p-value and 20% for the
Benjamini-Hochberg false discovery rate (FDR) q-value.32

We examined the role of each genetic polymorphism in predicting urinary total NNAL
levels using modified linear regression models. Since we performed linear regression on a
secondary outcome from data derived from a case-control study we had to take into account
that cases are oversampled in case-control designs. We used a weighted least squares
regression, weighting cases by (the prevalence of lung cancer in the Massachusetts general
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population (=0.000745))/(the proportion of cases in the dataset) and weighting controls by
(1- the lung cancer prevalence)/(the proportion of controls in the dataset).33 We also tested
associations in the control group alone. Biomarker results and packyears34 were square-root
transformed prior to analysis to normalize. Variables in the model included age, sex, square-
root packyears and the concentration of urinary total nicotine (ng/mg creatinine) as potential
confounding variables. The associations between the polymorphisms and total NNAL levels
are reported as the change in total NNAL levels for each additional increase in the number
of variant alleles (additive genetic model), and variant carriers vs. non-carriers (dominant
model) and their corresponding 95% confidence intervals (95% CI) and p-values. We used
the SAS macro, Happy, http://www.hsph.harvard.edu/faculty/kraft/soft.htm,35 to analyze
haplotype associations for significant genes using the additive model. Haplotypes with
frequencies less than 5% were combined into a single group. We also tested for interactions
among significant SNPs in different genes with a cross product term.

We tested whether cotinine could be a confounder of the SNP-NNAL association, (since
some of the same enzymes (CYP2A6, UGT2B10, and CYP2A13) also metabolize nicotine
to cotinine). We tested the associations of cotinine with each of the SNPs controlling for
nicotine and packyears, and tested the association of cotinine with NNAL, using all subjects
and in controls alone. Biomarkers were log-transformed to meet the normality assumption
with cotinine as the outcome in this analysis alone. For the SNPs significantly associated
with cotinine, we included sqrt-cotinine in the model (with sqrt-nicotine and other variables
previously mentioned) as a confounder of total NNAL outcome.

Results
Ninety-two Caucasian samples were analyzed for total NNAL, total nicotine, total cotinine
and for creatinine. Creatinine was determined for all samples. For total NNAL, 4 samples
(all cases) were not determined due to co-eluting peaks and 14 samples (12 cases) were at
the LOD and so were replaced with 0.7 pmol/ml. For total nicotine only one sample, a
control, was not determined due to co-eluting peaks. The same sample was not determined
for cotinine, in addition to another case. Since the undetermined samples for nicotine and
cotinine did not overlap for NNAL, our effective sample size controlling for nicotine was 87
(35 lung cancer cases and 52 controls) and for our cotinine analysis was 86. Sqrt –total
NNAL was correlated with sqrt-cotinine (spearman ρ= 0.82 in controls, 0.37 in cases) and
sqrt-nicotine (spearman ρ=0.74 in controls, 0.14 in cases).

For the 87 samples analyzed with complete total NNAL and nicotine (Table 2), there were
48 females and 39 males with ages ranging from 33 to 77 with a median of 62 years.
Participants smoked 4 to 60 cigarettes per day (CPD) with a median of 20. There were no
missing values for age, sex or CPD. Age, gender and sqrt-packyears were not significant
variables predicting urinary sqrt-total NNAL when sqrt-nicotine was included. Sqrt-nicotine
was highly significant predicting a 0.018 (0.014, 0.023) pmol/mg creatinine unit increase in
sqrt total NNAL for every ng/mg creatinine increase in sqrt-nicotine at p<10E-16. Removing
the two outliers, one in cases and controls each (the highest value of total nicotine), did not
significantly change the results of the association with sqrt-nicotine and sqrt-total NNAL
(beta =0.0188 (0.014, 0.023), p=3.11E-15), therefore outliers remained in the analysis. For
controls only, only sqrt-nicotine was significant at beta=0.0185 (0.013, 0.024), p=5.52E-09.
Four SNPs in HSD11B1 and AKR1C4 were associated with sqrt NNAL under the additive
model (Table 3; Appendix 2 shows all SNP results under the additive model). One SNP in
CYP2E1 was also significant under the dominant model.

Three HSD11B1 SNPs, located in a 14kb region flanked by rs2235543 and rs3753519 in
intron 1 with strong linkage disequilibrium, were significantly associated with decreased
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total NNAL levels (Table 3). Using the whole data set, two of these SNPs passed multiple
testing adjustment: rs2235543 C>T (padditive= 1.37E-07, FDR qadditive=1.13E-05;
pdominant=7.61E-05, FDR qdominant=0.0062) and rs3753519 G>A (padditive/dominant= 0.0017,
FDR qadditive/dominant= 0.07). HSD11B1 rs10863782 was also significant at p=0.035 under
both models, but did not pass multiple testing adjustment. Similar although slightly
attenuated results were seen in controls alone. The same three HSD11B1 SNPs were
significant and rs2235543 still passed a multiple testing adjustment with padditive=0.0013,
FDR qadditive=0.10; pdominant=0.004 FDR qdominant=0.31. A haplotype analysis of all 5 SNPs
included for HSD11B1 showed that one haplotype that contained a minor allele of the 3
SNPs rs2235543, rs10863782 and rs3753519 and major allele of the 2 others had a
frequency of 5% in our population (3.6 in controls and 7% in cases) and was associated with
decreasing NNAL levels, beta = −0.59 (−0.87, −0.31) with a p-value of 3.41E-05 using all
subjects and 0.0098 in controls only. None of the other haplotypes were significantly
associated.

AKR1C4 rs7083869 G>A, located in the second intron, was also associated with sqrt-total
NNAL at p=0.019 under both models, using all subjects, but did not pass multiple testing
adjustment, FDR q=0.51. In controls alone, this SNP was borderline not significant at
p=0.06, FDR q=0.99 under both models. A haplotype analysis of all 9 SNPs selected in
AKR1C4 showed that the minor allele of this SNP was located only on a single common
haplotype, along with minor alleles of rs11253042 and rs6601927. This haplotype had a
frequency of 14.4% in our population (15.4% in controls and 12.9% in cases). The
haplotype was associated with decreasing NNAL levels, beta = −0.17(−0.44, 0.09) with a p-
value of 0.21 using all subjects and 0.27 in controls only. The other haplotypes were also not
significantly associated. There were no significant interactions of AKR1C4 rs7083869 with
each of the three significant HSD11B1 SNPs.

One SNP in CYP2E1 rs915907 C>A had a borderline significant result under the dominant
genetic model, regression coefficient = −0.19 (−0.37, −0.0009), p=0.048, FDR q=0.75, but
not under the additive model, p=0.12, FDR q=0.73, using all subjects. This SNP was also
not significant for controls only under either genetic model, p=0.19, FDR q=0.99.

Cotinine was a statistically significant confounder of the association with total NNAL for
SNPs in genes not known to be involved in nicotine to cotinine metabolism except for
UGT2B10. Cotinine was significantly associated with total NNAL after controlling for
packyears and nicotine (with a log transformation of all variables, beta=1.23 (0.84. 1.62)
p<5E-05). Cotinine was significantly associated (although not after multiple testing
adjustment), with similar results under both genetic models, with the following SNPs after
controlling for age, sex, log-pack-years and log-nicotine using all subjects: under the
additive model, HSD11B1 rs3753519 with p= 0.004 FDR q=0.24, CYP3A4 rs4646437 at
p=0.006 FDR q=0.24, and HSD11B1 rs10863782 at p=0.026, and HSD11B1 rs2235543 at
p=0.028, both FDR q=0.57. In controls alone, the same SNPs and UGT2B10 rs861340 at
p=0.03 and UGT2B10 rs835316 at p=0.04, both FDR q=0.55, were nominally significant
under both genetic models.

For SNPs that appeared to be confounded with cotinine levels, we reanalyzed the NNAL
associations including sqrt-cotinine in the model. In all subjects, the SNPs HSD11B1
rs2235543 and rs3753519 remained significant at p=4.86E-06 and p= 0.014 respectively,
although the regression coefficients were decreased by about half to −0.27 (−0.39, −0.16)
and to −0.23 (−0.42, −0.047) respectively. HSD11B1 rs10863782 was no longer significant
at p=0.18 and the UGTB10 SNP remained unassociated with total NNAL levels after
adjusting for cotinine.
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Discussion
After adjusting for multiple testing, genetic polymorphisms HSD11B1 rs2235543 and
rs3753519 appear to be associated with total NNAL metabolite levels with the minor alleles
associated with decreasing levels. Variants HSD11B1 rs10863782, AKR1C4 rs7083869 and
CYP2E1 rs915907 may also be associated with decreasing total NNAL metabolite levels but
these SNPs did not pass a multiple testing adjustment, possibly due to sample size. Both
enzymes HSD11B1 and AKR1C4 are carbonyl reductases directly involved in the single
step reduction of NNK to NNAL.

The enzyme HSD11B1 is primarily known for its ability to reversibly oxidize
glucocorticoids at carbon 11 such as cortisol to cortisone, but its ability to catalyze the
carbonyl reduction of NNK and other non steroidal carbonyl compounds has recently been
discovered.36 The enzyme 11β-hydroxysteroid dehydrogenase shows high inter-individual
variation both in the mRNA expression and activity of NNAL formation.21 HSD11B1 has 2
mRNA transcripts, 48.7kb and 30.1kb. One potentially functional genetic variant G>A, in
HSD11B1 has been reported, rs13306421, located two nucleotides 5′ to the translation
initiation site of the smaller transcript. Compared with the common G allele, the A allele in
vitro was translated at higher levels and resulted in higher enzyme expression and activity.37

However this variant has a very low frequency in the Caucasian population. Another study
reported a 20% reduction in luciferase activity in a reporter-gene assay with a rare HSD11B1
haplotype including rs846911 and rs860185 which indicated altered transcription.38 SNPs
rs846911 and rs860185 are only 2kb 5′ to rs1330621 and only 0.73kb downstream of the
significant SNP rs3753519. The SNPs we analyzed encompass this 2kb area around the
second transcription start site. Similar to HapMap CEU (CEPH (Centre d’Etude du
Polymorphisme Humain) Utah residents with ancestry from northern and western Europe)
data (release 24),39 all the selected SNPs in HSD11B1 had a pairwise r2<0.80 but strong LD
as measured by D′. The single haplotype containing the minor alleles of the 3 significant
HSD11B1 SNPs was associated with a stronger regression coefficient than the single SNPs
alone. It is possible that these 3 SNPs, which are 5′ to these reported variants close to the
initiation site for the smaller HSD11B1 transcript, serve as a marker for the causal SNP or
haplotype producing reduced enzyme activity.

AKR1C4 is an aldo-keto reductase, along with AKR1C1 and AKR1C2, involved in
formation of (S)-NNAL, the NNAL enantiomer that is less readily glucuronidated in
rats.22, 23, 40 (S)-NNAL can be oxidized back to NNK. In contrast, 11β-HSD catalyzes
formation of (R)-NNAL which, in rats, is further glucuronidated and excreted.23, 40 This
enzymatic stereospecificity of AKR1C4 to a less excretable NNAL form may explain the
lower point estimate of the association of the AKR1C4 SNP compared to the HSD11B1
SNPs. A number of studies have reported that AKR1C4 L311V (encoded by rs17134592)
lowers enzyme activity by as much as 3–5 fold.41 The SNP rs17134592 has a 15% MAF in
Caucasians (dbSNP) and is in strong LD (D′ of 1 with HapMap CEU data) with our
significant SNP rs7083869, but is also correlated with the other non-significant SNPs. There
were no significant haplotypes associated with NNAL values although the regression
coefficient of the single haplotype containing the minor allele rs7083869 was very similar to
the single SNP alone. It is possible that the common minor allele of rs11253042, located in
this haplotype and also other haplotypes, is attenuating the signal.

CYP2E1 oxidizes NNK to intermediates that can form DNA adducts. This enzyme also
metabolizes a wide variety of other compounds and has a number of inducers (such as
ethanol) and inhibitors. The gene has 2 known functional polymorphisms, more common in
Asian populations than Caucasian, commonly known by their restriction sites, RsaI
(−1053C>T, rs2031920) reducing inducibility, and DraI restriction fragment in intron 6
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(7632T>A, rs6413432), with reduced in vivo enzyme activity. Various cancer associations
have been reported with these polymorphisms in Asian populations compared to mostly
non-significant results reported in Caucasian populations.42 The SNP we found to have
borderline significant nominal p-value in all subjects, CYP2E1 rs915907 is 7kb downstream
of RsaI and 1.25kb downstream of DraI and is linked to these functional polymorphisms by
D′. However, it is not highly correlated with them since it is more frequent in Caucasians,
(HapMap CEU MAF 0.18, compared to 0.06 and 0.02 for RsaI and DraI respectively). RsaI
or rs2031920 was dropped from our original analysis due to a low minor allele frequency in
our data, but testing this SNP’s associations with total NNAL levels using both additive and
dominant genetic models did not produce significant results, (p=0.35). The association of
rs915907 with the dominant model is suggestive but further evidence is needed to identify
the role of this SNP in NNK metabolism.

We observed that different SNPs were associated with total NNAL levels and with cotinine
levels although there was some overlap with HSD11B1 rs3753519 G>A. Neither HSD11B1
nor CYP3A4 are known to be directly involved in nicotine to cotinine metabolism, although
nicotine has been shown to induce CYP3A4 and other CYP enzyme expression through the
nuclear receptor pregnane X receptor.43, 44 While both SNPs in both HSD11B1 and CYP3A4
did not pass a multiple testing adjustment for an association with cotinine levels, the raw p-
value could also be the result of unknown uncontrolled confounders since both enzymes
have broad substrate specificity.

Some inhibitors of HSD11B1 and AKRC enzymes could explain some of the interindividual
variability seen in NNAL output. They could be potential uncontrolled confounders if
related to the polymorphisms and if a significant proportion of the study population is
exposed. Some known HSD11B1 enzyme inhibitors are endogenous steroids
(glucocorticoids, estrogen, progesterone, cholesterol, bile acids), exogenous steroids
(glucocorticoids, dexamethasone, oral contraceptives), drugs (carbenoxolone, furosemide,
ethacrynic acid, gossypol, ketoconazole, metyrapone) and dietary compounds (naringenin
(found in grapefruit), glycyrrhetinic acid (licorice), and flavonoids).45, 46 Alcohol is also an
inhibitor of HSD11B1 and AKR1C1, 1C2, 1C4 enzymes. We had insufficient information
on these compounds in our study. On the other hand, the SNP(s) may modify the inhibitors
effects, in other words an inhibitor may have different effects in the presence of different
forms of the HSD11B1 enzyme due to the polymorphism. Additional study on genetic
interactions with these inhibitors could further highlight the importance of HSD11B1 in
contributing to NNAL variability and by extension to lung cancer development in inhibitor
exposed versus unexposed populations.

There a few limitations to this study. Coverage of some relevant genes may be insufficient
in part due to coverage of the Illumina 610 chip (e.g. CYP2A6), and due to our own stringent
criteria for SNPs that would sufficiently capture the genotype frequencies in the larger
sample of smokers genotyped for the GWAS. The total sample size of 87 subjects may be
insufficient to detect moderate associations or associations with low frequency SNPs,
although two highly associated SNPs we found had MAF’s less than 10% in controls.
Additionally, our SNP selection process tried to ensure that our small sample was
comparable to the much larger sample of genotyped individuals that we did not have urine
samples for. The controls are fairly representative of smokers in Eastern Massachusetts in
terms of self reported smoking habits,47 and the lung cancer cases’ self reported smoking
habits are significantly higher as expected. However, cases were requested to cease smoking
prior to tumor resection and before urine sample collection which resulted in lower median
nicotine and NNAL levels in the cases compared to controls that smoked, although higher
levels than non-smokers or individuals exposed to second-hand smoke.48 Given the small
sample size of cases, the request to stop smoking and possibly the motivation of a recent
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diagnosis, it is difficult to determine if the lung cancer disease condition itself had any
impact on the inter-individual variability of NNAL.

We were able to detect NNAL in long term frozen urine samples with little apparent loss, as
has been demonstrated in other studies.49 Time since smoking last cigarette to urine sample
collection may have affected NNAL levels since the initial half-life of NNAL is 3 days.50

However, the nicotine, cotinine and NNAL ranges in our controls are representative of other
smokers.16, 28 NNAL levels in the cases appear to be similar to people who stopped smoking
two to three weeks prior to sample collection.50 The lower than expected NNAL levels in
cases did not appear to have had much of an effect on our results since they were similar in
all subjects combined compared to controls only.

To our knowledge, this study is the first to examine readily available, high quality
genotyped data on a number of polymorphisms in NNK metabolism with total NNAL levels
as a biomarker. The results show that the most significant SNPs that are associated with
inter-individual variability of NNAL in a sample of smokers are also correlated with
potentially functional variants in HSD11B1 and possibly AKR1C4 that have been associated
with altered mRNA expression and enzyme activity in vitro. While confirmation in a larger
sample of smokers is warranted, HSD11B1 and possibly AKR1C4 polymorphisms may
provide part of the mechanism by which varying NNAL levels have been shown to be a
useful prognostic factor for lung cancer.14

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AKR aldo-keto reductases

CEU (CEPH (Centre d’Etude du Polymorphisme Humain) Utah residents with
ancestry from northern and western Europe)

CPD cigarettes smoked per day

CYP cytochrome p450

Gluc glucuronide

FDR false discovery rate

GWAS genome-wide association study

HSD11B1 11-hydroxy-steroid deydogenase type 1

LOX Lysyl oxidase, MAF, minor allele frequency

NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
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NNAL 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol

PTGS prostaglandin endoperoxide synthase

TSNA Tobacco-specific nitrosamines

sqrt square-root

UGT UDP-glucuronosyl transferases
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Figure 1. Selected genes of NNK to NNAL and of nicotine to cotinine metabolism
selected genes or measured compounds are in bold; Total NNAL, nicotine or cotinine
includes their glucuronides
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Figure 2.
Sampling flowchart from study participants genotyped for a Genome Wide Association
Study (GWAS) and from those that also had urine samples
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Table 1

Candidate genes in NNK metabolism

Chromosome Gene number of SNPs

10 AKR1C1 2

10 AKR1C2 3

10 AKR1C3 3

10 AKR1C4 9

19 CYP2A13 3

19 CYP2A6 0

19 CYP2B6 12

10 CYP2C8 11

10 CYP2E1 9

7 CYP3A4 2

7 CYP3A5 6

1 HSD11B1 5

5 LOX 2

9 PTGS1 7

1 PTGS2 2

4 UGT2A3 4

4 UGT2B10 2
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Table 2

Descriptive characteristics of the study populationa

Characteristics Total (n=87) Lung cancer cases (n= 35) Controls (n=52)

Ageb 62 (33–77) 65 (35–77) 59 (33–76)

Gender

 Males 39 (44.8%) 20 (57.1%) 19 (36.5%)

 Females 48 (55.2%) 15 (42.9%) 33 (63.5%)

Pack yearsb 45.5 (8.3–172.5) 58 (8.3–172.5) 36.1 (8.7–89.9)

 Sqrt (Packyrs) 6.67 (2.88–13.13) 7.62 (2.88–13.13)n 6.0 (2.94–9.48)n

Cigarettes/dayb 20 (4–60) 20 (4–60) 20 (4–50)

Time smoking (yrs)b 42.8 (17.3–61.7) 49 (20–58) 41.5 (17.3–61.7)

Total NNAL (pmol/mg creatinine)c 1.41 (0.04–9.83) 0.44 (0.04–7.62) 2.42 (0.09–9.83)

 Sqrt(NNAL) 1.19 (0.2–3.1) 0.66 (0.2–2.76) 1.55 (0.2–3.13)n

 LODc 14 12 2

Nicotine (ng/mg creatinine) 740.57 (2.66–10933.8) 31.1 (2.66–2139.9) 2034.1(12.74–10933.8)

 Sqrt(nicotine) 27.2 (1.63–104.56) 5.58 (1.63–46.26) 45.10 (3.57–104.56)n

Cotinine (ng/mg creatinine) 1714.96 (4.53–10939.1)d 129 (4.53–5314.4)d 3259.9 (22.2–10939.1)

 Sqrt(cotinine) 41.4 (2.13–104.59) 11.3 (2.13–72.89) 57.09 (4.72–104.59)n

Creatinine (mg/ml) 0.97 (0.15–5.54) 0.80 (0.15–5.54) 1.10 (0.35–3.32)

a
all Caucasian smokers, restricted to complete measurements on total NNAL and nicotine

b
median (range)

c
Total NNAL pmol/ml LOD ~= < 0.15 pmol/ml urine, (LOD values replaced with 0.07 pmol/ml urine)

d
Total N=86, Cases N=34

n
normally distributed
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