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Abstract: A previously published case-control study nested in the Prostate, Lung, Colorectal, and Ovarian Cancer
Screening Trial found a significant relationship of serum levels of total NNAL (4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanol and its glucuronides) to prospective lung cancer risk. The present paper examines this relationship in the
context of single-nucleotide polymorphisms (SNPs) in genes important in the metabolism of tobacco smoke carcino-
gens. DNA was extracted from the subjects’ lymphocytes and analyzed for SNPs in 11 locations on four genes related
to tobacco carcinogen metabolism. Logistic regressions on case-control status were used to estimate main effects of
SNPs and biomarkers and their interactions adjusting for potential confounders. Of the 11 SNPs, only one, in
CYP1B1, significantly interacted with total NNAL affecting risk for lung cancer. At low NNAL levels, the variant ap-
peared protective. However, for those with the minor variant, the risk for lung cancer increased with increasing NNAL
five times as rapidly compared to those without it, so that at high NNAL levels, this SNP’s protection disappears. Ana-
lyzing only adenocarcinomas, the effect of the variant was even stronger, with the risk of cancer increasing six times
as fast. A common polymorphism of CYP1B1 may play a role in the risk of NNK, a powerful lung carcinogen, in the
development of lung cancer in smokers.
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Introduction Phase Il enzymes are involved in the metabolic

activation and detoxification of NNK and PAH [5

Among the multiple carcinogens in cigarette
smoke, tobacco-specific nitrosamines such as 4
-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) and polycyclic aromatic hydrocarbons
(PAH) are widely regarded as important causes
of lung cancer, which kills an average of 3000
people per day in the world [1-3]. NNK and PAH
require metabolic activation to exert their car-
cinogenic effects through the formation of DNA
adducts which can cause mutations in critical
growth control genes, leading ultimately to ge-
nomic instability and lung cancer [4]. There are
competing detoxification reactions which lead to
harmless excretion of NNK and PAH metabo-
lites. Multiple cytochrome P450 enzymes and

-7]. Single nucleotide polymorphisms (SNPs) in
these enzymes could affect the balance of
metabolic activation and detoxification in a
given smoker, thus altering lung cancer risk
upon exposure to NNK and PAH in cigarette
smoke.

Previously, we reported the first investigation of
the relationship between lung cancer and bio-
markers of NNK and PAH exposure, using a
nested case control design embedded in the
National Cancer Institute-sponsored Prostate,
Lung, Colorectal, and Ovarian (PLCO) Cancer
Screening Trial [8]. We found that serum levels
of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol
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and its glucuronides (total NNAL), an estab-
lished biomarker of NNK exposure [4], were
significantly related to lung cancer risk in smok-
ers. In the same study, we also examined the
relationship to lung cancer risk of r-1,t-2,3,c-4-
tetrahydroxy-1,2,3,4-tetrahydrophenanthrene
(PheT), a metabolite of the PAH phenanthrene
[9,10], but found no significant effect.

In the study reported here, we have examined
the joint effects of SNPs in several enzymes
involved in carcinogen metabolism and the bio-
markers total NNAL and PheT as risk factors for
lung cancer in the PLCO study. We report an
unexpectedly strong effect of a CYP1B1 poly-
morphism interacting with total NNAL to affect
lung cancer risk.

Materials and methods
Parent study

The PLCO is an NCI-funded multi-center, ran-
domized, prospective trial of screening for can-
cers of the prostate, lung, colorectum and ova-
ries that began in 1993 and is projected to end
in 2011 [11]. The screening in the trial includes
77,468 men and women, of whom approxi-
mately 25,000 are current or former smokers.
In addition to annually screening participants
and carefully abstracting cancers from medical
records, the PLCO has prospectively collected
extensive information from study participants,
including smoking history, family history of can-
cer, and demographic information collected at
randomization; and it maintains a bio-repository
of blood samples drawn over six annual screen-
ing visits starting in 1993. The PLCO trial made
available its prospectively collected blood sam-
ples from the first screening visit and its exten-
sive baseline and clinical data, thus providing
for the direct calculation of lung cancer risks in
the groups with different baseline levels of bio-
markers. For this study, we selected those who
were current smokers at the time of the blood
draw. In addition, in the PLCO screening cohort
nearly all cases of lung cancer had been
screened at least once and so the variability in
diagnostic lead times and the potential con-
founding that variability can produce in un-
screened or partially screened cohorts was sub-
stantially reduced. At the time our study was
initiated, over 800 lung cancer cases had been
diagnosed in the screening arm of the PLCO. We
randomly selected cases and controls from sub-
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jects who reported currently smoking at least 10
cigarettes per day on the baseline questionnaire
filled out at the time of randomization.

The PLCO was approved by the institutional re-
view boards of each participating institution,
and all subjects signed consents permitting the
research represented here.

Case-control study

We used a nested case-control approach
wherein the source cohort consisted of PLCO
participants who at randomization filled out a
baseline questionnaire indicating they were free
of cancer and currently smoking at least 10
cigarettes per day, and who contributed ade-
quate blood samples to the biorepository. Cases
were those smokers subsequently diagnosed
with lung cancer and controls were those smok-
ers with no diagnosis of lung cancer before the
cut-off date (August 17, 2007). From this co-
hort, we randomly selected 100 incident lung
cancer cases and 100 controls and obtained
their demographic and other baseline data from
the PLCO database, as well as serum samples
adequate to measure total cotinine, total NNAL,
and PheT. The intent was to determine whether
or not biomarker levels in lung cancer subjects
differ from those in non-lung cancer subjects.
We hypothesized that higher levels of tobacco
carcinogens and their specific metabolites
among long-term current smokers predispose
them to higher risks of developing lung cancer.
We did not match on any characteristics, choos-
ing to control for age, sex, family history, and
smoking exposure by post-adjustment; this
avoided over-matching and allowed us to exam-
ine the risks associated with these factors in
comparison to those for the biomarkers [12].
Since all subjects were current smokers at
baseline, no adjustment for time since quitting
was necessary.

Choice of SNPs

The original protocol called for four non-
synonymous SNPs on three genes (CYP1B1,
GSTP1, and EPHX1) to be analyzed (Table 1,
asterisked SNPs). These SNPs were selected
because they a) could be related to the metabo-
lism of tobacco smoke carcinogens [10], b) had
allele frequencies >45% reported in the litera-
ture, which afforded at least 80% power to
detect an odds ratio (OR) of 1.5, and ¢) were on
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Table 1. A list of analyzed single nucleotide polymorphisms with detailed descriptions.

SNP ID gﬁ:ll;lP :';Jn(ig gene Function ﬁggg:dd Position
rs10568362 C/G CYP1B1 coding-nonsyn Leud432Val g2.10122C>G
rs10517402 C/T EPHX1 coding-nonsyn Tyr113His 2.26837T>C
rs9478942 A/G GSTP1 coding-nonsyn lle105Val g2.6624A>G
rs1799811a C/T GSTP1 coding-nonsyn Alal14Val g.7514C>T
rs10012 C/G CYP1B1 coding-nonsyn Arg48Gly 2.5935C>G
rs1056827 G/T CYP1B1 coding-nonsyn Ala119Ser 2.6148G>T
rs1800440 A/G CYP1B1 coding-nonsyn Asn453Ser 2.10186A>G
rs2234922 A/G EPHX1 coding-nonsyn His139Arg 2.33610A>G
rs7441774 C/T NA intergenic NA 2.33523236C>T
rs1105879 G/T UGT1A6 coding-nonsyn Arg184Ser 2.108813A>C
rs6759892 G/T UGT1A6 coding-nonsyn Ser7Ala g.108280T>G

aFour SNPs identified in the original protocol.

a custom BOAC SNP chip panel for the Affy-
metrix/Gene Chip Targeted Genotyping Platform
developed at the University of Minnesota by two
of the authors [13]. After the study was ap-
proved by the PLCO, these four SNPs were aug-
mented with seven additional common non-
synonymous SNPs (Table 1, non-asterisked
SNPs) based on the literature [10] but not ap-
pearing on the BOAC chip; four of those SNPs
are on CYP1B1 and EPHX1, and two are on an-
other gene considered potentially important in
carcinogen metabolism (UGT1A6); the seventh
is an intergenic SNP. We also genotyped coding-
nonsynonymous SNPs in three other genes in-
volved in tobacco smoke carcinogen metabo-
lism (CYP1A1, CYP2A13, CYP2A6); however,
genotyping of those SNPs resulted in all homo-
zygous major calls, and therefore were not in-
cluded in the study.

Tissue samples from the PLCO biorepository

For the first screening visit in the PLCO study,
participants were asked to provide blood sam-
ples adequate for 10 ml of serum, 4 ml of
plasma, 2 ml of red blood cells, and 2 ml of
“buffy coat” (lymphocytes). These samples were
stored at the central biorepository facility in Fre-
derick, Maryland.
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Serum biomarkers

The methods for assaying total NNAL and PheT
in blood samples have been previously pub-
lished [14]. Total cotinine (free cotinine plus
cotinine N-glucuronide) concentration in serum
was quantified by gas chromatography-mass
spectrometry. The method was similar to that
used previously to analyze urinary cotinine [15].

DNA extraction

For some of the subjects, DNA was already iso-
lated and provided by the PLCO. For the remain-
der, lymphocytes were requested and DNA ex-
tracted using Qiagen FlexiGene DNA kit (250)
from buffy coat preparations provided by the
PLCO.

Genetic analysis

A directed, custom SNP chip design was devel-
oped at the University of Minnesota, and con-
tains functionally relevant polymorphisms play-
ing a role in normal and abnormal cellular func-
tions, inflammation and immunity, and drug
responses. The design, quality controls, and
platform have been described [13]. While the
full SNP panel consists of 3,404 SNPs in
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~1,000 genes, in this study we focused initially
only on 4 SNPs related to carcinogen metabo-
lism. Further analysis of the total SNP pool will
be reported elsewhere. Genotyping was per-
formed using the Affymetrix® Gene-Chip® Scan-
ner 3000 Targeted Genotyping System (GCS
3000 TG System), which utilizes molecular in-
version probes [16] to simultaneously identify
many SNPs.

In order to add coverage of relevant metabolic
genes and SNPs, we selected an additional 7
SNPs from genes involved in NNK and phenan-
threne metabolism (SNPs with frequencies in
the controls too low to allow analysis are ex-
cluded). The genotyping was performed at the
Genotyping Facility, part of the BioMedical Ge-
nomics Center, at the University of Minnesota,
using the Sequenom platform. Among all as-
says, 14% of the samples were repeated, with
an average repeatability of 99.8%t concordance
in SNP calls.

HPLC of H3-NNK incubated lymphoblastoid cell
lines

Lymphoblastoid cell lines obtained from the
Coriell Cell Repositories were established by
Epstein-Barr Virus transformation of peripheral
blood mononuclear cells using phytohemaglut-
tinin as a mitogen. Six cell lines were selected
based on their genotypes of CYP1B1N453S in
order to investigate the variation’s impact on
the metabolism of NNK and NNAL, if any. Two
cell lines of each genotype (for a total of six cell
lines) were analyzed. Due to the missing infor-
mation on the kinetics and the involvement of
CYP1B1 in NNK/NNAL metabolism, two differ-
ent NNK concentrations (low=0.092 uM and
high=100.1 uM) and two different incubation
times (2 hrs and 6 hrs) were selected. Cells
were incubated in a sodium bicarbonate assay
buffer (pH 7.4). The NNK metabolic activity was
determined by radioflow HPLC. The HPLC col-
umn used was a Phenomenex Gemini C18 col-
umn (5 um, 250 x 4.60 mm) eluted with a gradi-
ent from 100% A [20 mM sodium phosphate
(pH 7) containing 1mM sodium EDTA] to 70% A
over 30 min, and then to 50% A in 10 min; B
was 100% acetonitrile. The eluant flow rate was
0.5 ml/min, scintillant [Monoflow, National Sci-
entific, Rockwood, TN]. The [5-3H] NNK was
purchased from Moravek, Brea, CA (specific
activity of 21.7 Ci/mmol). The standard metabo-
lites were detected by UV absorbance at 254
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nm. Cell metabolism was stopped with 300 yL
of 100% acetonitrile, and samples were recon-
stituted with deionized water before injection
onto the HPLC column.

Statistical methods

The sample size of 100 cases and 100 controls
was determined for the original case-control
study of biomarkers in order to provide 80%
power to detect an OR of 1.5 for a 1 standard-
deviation difference in serum biomarker level,
with a 2-sided 5% type | error rate. This sample
size yields the same power and type | error rate
for an OR of 1.5 associated with a SNP that oc-
curs in at least 45% of the population; for lower
population frequencies, the power is smaller
than 80%.

Standard descriptive statistics, such as means,
standard deviations, maxima, minima, frequen-
cies, and cumulative frequencies, were com-
puted on all continuous and discrete variables.
In addition, ORs and t-tests and the associated
p-values were computed to compare the distri-
butions between cases and controls. The logis-
tic regression from the original analysis, which
used a hypothesized causal diagram to select
potential confounders to adjust the biomarker
effects [17] and also to adjust for associated
covariates to improve power, was modified for
this study to include each SNP and its interac-
tion with each biomarker. The covariates in the
original regression included the categorical vari-
ables sex and family history of lung cancer, and
the continuous variables of age at randomiza-
tion, cotinine, total NNAL, PheT, and years of
cigarette smoking. Untransformed biomarker
measurements were used in the regression, as
the distributions were reasonably symmetric.
We augmented this regression by including
each SNP and its interaction with total NNAL.
Separate regressions with each SNP and its
interaction with PheT were performed, but none
are presented here as none of them were statis-
tically significant. Odds ratios with 95% Wald
confidence limits were estimated and intervals
excluding 1 were considered statistically signifi-
cant. Joint significance of both main effect and
interaction parameters were tested using the
likelihood ratio test. Graphic displays of SNP/
NNAL interaction effects were generated both
from smoothed averages of case/control status
indicators across values of log total NNAL by
genotype subgroups as well as from the esti-
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Table 2. Comparing the age, sex, race/ethnicity, education, marital status, occupational status,
family history of lung cancer, cigarettes per day and SNP calls of cases and controls.

VARIABLES ﬁi”itg%'s ﬁisfgo P ORa (95% Cl)>
Age at Randomization 0.0039
<59 years 51 (51%) 28 (28%) reference
60-64 years 26 (26%) 27 (27%) 1.891(0.931,3.843)
65-69 years 18 (18%) 36 (36%) 3.642 (1.756,7.557)
>70years 5 (5%) 9 (9%) 3.278 (1.001,10.738)
Sex 0.2913
Women 36 (36%) 29 (29%) reference
Men 64 (64%) 71 (71%) 1.377 (0.760,2.495)
Race/Ethnicity 0.0958
White, non-Hispanic 93 (93%) 84 (84%) reference
Black, non-Hispanic 4 (4%) 13 (13%) 3.598 (1.129,11.465)
Other 3(3%) 3(3%) 1.107 (0.218,5.635)
Education 0.5518
Less than 12 years 10 (10%) 15 (15%) 1.345 (0.515,3.510)
12 yrs or completed high school 26 (26%) 29 (29%) reference
Post-high-school training other 16 (16%) 10 (10%) 0.560 (0.216,1.450)
than college
Some college 20 (20%) 24 (24%) 1.076 (0.486,2.383)
College graduate 19 (19%) 13 (13%) 0.613 (0.254,1.482)
Post-graduate training 9 (9%) 9 (9%) 0.897 (0.309,2.600)
Marital Status 0.8507
Married or living as married 75 (75%) 69 (69%) reference
Widowed 10 (10%) 10 (10%) 1.087 (0.427,2.770)
Divorced 11 (11%) 16 (16%) 1.581 (0.686,3.642)
Separated 2 (2%) 2 (2%) 1.087 (0.149,7.928)
Never married 2 (2%) 3 (3%) 1.630 (0.264,10.051)
Occupation 0.7811
Homemaker 6 (6%) 5 (5%) reference
Working 44 (44%) 36 (36%) 0.982 (0.277,3.482)
Unemployed 3 (3%) 2 (2%) 0.800 (0.093,6.848)
Retired 39 (39%) 49 (49%) 1.508 (0.428,5.311)
Disabled 4 (4%) 5 (5%) 1.500 (0.255,8.817)
Other/not answered 4 (4%) 3(3%) 0.900 (0.133,6.080)
Family History of Lung Cancer 0.1456
No 94 (94%) 88 (88%) reference
Yes 6 (6%) 12 (12%) 2.136 (0.769,5.937)
Cigarettes per Day 0.0576
11-20 48 (48%) 49 (49%) reference
21-30 37 (37%) 23 (23%) 0.609 (0.316,1.173)
31-40 13 (13%) 21 (21%) 1.582 (0.712,3.515)
41 + 2 (2%) 7 (7%) 3.429 (0.678,17.344)

(Table 2 to be continued next page)

299 Int J Mol Epidemiol Genet 2010:1(4):295-309



(Table 2. continued)

CYP1B1, smoking and lung cancer risk

VARIABLES Ccintrols Celses ORe (95% Cl)p
N=100 N=100
RS1056836 0.3600
CcC 36 (36%) 26 (26%) reference
CG 42 (42%) 43 (43%) 1.418 (0.733,2.742)
GG 21 (21%) 30 (30%) 1.978 (0.933,4.196)
No sample 1 (1%) 1 (1%) 1.385 (0.083,23.168)
RS1051740 0.7286
T 45 (45%) 53 (53%) reference
CT 45 (45%) 38 (38 %) 0.717 (0.399,1.289)
cC 9 (9%) 8 (8%) 0.755(0.269,2.118)
No sample 1 (1%) 1 (1%) 0.849(0.052,13.964)
RS947894 0.5424
AA 30 (30%) 36 (36 %) reference
AG 45 (45%) 33 (33%) 0.611 (0.316,1.183)
GG 9 (9%) 12 (12 %) 1.111 (0.413,2.993)
No call 15 (15%) 18 (18%) 1.000 (0.432,2.315)
No sample 1 (1%) 1 (1%) 0.833 (0.050,13.895)
RS1799811 0.9774
CC 87 (87%) 86 (86%) reference
CT 12 (12%) 13 (13%) 1.096 (0.474,2.537)
No sample 1 (1%) 1 (1%) 1.012 (0.062,16.434)
RS10012 0.2343
CC 51 (51%) 52 (52%) reference
CG 32 (32%) 37 (37%) 1.134 (0.616,2.089)
GG 15 (15%) 6 (6%) 0.392(0.141,1.091)
No call 1 (1%) 2 (2%) 1.962(0.173,22.311)
No sample 1 (1%) 3 (3%) 2.942 (0.296,29.227)
RS1056827 0.0826
GG 49 (49%) 51 (51%) reference
GT 35 (35%) 39 (39%) 1.071 (0.587,1.954)
1T 15 (15%) 5 (5%) 0.320(0.108,0.948)
No call 0 (0%) 2 (2%)
No sample 1 (1%) 3 (3%) 2.882 (0.290,28.660)
RS1800440 0.4877
AA 65 (65%) 70 (70%) reference
GA 26 (26%) 23 (23%) 0.821 (0.427,1.581)
GG 5 (5%) 1 (1%) 0.186 (0.021,1.632)
No call 2 (2%) 3 (3%) 1.393 (0.226,8.603)
No sample 2 (1%) 3 (3%) 1.393(0.226,8.603)
RS2234922 0.1036
AA 62 (62%) 47 (47%) reference
GA 32 (32%) 45 (45%) 1.855 (1.027,3.349)
GG 5 (5%) 4 (4%) 1.055 (0.269,4.146)
No sample 1 (1%) 4 (4%) 5.277 (0.571,48.771)

(Table 2 to be continued next page)
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Controls

Cases

VARIABLES N=100 N=100 P ORa (95% Cl)>

RS7441774 0.4530

GG 25 (25%) 32 (32%) reference

AG 46 (46%) 48 (48%) 0.815 (0.421, 1.579)

AA 28 (28%) 19 (19%) 0.530 (0.242, 1.160)

No call 0 (0%) 0 (0%)

No sample 1 (1%) 1 (1%) 0.781(0.047,13.117)
RS6759892 0.6673

T 34 (34%) 31 (31%) reference

GT 49 (49%) 45 (45%) 1.007 (0.535, 1.897)

GG 16 (16%) 23 (23%) 1.577 (0.707, 3.518)

No call 0 (0%) 0 (0%)

No sample 1 (0%) 1(1%) 1.097 (0.066,18.294)
RS1105879 0.9689

T 36 (36%) 39 (39%) reference

GT 38 (38%) 34 (34%) 0.826 (0.432, 1.578)

GG 14 (14%) 13 (13%) 0.857 (0.355, 2.067)

No call 11(11%) 13 (13%) 1.091 (0.434, 2.743)

No sample 1 (1%) 1 (1%) 0.923 (0.056,15.311)

a0OR = odds ratio

5(95% Cl) = 95% confidence interval, given as (lower limit, upper limit)

mated coefficients in the regression. Further
exploratory regressions were done using the
same dataset on histological subtypes of the
lung cancers. All computations were done in
SAS v. 9.1 (SAS Institute, Inc., Cary, NC, USA) for
Windows XP OS (Microsoft, Inc., Redmond, WA,
USA).

Results

Table 2 gives the frequency of responses by
case/control status and the associated ORs and
p-values for each categorical variable, including
age, sex, race/ethnicity, education, marital
status, occupation, family history of lung cancer,
the usual number of cigarettes smoked per day
and the frequency of the genotypes for each of
the eleven SNPs; Table 3 gives the mean and
standard deviation by case/control status for
continuous variables, including duration of
smoking and measured serum levels of total
cotinine and total NNAL and PheT, and the asso-
ciated p-value for the difference between cases

301

and controls. Only age (p = 0.0039), years of
smoking (p < 0.0001), and serum level of total
NNAL (p = 0.0084) were statistically signifi-
cantly associated with lung cancer risk. Total
cotinine and PheT differed in the direction ex-
pected between cases and controls, although
not to a statistically significant degree (Table 3).
None of the selected SNPs showed significant
association with case/control status.

When adjusted for PheT, total cotinine and po-
tential confounders, the interaction of
CYP1N543S and total NNAL in determining lung
cancer risk was statistically significant in the
logistic regression (OR = 1.020, 95% confidence
interval = 1.002, 1.038) (Table 4a); thus the
SNP modifies the previously observed effect of
NNAL on risk of lung cancer. At lower levels of
NNAL the SNP appeared to be protective. The
protective effect diminishes as the total NNAL
level approaches the mean and the effect dis-
appears altogether by the time the total NNAL
level reaches its upper range. The test of the
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Table 3. Comparing cases and controls on serum levels of cotinine, NNAL, PheT, and years of smoking.

Controls Cases
VARIABLES N=100 N=100
Mean + SD2 Mean + SD
Years of Cigarette Smoking 416+7.2 45.4+6.5
Cotinine (ng/ml) 217 + 111 227 + 93
Total NNALe (fmol/ml) 77.4 +39.3 92.4 +40.7
PheTd (fmol/ml) 76.3 +66.8 92,5+ 107.6

Difference
(controls-cases) P
Mean + SEP
-3.9+1.0 0.0001
-10+ 15 0.4681
-15.0+5.7 0.0084

-16.1 + 12.7 0.2039

aSD = standard deviation; PSE = standard error; cNNAL = 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; total |

cludes its glucuronides; 9PheT = r-1,t-2,3,c-4-tetrahydroxy-1,2,3,4-tetrahydrophenanthrene
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marginally significant ( = 5888, p =

0.0527).

In prior analyses without the SNP data [8], we
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Figure 1. A) Relation of log total serum
NNAL concentration and case-control
status by CYP1B1 genotype. The dots plot
the individual cases and controls by log
(total NNAL) value and each line is the
kernel-smoothed relation between the
logarithm of the total serum NNAL value
on the horizontal axis and the case-control
variable, assigning case = 1 and control =
0; the red dots and lines are for the
CYP1B1N453S homozygous major geno-
type and the black dots and lines are for
the complementary group (those with a
least one minor allele). For the subjects
with at least one CYP1N453S minor allele
(black dots) the fraction of cases com-
pared to controls increases noticeably at
high NNAL levels compared to lower levels
and yields an upward sloping line; for
those without this SNP (red dots), the frac-
tion of cases compared to controls is
about the same regardless of NNAL level.
The fraction of cases is approximately
equal at high levels of NNAL. Thus within
the study population, this SNP determines
how fast the risk for lung cancer increases
with each standard deviation increase in
NNAL. B) Relation of log total serum NNAL
concentration and estimated risk of lung
cancer by CYP1B1 genotype. Each line
represents the relation between the total
serum NNAL value on the horizontal axis
and the estimated risk of lung cancer; the
red line is for subjects with the
CYP1B1N453S homozygous major geno-
type and the black line is for the comple-
mentary group. For the non-homozygous-
major subjects (blue line), the risk of lung
cancer increases rapidly as NNAL levels
increase; for homozygous-major subjects
(red line), risk is about the same regard-
less of NNAL level. The implications are
similar to those in A).
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Table 4. Results of multiple logistic regression of lung cancer risk on sex, age at randomization, family
history of lung cancer, years of cigarette smoking, cotinine, PheTa, total NNALP, CYP1B1N453S and its

interaction with total NNALP,
A. ALL LUNG CANCERS

95% Confidence Limits

VARIABLES ORe Lower Upper P
Sex (men vs. women) 1.384 0.675 2.837 0.3749
Age at randomization 1.086 1.005 1.174 0.0371
Family history of lung cancer 2.215 0.736 6.669 0.1574
Years of cigarette smoking 1.048 0.987 1.112 0.1263
Cotinine 0.998 0.995 1.002 0.3239
PheTa 1.002 0.998 1.006 0.2540
Total NNALP 1.005 0.994 1.016 0.3784
CYP1B1N453S (not AA vs. AA) 0.693 0.345 1.394 0.3037
NNALP x CYP1B1N453S interaction 1.020 1.002 1.038 0.0299
B. ADENOCARCINOMA
95% Confidence Limits
VARIABLES P
ORe Lower Upper

Sex (men vs. women) 1.037 0.450 2.393 0.9318

Age at randomization 1.093 1.001 1.194 0.0471

Family history of lung cancer 2.962 0.896 9.789 0.0750

Years of cigarette smoking 1.051 0.982 1.125 0.1503

Cotinine 0.997 0.993 1.001 0.1552

PheTa 1.002 0.997 1.008 0.3608

Total NNALP 1.006 0.994 1.018 0.3368

CYP1B1N453S 0.415 0.157 1.098 0.0765

NNALP x CYP1B1N453S interaction 1.031 1.006 1.056 0.0144

aPheT = r-1,t-2,3,c-4-tetrahydroxy-1,2,3,4-tetrahydrophenanthrene
5NNAL = 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; total includes its glucuronides.

¢OR = odds ratio

estimated that each standard deviation (40
fmol/ml) increase in total NNAL is associated
with an approximate 57% increase in lung can-
cer risk (95% Cl: 8%, 128%). The regression that
includes the CYP1B1N453S interaction indi-
cates that subjects with at least one minor vari-
ant allele exhibit a different effect of NNAL on
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risk from that among those with both major al-
leles. For those with the minor allele, each stan-
dard deviation increase in NNAL increases lung
cancer risk by 170%, more than three times the
originally estimated effect. For those without a
minor allele, the estimated increase in risk as-
sociated with a standard deviation increase in
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Table 5. Total serum NNAL values (fmol/ml) for cases and controls by CYP1B1N453S genotype

A) All lung cancers

rs1800440 Lower 95% Upper 95%
genotype Status N Mean Std Error CL for Mean CL for Mean
homozygous Case 70 83.7 4.1 75.7 91.8
major Control 65 81.2 5.0 71.2 91.2
not homozy- Case 30 112.8 8.8 94.9 130.8
gous major Control 35 70.3 6.2 57.7 82.9
B) Adenocarcinoma only
rs1800440 Lower 95% Upper 95%
genotype Status N Mean Std Error CL for Mean CL for Mean
homozygous Case 43 84.0 5.0 73.9 94.0
major Control 65 81.2 5.0 71.2 91.2
not homozy- Case 16 122.7 9.9 101.6 143.9
gous major Control 35 70.3 6.2 57.7 82.9
NNAL is 22%, about an eighth the increase in
the minor allele group. Because the frequency To further investigate the effect of the

of the minor allele is about 1/3, the overall rate
of increase averages to the 57% shown in the
previous paper [8].

Figure 1 presents two ways, one non-parametric
and one parametric, of visualizing the interac-
tion effect of total NNAL and genotype on the
risk of lung cancer. The graph in Figure 1A esti-
mates the trend for the unadjusted relationship
between log total NNAL concentration and
case/control status for subjects with at least
one minor allele at CYP1B1N453S (black points
and line) and for those without (red points and
line). These trends are estimated non-
parametrically by a weighted moving average
between the cases, plotted on the vertical axis
aty = 1, and the controls, plotted at y = 0. This
graph is consistent with the logistic regression
results and clearly shows a lower risk at the
lower levels of NNAL and approximately the
same risk at average and higher levels. Notably,
CYPAN453S minor allele shows a cluster of
cases at high NNAL levels (black dots). Figure
1B plots the risk of cancer, as estimated by the
logistic regression, against the log total NNAL
concentration among subjects with at least one
minor allele at CYP1B1N453S (black points and
line) and for those without (red points and line).
As can be seen these graphs agree qualitatively,
indicating that the findings are unlikely to be the
result of model misspecification.
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CYP1B1N453S, the cancers were grouped into
adenocarcinomas (N = 59) and non-
adenocarcinomas (N = 41) and analyzed sepa-
rately. For the adenocarcinoma group, the main
effect of CYP1B1N453S and its interaction ef-
fect with total NNAL (Table 4b) were jointly sta-
2

tistically significant ( L2 9.068, p = 0.0107)
and both effects of higher magnitude than the
effects including all lung cancers (OR = 0.415,
95% confidence interval = 0.157, 1.098; and
OR = 1.031, 95% confidence interval = 1.006,
1.056, respectively). For non-adenocarcinomas,
the main and interaction effects were not statis-
tically significant.

In the logistic regressions for the other 10 SNP
(not shown) neither the main nor the interaction
effects were significant.

In order to understand the relation of the
CYP1B1N453S SNP and total NNAL levels
themselves, we calculated means, standard
deviations, and ranges for total NNAL levels by
case/control and CYP1B1N453S status (Table
5). Note that for homozygous major alleles, the
total serum NNAL level for cases is only 2.5
fmol/ml higher than for controls, but those
cases carrying at least one allele had a total
serum NNAL level 42.5 fmol higher than the
controls. This result is highly statistically signifi-
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cant, and consistent with the findings of the
logistic regression. This reflects the greater im-
pact of NNAL on lung cancer risk among those
with the minor allele. Notably, when this analy-
sis is narrowed to the adencarcinoma cases,
the impact of carrying a minor allele becomes
even stronger, and the total serum NNAL level is
52.4 fmol/ml higher for cases than for controls.

CYP1B1 has never been shown to have an enzy-
matic activity in the metabolism of NNAL and
until now its involvement in this pathway had
never been tested. Coriell lymphoblastoid cell
lines have CYP1B1 activity (http://
hapmap.ncbi.nim.nih.gov/) and the naturally
occurring variants of CYP1B1N453S in selected
cell lines provided a testable in vitro model for
potential differences in NNK metabolism. Six
Coriell lines, two of each of the three different
genotypes in CYP1B1N453S, were tested for
differences in the metabolism of NNK. While
metabolism of NNK to NNAL was observed in all
six lines, no significant differences were de-
tected in the conversion, and no other metabo-
lites were observed (information available on
request from the corresponding authors). This
suggests the interaction of CYP1B1N453S vari-
ants with levels of NNAL is not through a direct
involvement of this CYP activity on NNK/NNAL
metabolism.

Discussion

Most lung cancers derive from cigarette tobacco
smoke, which accounts for as much as 90% of
all lung cancer cases in the US [18,19]. NNK is
a powerful lung carcinogen associated with to-
bacco smoke, and total serum NNAL is a bio-
marker of its exposure that has been shown to
be significantly associated with lung cancer risk
[8]. In the present study, we found that the
CYP1B1N453S has an interaction effect on the
relation between total NNAL and lung cancer
risk in addition to a main effect on risk. It is no-
table that the SNP would not have been identi-
fied had we looked first for a main effect alone.
The main effect is statistically significant only in
the presence of the interaction term. Further
strengthening the result is the fact that the ef-
fect increases when the analysis is limited to
adenocarcinomas, the histological subtype of
lung cancer caused by NNK in laboratory ani-
mals, and the most common type of lung cancer
in the U.S. This would not likely have been ob-
served if the initial observation was a chance
occurrence.
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The involvement of CYP1B1 has not been previ-
ously implicated in NNK or NNAL metabolism.
We considered the possibility that CYP1B1 has
a direct involvement in the metabolism of NNK,
but found no evidence for this. However,
CYP1B1 could have an influence on the NNAL
pathway by affecting transcription of CYP1A1,
whose role in the metabolic activation of total
NNAL has been previously described, even
though its catalytic efficiency is not very great
[5,20].

Transcription of both P450 family members
CYP1A1 and CYP1B1 is induced upon activation
of the aryl hydrocarbon receptor (AhR) pathway
[21]. AhR is a cytosolic transcription factor that
is normally inactive and bound to several co-
chaperones. Following exposure to endogenous
and exogenous chemicals, AhR acts as a ligand-
activated receptor and transcription factor, acti-
vating the transcription of xenobiotic-
metabolizing enzymes such as CYP1A1l and
CYP1B1 as well as other genes [22-24]. There
could be a signaling loop mechanism in which
CYP1B1 can also act as a ligand and mediate
the AhR signaling pathway, either in an activat-
ing or a suppressing fashion.

If the SNP implicated in this study,
CYP1B1N453S, has a functional significance on
the protein levels of CYP1B1 such that it down-
regulates or abrogates them, then this would be
expected to enhance AhR activation. Signifi-
cantly, one study did show that inhibition of
CYP1B1 is linked to enhanced AhR activation
[25]. Consequently, enhanced AhR activation
leads to an enhanced transcription of CYP1A1.
In fact, a recent study showed that
CYP1B1N453S has a functional impact on the
protein such that the protein displays lower in-
tracellular levels and is degraded more rapidly
than all other CYP1B1 variants tested in the
study [26]. It is not clear what structural altera-
tions are responsible for the increased rate of
CYP1B1 degradation caused by the codon
change Asn453SSer. This residue is located in
the large meander region between the K- and L-
helix and probably highly accessible to prote-
ases. This so-called meander region is situated
in the COOH terminal half of CYP1B1, important
in the heme-binding and proper folding of the
molecule. Moreover, it is interesting to note that
the regions in which the putative non-
synonymous SNPs reside in CYP1B1 are not
highly conserved in mammals with the excep-
tion of the SNP at codon 453 [27]. Two different
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exogenous and endogenous
ligands (i.e.halogeneted
aromatic hydrocarbons,
nonhalogenated polycyclic
aromatic hydrocarbons)

endogenous
ligands

;\&

DRES CYP1A1

DREs ! CYP1B1 and other genes

CYP1B1 (N453S) | = CYP1A1T

Figure 2. Potential molecular mechanism of CYP1B1N453S impact on lung cancer susceptibility. AhR, a ligand-
dependent transcription factor, becomes activated upon ligation, to endogenous ligands, inducing chemical binding.
The AhR receptor is a part of a multifactor complex consisting of two hsp90 chaperones, XAP2 [35] and p23 [36]
(diagramed in white, turquoise and light blue respectively) and it undergoes a conformation change upon activation,
resulting in translocation of the complex into the nucleus [37,38]. Release of the ligand-bound AhR from the complex
and its subsequent dimerization with ARNT converts the AhR into its high affinity DNA binding form [39,40] that binds
to its specific DNA recognition site upstream of CYP1A1, CYP1B1, and other genes, stimulating transcription of those
genes [21,24,41,42]. CYP1B1N453S results in downregulation of the cellular protein levels [26], consequently induc-
ing increased AhR receptor production [25] and stimulating CYP1A1 transcription and translation. CYP1A1 enzymati-

cally mediates o-hydroxylation and activates metabolism of NNK and NNAL [6].

groups reported a 2-fold reduction in the cellu-
lar level of the protein containing this polymor-
phism, and a significantly reduced enzyme half-
life [27,28]. It is therefore well established that
this variation has a functional consequence on
the protein cellular levels, its folding and stabil-
ity. Due to CYP1B1's involvement in the me-
tabolism of carcinogens, and the SNPs resi-
dence in a conserved region of the gene, it is
not surprising that this SNP is emerging as an
important player in carcinogenesis. Therefore,
CYP1B1N453S connection to CYP1A1l and its
consequent indirect involvement in the NNK/
NNAL metabolism is a possible explanation for
our findings (Figure 2). AhR mediated induction
of CYP1 enzymes can lead to many cancer-
related processes including genotoxicity, muta-
tion and tumor initiation [29].

This indirect impact of CYP1B1 on NNK metabo-

306

lism through CYP1A1 could involve other path-
ways that we are not aware of due to the com-
plexity of tobacco smoke carcinogenesis. A rela-
tionship between CYP1 inducibility and cancer
has been previously shown [30]. A group of re-
searchers demonstrated an association be-
tween CYP1 inducibility and bronchogenic carci-
noma [31]. Furthermore, in the context of hepa-
toma cells or in vitro studies, CYP1A1 is a pri-
mary determinant of the metabolism of benzo
[alpyrene, a PAH likely involved in tobacco-
induced lung cancer [32]. Thus, CYP1Al's link
to lung cancer has been proposed in many pre-
vious studies, although the possible relationship
of our observations to CYP1A1l inducibility re-
mains speculative.

As presented in this paper, we found an even

stronger effect of CYP1BIN453S in a smaller
adenocarcinoma group. A study by Chang et al.
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[33] found expression of AhR and CYP1B1 to be
associated regardless of smoking status and
AhR overexpression to up-regulate the expres-
sion of CYP1BL1 in the early stage of lung adeno-
carcinoma. This finding may strengthen the re-
sults of our study.

Therefore, the effect of the CYP1B1N453S we
observed might be predicted—lower levels of
CYB1B1 protein results in increased activation
of AhR, which in turn increases CYP1A1 activity
(Figure 2). Based on our analysis of HapMap
variants we do not believe CYP1B1 to be directly
involved in the metabolism of NNAL, although
further functional studies on CYP1B1’s involve-
ment in NNAL and NNK metabolism are
needed.

Phenanthrene and other PAHs are substrates
for CYP1B1 and CYP1A1[32,34]. We did not
observe an association between PheT levels
and lung cancer, nor was there any interaction
with CYP1B1 polymorphisms. This somewhat
unexpected result may be due to the relatively
small size of our study, and to the fact that phe-
nanthrene, in contrast to NNK, is not tobacco-
specific. Thus, substantial amounts of serum
PheT are due to phenanthrene exposure from
diet or general environment.

The study is limited by its small size, which re-
quired a focus on just a few SNPs, rather than
on a broad array of polymorphisms. We chose a
subset of the eleven most likely candidates for
study, and found evidence that one of those
SNPs may segregate the population by the risk
conferred by NNAL exposure as well as by the
underlying risk itself.

The evidence of a strong interaction between
total serum NNAL and the CYP1B1N453S SNP
from this study was unexpected and, as yet, is
not fully explained. If confirmed by appropriate
additional molecular and epidemiologic studies,
this outcome constitutes an important step in
understanding how exposure to cigarette smoke
leads to inter-individual variation in risk of lung
cancer.
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