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Abstract

Background—1,3-Butadiene (BD) is an important carcinogen in tobacco smoke that undergoes
metabolic activation to DNA-reactive epoxides. These species can be detoxified via glutathione
conjugation and excreted in urine as the corresponding N-acetylcysteine conjugates. We
hypothesize that single nucleotide polymorphisms in BD-metabolizing genes may change the
balance of BD bioactivation and detoxification in White, Japanese American, and African
American smokers, potentially contributing to ethnic differences in lung cancer risk.

Methods—We measured the levels of BD metabolites, 1- and 2-(A-acetyl-L-cystein-S-yl)-1-
hydroxybut-3-ene (MHBMA) and N-acetyl-S(3,4-dihydroxybutyl)-L-cysteine (DHBMA), in
urine samples from a total of 1,072 White, Japanese American, and African American smokers
and adjusted these values for body mass index, age, batch, and total nicotine equivalents. We also
conducted a genome wide association study to identify genetic determinants of BD metabolism.

Results—We found that mean urinary MHBMA concentrations differed significantly by
ethnicity (p = 4.0 x 10725). African Americans excreted the highest levels of MHBMA followed
by Whites and Japanese Americans. MHBMA levels were affected by GS771 gene copy number
(p < 0.0001); conditional on GSTT71, no other polymorphisms showed a significant association.
Urinary DHBMA levels also differed between ethnic groups (p = 3.3 x1074), but were not affected
by GSTT1 copy number (p = 0.226).
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Conclusions—GSTT1 gene deletion has a strong effect on urinary MHBMA levels, and
therefore BD metabolism, in smokers.
Impact—Our results show that the order of MHBMA levels among ethnic groups is consistent

with their respective lung cancer risk and can be partially explained by GS771 genotype.
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Introduction

Cigarette smoking is a leading cause of lung cancer (1), with 14-28% of male smokers and
13-28% of female smokers above the age of 35 at risk for developing the disease in the
United States (1). Smoking is responsible for 87% and 70% of lung cancer deaths in men
and in women, respectively (2). However, the risk for the development of lung cancer in
smokers varies greatly between ethnic groups, with African American and Native Hawaiian
smokers having the highest risk, followed by White, Japanese American, and Latino
smokers (3). These ethnic differences remain after adjustment for reported smoking history
(3). While the exact origins of the pronounced ethnic differences in smoking-induced lung
cancer risk remain to be established, the frequencies of genetic polymorphisms in xenobiotic
metabolism genes differ significantly between racial groups, potentially affecting the extent
of carcinogen bioactivation to DNA-reactive species (4-11).

The mechanism of smoking-induced lung cancer involves irreversible binding of
metabolically activated tobacco carcinogens to DNA, forming covalent DNA adducts which
cause mutations in critical genes (12). Cigarette smoke contains 69 known carcinogens,
including 1,3-butadiene (BD) (20-75 mg and 205-360 mg per cigarette in mainstream and
side stream smoke, respectively) (13,14). BD is a multi-site carcinogen in laboratory rats and
mice (15-18). Epidemiological studies have uncovered an association between occupational
exposure to BD and the development of leukemia and lymphoma in humans, leading to its
classification as a Group 1 agent by IARC and as a known human carcinogen by the
National Toxicology Program (19-26).

BD is metabolically activated to several DNA reactive species, including 3,4-epoxybut-1-ene
(EB), 1,2,3,4-diepoxybutane (DEB), hydroxymethylvinyl ketone (HMVK), and 3,4-
epoxy-1,2-butanediol (EBD) (Scheme 1) (27-29). Epoxidation of BD to EB is catalyzed by
cytochrome P450 monooxygenases 2E1 and 2A6 (CYP2E1 and 2A6) (30). Epoxide
hydrolase (EH)-mediated hydrolysis of EB gives rise to 1-butene-3,4-diol (EB-diol), which
is subsequently converted to HMVK by alcohol dehydrogenase (ADH) (29,31).
Alternatively, EB can be further epoxidized by CYP2EL1 to 1,2,3,4-diepoxybutane (DEB)
(28), which in turn can be hydrolyzed to epoxy-1,2-butanediol (EBD) (32,33).

Analysis of urinary BD-mercapturic acids can be employed to monitor human exposure to
BD and the extent of its bioactivation to electrophilic species. EB, HMVK, EBD, and DEB
can be conjugated with glutathione (GSH) and further processed via the mercapturic acids
pathway to form 2-(AN-acetyl-L-cystein-S-yl)-1-hydroxybut-3-ene and 1-(A-acetyl-L-cystein-
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S-yl)-1-hydroxybut-3-ene) (together referred to as MHBMA, Scheme 1), A-acetyl-S(3,4-
dihydroxybutyl)-L-cysteine (DHBMA), 4-(N-acetyl-L-cystein-S-yl)-1,2,3-trihydroxybutane
(THBMA) and 1,4- bis-(N-acetyl-L-cystein-S-yl)butane-2,3-diol (bis-BDMA), respectively
(Scheme 1) (34-39). It has been proposed that glutathione S-transferases theta 1 and mu 1
(GSTT1 and GSTTML) can catalyze this reaction (40,41), however, direct biochemical
evidence for their involvement was not provided. Urinary concentrations of MHBMA and
DHBMA are elevated in smokers as compared to nonsmokers and decrease upon smoking
cessation; of the two, MHBMA is more strongly associated with smoking (35,42,43).

Significant interspecies differences in response to butadiene have been observed, with
laboratory mice being significantly more sensitive than rats towards BD-induced cancer
(16,17). Mice developed lung tumors following BD exposure to as low as 6.25 ppm, while
rats developed only minor tumors at BD exposures as high as 1000 ppm (16,17). These
differences are thought to be a result of more efficient bioactivation of BD to EB and DEB
and less efficient detoxification of BD-epoxides in mice (27,44-46). Similarly, the balance
of BD bioactivation and detoxification in a given individual is likely to be dependent upon
competing enzymatic reactions mediated by CYP2E1, CYP2A6, EH, ADH, and GST
proteins (Scheme 1). Specifically, single nucleotide polymorphisms (SNPs) in genes
encoding for butadiene metabolism genes may affect the metabolic pathways of BD in
smokers and workers occupationally exposed to BD, potentially modifying lung cancer risk
(47-50).

The main goals of the present study were to compare urinary excretion of butadiene
metabolites MHBMA and DHBMA in a large cohort of African American, White, and
Japanese American smokers and to examine the associations between urinary MHBMA and
DHBMA excretion and specific genetic variants via a large scale genome wide association
study (GWAS). By identifying variants associated with MHBMA and DHBMA excretion,
we can begin to establish the mechanisms by which differences in BD metabolism may
modify the risk of smoking-induced lung cancer.

Experimental

Materials

MHBMA, DHBMA, 2Hg-MHBMA, and 2H;-DHBMA were purchased from Toronto
Research Chemicals (Toronto, Canada). Recombinant human GSTT1 and GSTT2 were
purchased from MyBioSource (San Diego, CA). LC/MS grade formic acid was obtained
from Sigma Aldrich (St. Louis, MO), and LC/MS grade water and acetonitrile were acquired
from Fisher Scientific (Pittsburgh, PA). All other reagents were purchased from Sigma
Aldrich (St. Louis, MQ). Oasis HLB 96 well plates were procured from Waters Corporation
(Milford, MA).

Study Population

Subjects for this study were participants in the Multiethnic Cohort Study (MEC), which
consists of 215,251 men and women from five ethnic groups: Whites, African Americans,
Hawaiians, Japanese Americans, and Latinos (3). Participants, aged 45-75 years old, from
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Hawaii and California enrolled in the MEC between 1993 and 1996 by completing a detailed
questionnaire that outlined dietary habits, demographic factors, education level, occupation,
personal behavior, prior medical conditions, and family history of cancer.

This specific study employed urine samples from Japanese American, African American and
white individuals who were current smokers at time of urine collection and had no personal
history of cancer. Blood and first morning urine samples were collected from participants in
California; blood and an overnight urine sample were collected from participants in Hawaii.
All urine was kept on ice until processing; aliquots were stored at —20 °C until analysis.

Data Collection

A total of 1,072 samples were analyzed for MHBMA and DHBMA (n= 327 African
Americans, 396 Whites, and 349 Japanese Americans). MHBMA and DHBMA
concentrations were adjusted for age, sex, total nicotine equivalents (TNE), and in some
cases, for urinary creatinine. The methods of measuring creatinine and TNE (the sum of
nicotine, cotinine, 3’-hydroxycotinine and their glucuronides, and nicotine A-oxide) have
been previously described (7,51,52).

HPLC-ESI-MS/MS Analysis of MHBMA and DHBMA in Human Urine

Urinary concentrations of MHBMA and DHBMA were determined using previously
published HPLC-ESI-MS/MS methods described in Supplement S1 (9,53). Samples that
showed no MHBMA or DHBMA signal were assigned a value corresponding to the limit of
detection divided by 2 (0.1 ng/mL urine for MHBMA [9 samples] and 2.5 ng/mL urine for
DHBMA [2 samples]).

Sixteen sets of quality control samples (48 samples total) were included in the analyses.
These positive controls were used to account for inter-batch variation. When necessary, data
were adjusted for batch variations using the values for urinary MHBMA and DHBMA
concentration in these samples. Overall, the mean coefficient of variation for these replicates
was 8.87% and 8.49% for MHBMA and DHBMA, respectively.

In addition to calculating urinary MHBMA and DHBMA concentrations, a metabolic ratio
DHBMA [MHBMA / (MHBMA + DHBMA)] was calculated. For this investigation, the
metabolic ratio can be representative of a fraction of non-hydrolyzed EB and may provide an
understanding into the extent of metabolic activation and detoxification of BD in a given
individual.

Genotyping and Quality Control

DNA was extracted from blood leukocytes using a QiaAmp DNA blood extraction kit
(Qiagen, Valencia, CA). Samples were genotyped using the Illumina Human1M-Duo
BeadChip (1,199,187 SNPs) as described previously (54). The genotyping quality control
consisted of removing individual samples with >2% of genotypes not called, removing SNPs
<98% call rate and known duplicate samples, excluding samples with close relatives (as
determined by estimated IBD status), and samples with conflicting or indeterminate sex.
Imputation was performed using SHAPEIT and IMPUTE?2 to a reference panel from the
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1000 Genomes Project (LKGP; March, 2012) (55,56). We included SNPs with an IMPUTE2
info score of >0.30 and minor allele frequency (MAF) >1% in any MEC ethnic group. A
total of 11,892,802 SNPs/indels with a frequency >1% in any single ethnic population
(1,131,426 genotyped and 10,761,376 imputed) were included in the analysis.

GSTT1and GSTMI gene copy number assays were run using TagMan copy number assays
Hs00010004 cn Hs02575461 cn, respectively. All assays were run on the 7900HT FAST
Real-Time System (Life Technologies, Carlsbad, CA). SNPs were called using the TagMan
Genotyper software, and copy number calls were determined using the CopyCaller v2.0
software (Life Technologies, Carlshad, CA). Approximately 5% blind duplicate samples
were included for quality control. Genotyping of the GS7T71and GSTM1 deletion
polymorphisms was successful in1,009, and 1,068 individuals, respectively. For the purposes
of this study, the deletion or null genotype is represented as (0/0), one copy of the gene is
represented as (1/0), and two copies of the gene is represented as (1/1).

Statistical Methods

Association of each variant with geometric means of MHBMA, DHBMA or metabolic ratio
DHBMA [MHBMA / (MHBMA + DHBMA)] was evaluated using linear regression models,
with adjustment for age, sex, race, TNE, BMI, and the first 10 principal components.
Principal components were estimated using 19,059 randomly selected autosomal SNPs with
frequency = 2% in the combined multiethnic sample (57). A p-value cut-off of 5 x 1078 was
used for genome-wide significance. In regions with multiple associated variants, conditional
models were used to evaluate individual signals at p <5 x 1078, In a like manner, ethnic-
specific analyses were performed in each of the three individual populations. Percentage
variation of MHBMA, DHBMA or the metabolic ratio was assessed using R? values. To
further assess associations with variants located in the deleted region, analyses among
subjects homozygous for the GS771 non-null alleles were performed. We further examined
associations of MHBMA, DHBMA, and metabolic ratio with variants in candidate gene
regions known to be involved in butadiene metabolism and DNA repair (e.g. EPHXI,
CYP2E1, and RAD5I).

GSTT1 and GSTT2 catalyzed conjugation of EB with glutathione

3,4-epoxybut-1-ene (EB; final concentration: 2 mM) was incubated with glutathione (GSH;
final concentration: 5 mM) in the presence or in the absence of GSTT1 or 2 (0, 2.5, or 5 g)
in 0.1 M phosphate buffer, pH 7.4 (50 uL total volume). The mixtures were allowed to
incubate for 2 hours at 37 °C and quenched with 15% (w/w) trichloroacetic acid (50 pL).
Reaction mixtures were filtered using Amicon Ultra Centrifugal Filters (0.5 mL, 10K; EMD
Millipore, Billerica, Massachusetts), and the filters were subsequently washed with 100 pL
water.

HPLC-ESI*-MS/MS analyses were performed using an Agilent 1100 Series HPLC (Agilent
Technologies, Santa Clara, CA) coupled to an Agilent 1100 Series LC/MSD Trap SL
(Agilent Technologies, Santa Clara, CA). An Agilent Zorbax SB300 C18 column (150 x 0.5
mm, 5 pm) column was maintained at 25 °C and eluted with 15 mM ammonium acetate (A)
and methanol (B) with a linear gradient of (time, %B): 0-20 min, 2 to 20% B. Under these
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conditions, the epoxybutene-glutathione conjugate (EB-GSH) eluted at approximately 3.8
minutes. Extracted ion chromatograms of the conjugate, 7/2317.2, were used to determine
the fold increase in EB-GSH formation as compared to the corresponding non-ezymatic
reaction.

Results

A total of 1,072 smokers (327 African Americans, 349 Japanese Americans, and 396
Whites) were included in the analysis (Table 1). Overall, there were significant differences
in smoking habits between these groups, with Whites smoking the greatest numbers of
cigarettes per day (CPD), followed by Japanese Americans and African Americans (Table
1). Racial/ethnic differences were observed also for TNE, with, however, a different
ordering: African American smokers had the highest levels, followed by Whites and
Japanese Americans (Table 1). These trends with respect to CPD and TNE were the same
when the smokers were categorized by sex. Significant differences were also seen in the
creatinine levels between the groups, with African Americans having much higher levels
than Japanese Americans and Whites (Table 1). Because of this large variability, MHBMA
and DHBMA levels can appear artificially low for African Americans when adjusted for
creatinine (Table S1). Therefore, unadjusted values (ng/mL urine) were employed in our
final analyses.

Geometric means for urinary concentrations of MHBMA and DHBMA in African
American, Japanese American, and White smokers (ng/ml urine) are given in Table 2.
Urinary levels of MHBMA were significantly different between the three ethnic groups
overall (p = 4.0 x 1072%) in in both genders (males: p = 7.5 x 10711, females: p = 1.7 x
10715). African American smokers excreted the highest amounts of MHBMA (3.3 ng/mL
urine), followed by White (5.7 ng/mL urine) and Japanese American smokers (3.3 ng/mL
urine). Urinary levels of DHBMA also differed across ethnic groups (p = 3.3 x 1074), with
African Americans excreting the highest amounts of the metabolite, followed by White and
Japanese American smokers (362.0, 294.6, and 292.7 ng/mL urine, respectively). These
overall differences less significant in males (p = 0.07) as compared to females (p = 4.1 x
10713). However, DHBMA levels in African American males were significantly higher than
in White males (p < 0.05). Similarly, female African American smokers excreted
significantly higher amounts of DHBMA than White females (p < 0.05). The ethnic
differences for the metabolic ratio (calculated as MHBMA / (MHBMA + DHBMA)) were
statistically significant (p = 1.7 x 10714) and followed the same overall trend as MHBMA
(Table 2). Ethnic differences in the extent of metabolic activation and detoxification of BD
were observed for each sex (males: p = 2.2 x 1076, females: p = 2.8 x 1079). For both sexes,
the metabolic ratio was significantly lower in Japanese Americans as compared to Whites (p
< 0.05), while no differences were observed for other ethnic groups.

GST catalyzed glutathione conjugation is the major metabolic pathway leading to MHBMA
and DHBMA (Scheme 1). Therefore, MHBMA and DHBMA concentrations across ethnic
groups were stratified by GS771 copy number (Table 3). Of the three ethnic groups,
Japanese Americans had the highest frequency of the null genotype (48%), followed by
African Americans (23%) and Whites (19%) (Table 3). For all ethnic groups, both MHBMA
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levels and metabolic ratios were strongly associated with GSTT71 deletion copy number
genotype (p < 0.0001). Individuals with two copies of the gene (1/1) excreted the highest
amount of MHBMA (6.9 ng/mL urine), followed by those with one copy of GS771(1/0, 5.4
ng/mL urine) and those with null deletion genotype (0/0) (3.1 ng/mL urine) (Table 3).
Among individuals null for GS7T71, Japanese American smokers had significantly lower
urinary MHBMA levels than Whites (p < 0.05). No significant association between GS771
deletion and excretion of DHBMA was seen in any of the ethnic groups (Table 3).

To confirm that GSTT proteins can catalyze conjugation of EB glutathione, EB was
incubated with glutathione in the presence of increasing amounts of recombinant human
GSTT1 and GSTT2 enzymes, and the conjugation products were analyzed by HPLC-ESI-
MS/MS (Figure S-1). We found that both enzymes can catalyze this reaction, with GSTT1
exhibiting a faster rate, confirming the mechanistic involvement of these genes in MHBMA/
DHBMA formation. In addition, MHBMA values were associated with GSTMI genotype,
suggesting that another isoform of glutathione S-transferase may be involved in metabolism
of butadiene (Table 3).

Additional analyses were conducted to identify factors responsible for the variability noted
in BD metabolite excretion. We examined the associations of urinary MHBMA and
DHBMA concentrations in relation to smokers’ sex, age, BMI, batch, TNE and CPD (Table
4). We found that all together, these factors explained 44.23% of the variability in MHBMA
and 32.12% of the variability in DHBMA concentrations. For both MHMBM and DHBMA
models, significant differences in adjusted means were observed for Japanese Americans (p
< 0.0001) when compared to Whites. The same factors explained 11.05% of the variance in
the metabolic ratio and were also significant for Japanese Americans as compared to the
Whites (p < 0.0001).

After adjusting for age, gender, batch, BMI, and race, MHBMA and DHBMA showed a
strong correlation with TNE (r = 0.55 and 0.47, respectively; Table 5), while the metabolic
ratio showed a moderate association (r = 0.14, Table 5). Upon adjustment for the same
variables and TNE, CPD accounted for only 0.48%, 1.27%, and 0.09% of the variability in
MHBMA concentration, DHBMA concentration, and the metabolic ratio, respectively
(Table 5). This suggests that measured TNE is a better predictor of urinary BD metabolites
than self-reported CPD. These correlations did not differ greatly when categorized by ethnic
group or by GSTT71 copy number (Table 5).

Aside from the GS7T1 deletion (which explains 7.3% of the variability in MHBMA levels)
we also investigated the association between the metabolites and the GSTM1 deletion,
which explains 0.88% of the variability in MHBMA and 1.1% of the variability in the
metabolic ratio (p < 0.0001, Table 4). The GS771 deletion explained 0.16% of variability in
DHBMA and the GSTM explained close to zero percent of the variability in DHBMA
(0.01%). The GSTT1 deletion explains 11.4% of the variability in metabolic ratio values,
with an additional 1.12% of the variability explained by the GSTMI deletion.

Table 4 also provides tests for ethnic differences in metabolite levels before and after
adjustment for the two deletion genotypes. For MHBMA, tests for heterogeneity gave a t-
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statistic value of 1.15 for African Americans before adjustment for the two deletion
genotypes, and 1.05 after adjustment, a 9% variability attributed to racial groups provided by
the deletion genotypes. Importantly, strong differences in MHBMA ecretion between
Japanese and White smokers remained even after adjustment for GS771 deletion (p <
0.0001), suggesting that additional factors contribute to ethnic differences in BD
metabolism.

Besides GST71and GSTM!I1 deletions, GWAS analyses were conducted to identify any
other genomic determinants of BD metabolism (Figures S2-S6). For the GWAS of
MHBMA (Figures S2-S7), we detected associations at p < 5 x1078 with 136 variants.
However, all of them were located between 24.2—24.4 Mb near the GS7T71 gene on
chromosome 22q11. Although there was one other rare association on 2p22.3 that was
globally significant, this was a potentially unreliable rare variant that was not further
considered. The significant associations at 22q11 were fully explained by the GS771
deletion, as no secondary signal was detected after conditioning on the GS771 deletion
genotype (Figure S3). The deletion allele was significantly associated with lower MHBMA
levels, found to be lowest among Japanese Americans (Table 3).

In ethnic-specific analyses, 108 globally significant associations were observed in Whites
near GSTTI (Figure S6). As in the overall analyses, the significance of the SNP associations
was greatly diminished when the analyses were conditioned on the GS7T71 deletion
genotype. The strongest remaining ethnic-specific association after conditioning on the
GSTT1 deletion was in Whites for rs62241865 (p=6.6x107°). The neighboring gene for this
SNP is SYN3. The minor allele frequency of this SNP was 6 percent in Whites and 1 percent
or less in the other ethnic groups. A single association in Japanese Americans in rs6004031
(our top-most significant SNP in overall analysis) near GS771 was noted to be globally
significant at p = 5.13 x1079 (Figure S5), and four globally significant associations were
observed for African Americans (Figure S4). None of these associations remained strongly
significant after conditioning on GSTT1.

For DHBMA levels (Figure S8), no genome-wide significant associations were observed in
either overall or ethnic specific analyses for any of the genotyped GWAS variants, or for
SNPs and other variants that were imputed based on the GWAS.

For the MHBMA / (MHBMA + DHBMA) metabolic ratio, there were 144 associations at p
<5 x 1078 located between 24.2-24.4 Mb near GSTT1 gene on chromosome 22q11 (Figure
S9). As was the case for MHBMA, these associations were explained by the GS771
deletion, and no secondary signal was noted after conditioning on the deletion in any ethnic
group. In ethnic-specific analyses, 54 globally significant associations in Whites were
observed near GSTT1. A single association in Japanese Americans in rs6004031 (our top-
most significant SNP in overall analysis) near GS7 71 was noted to be globally significant at
p = 1.37 x 1072, No globally significant associations were observed for African Americans.
Again, the associations observed near GS771 were explained by the GS7T71 deletion
genotype.
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Discussion

Of over 60 known carcinogens present in tobacco smoke, 1,3-butadiene (BD) has the second
highest cancer risk index.(14,58) BD inhalation induces tumors in laboratory mice and rats
(15-18), and there is a strong association between occupational exposure to BD and the
development of lymphoma and leukemia in humans (19,21-24,26). However,
epidemiological studies have reported a weak association between lung cancer cases in
women and occupational exposure to BD (59,60), and the potential role of BD in smoking
induced lung cancer has yet to be fully understood.

We quantified urinary BD-mercapturic acids MHBMA and DHBMA (Scheme 1) as
biomarkers of BD exposure and metabolic activation in African American, White, and
Japanese American smokers (42,43). Our results show significant ethnic differences in the
excretion of MHBMA, with African American smokers excreting the highest levels,
followed by Whites and Japanese Americans (Table 2). These results correlate with the high
lung cancer risk of African Americans and low lung cancer risk of Japanese Americans as
compared to Whites, suggesting that BD could play a role in the differences in lung cancer
etiology seen between these groups (3). Interestingly, a similar trend was recently reported
for mercapturic acids derived from acrolein, crotonaldehyde, and benzene (51,61).
Furthermore, levels of the mercapturic acid formed from benzene were strongly influenced
by GSTT1 deletion, highlighting the important role of this GST gene in the detoxification of
structurally distinct carcinogens (61).

In the present study, individuals with the GS771 deletion excreted the lowest levels of
MHBMA, followed by individuals with one copy of the gene and those with two copies
(Table 3). This is consistent with our recent small study of White, Native Hawaiian, and
Japanese smokers, which also reported the lowest MHBMA levels from individuals with the
GSTT1 deletion, followed by those with one and two copies of the gene (9). Adjusting for
GSTTI1 deletion explained the difference in urinary MHBMA between Japanese Americans
and Whites; however, the difference between Whites and African Americans remained
(Table 4).

The effect of GSTM1 deletion on urinary MHBMA concentrations was also investigated,
and among null individuals, the same trend was seen, with African Americans excreting the
most MHBMA, followed by Whites and Japanese Americans (Table 3). Other glutathione &
transferases such as GSTT2 could contribute to MHBMA formation (Figure S1) and account
for the differences in MHBMA excretion between African Americans and Whites. However,
we did not see evidence supporting a role of other GST genes in our GWAS, which found no
additional signal after conditioning on GS771 deletion genotype.

To the best of our knowledge, this study is the first to employ a GWAS to identify single
nucleotide polymorphisms (SNPs) or other genetic variants associated with MHBMA and
DHBMA excretion. With regard to MHBMA, the GWAS showed significant associations of
136 SNPs located near the GS7T1 gene. However, when the GWAS was conditioned on
GSTTI1deletion, these SNPs were no longer detected in any ethnic group. Similar results
were seen in the GWAS for the metabolic ratio, which was significantly associated with 144
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SNPs near the GSTT1 gene; these SNPs were also explained by the GS771 deletion.
Experiments with recombinant GSTT1 and GSTT2 have confirmed the ability of these
enzymes to catalyze glutathione conjugation with EB (Figure S1).

The strong relationship between the GS771 deletion and MHBMA levels may potentially
complicate the use of MHBMA as a biomarker of BD exposure since this protein is required
for MHBMA formation. However, in our study, the ethnic differences in MHBMA excretion
remained regardless of GST71 genotype (Table 3). For studies where genotyping is not
available, biomarkers directly reflecting BD-induced cellular damage, such as a BD-DNA
adducts, might be a better choice to evaluate cancer risk specifically caused by BD.

Urinary concentrations of DHBMA also differed by ethnic group, with African Americans
excreting the highest amounts, followed by Whites and Japanese Americans (Table 2). With
respect to GSTT1, individuals with the deletion excreted the highest amounts of DHBMA,
followed by individuals with one and two copies of GS7T71 (Table 3), but these differences
were not significant (p = 0.226). These findings are analogous to those reported by Fustinoni
et al., who did not see a difference in urinary DHBMA levels between occupationally
exposed workers with the GS771 or GSTM! deletion genotype and workers containing one
or more copies of either gene (40).

Overall, this study is the first of its kind to use a GWAS to identify potential SNPs
associated with urinary MHBMA and DHBMA levels, clearly showing an association
between GSTT71 genotype and MHBMA levels in smokers from three different ethnic
groups. Furthermore, our results reveal that MHBMA levels, expressed in ng/mL urine, are
highest in African Americans and lowest in Japanese Americans as compared to Whites,
which is consistent with their respective lung cancer risks.
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Table 1

Summary of study population stratified by race/ethnicity and sex.

All

Age (years)

BMI (kg/m?)
Creatinine (mg/dL)
Cigarettes per day

Total nicotine equivalents (nmol/mL)

Males

Age (years)

BMI (kg/m?)
Creatinine (mg/dL)
Cigarettes per day

Total nicotine equivalents (nmol/mL)

Females

Age (years)

BMI (kg/m?)
Creatinine (mg/dL)
Cigarettes per day

Total nicotine equivalents (nmol/mL)

Median [Interquartile Range]

African Americans Japanese Americans Whites
n =327 n =349 n =396
64 [59-69] 63 [59-69] 62 [59-68]
26.9 [23.2-30.7] 24.3[21.9-26.6] 24.8[22.0-28.1]
88 [54-138] 54 [33-81] 53 [33-83.2]
10 [5-18] 13 [10-20] 17 [10-20]
44.2 [26.8-73.8] 26.5 [15.4-41.2] 35.8 [21.9-60.8]
n=94 n=181 n =169
63 [58-66] 63 [59-68] 62 [59-67]
25.7 [23.0-28.2] 25.0 [23.0-26.9] 25.8 [23.3-27.9]
1245 [81.5-165.1] 66 [40-95] 71.0 [46.3-104.0]
10 [6-20] 15 [10-20] 20 [12.5-20]
54.4 [29.2-95.5] 29.3[17.9-45.6] 39.9 [24.6-73.0]
n=233 n=168 n=227
65 [60-71] 64 [59-70.5] 62 [58-69]
27.5[23.6-31.6] 23.4 [20.6-26.5] 24.0 [21.0-28.3]
79 [50-126] 445 [28.0-63.5] 46 [29-65]
10 [5-15] 10 [7.5-20] 15 [7-20]

413 [26.1-65.3]

22.5[13.0-35.0]

31.2 [20.2-50.5]
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