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Abstract

Smoking behaviors, including amount smoked, smoking cessation, and tobacco-related diseases, 

are altered by the rate of nicotine clearance. Nicotine clearance can be estimated using the nicotine 

metabolite ratio (NMR) (ratio of 3’hydroxycotinine/cotinine), but only in current smokers. 

Advancing the genomics of this highly heritable biomarker of CYP2A6, the main metabolic 

enzyme for nicotine, will also enable investigation of never- and former- smokers. We performed 

the largest genome-wide association study (GWAS) to date of the NMR in European ancestry 

current smokers (n=5185), found 1255 genome-wide significant variants, and replicated the 

chromosome 19 locus. Fine-mapping of chromosome 19 revealed 13 putatively causal variants, 

with nine of these being highly putatively causal and mapping to CYP2A6, MAP3K10, ADCK4, 

and CYP2B6. We also identified a putatively causal variant on chromosome 4 mapping to 

TMPRSS11E and demonstrated an association between TMPRSS11E variation and a UGT2B17 

activity phenotype. Together the 14 putatively causal SNPs explained ~38% of NMR variation, a 

substantial increase from the ~20–30% previously explained. Our additional GWASs of nicotine 

intake biomarkers showed that cotinine and smoking intensity (cotinine/cigarettes per day (CPD)) 

shared chromosome 19 and 4 loci with the NMR, and that cotinine and a more accurate biomarker, 

cotinine+3’hydroxycotinine, shared a chromosome 15 locus near CHRNA5 with CPD and Pack­

Years (i.e. cumulative exposure). Understanding the genetic factors influencing smoking-related 

traits facilitates epidemiological studies of smoking and disease, as well as assists in optimizing 

smoking cessation support, which in turn will reduce the enormous personal and societal costs 

associated with smoking.

Keywords

genome-wide association study; cigarette smoking; nicotine metabolism; biomarkers; nicotine 
metabolite ratio
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Introduction

Cigarette smoking persists in part due to the reinforcing properties of nicotine, the major 

psychoactive compound in cigarettes (1). The Nicotine Metabolite Ratio (NMR) (2), the 

ratio of major nicotine metabolites (3’hydroxycotinine (3HC)/cotinine (COT)), is heritable 

(h2~80% (3)) and is highly correlated (r=0.83) with the rate of nicotine metabolic clearance 

(2) and thus associates with numerous smoking behaviors. Higher NMR is associated 

with greater cigarette consumption and lower cessation (reviewed in (4)). Genetically 

variable CYP2A6 metabolically inactivates nicotine to COT; COT is then metabolized to 

3HC exclusively by CYP2A6 (5, 6). A higher NMR indicates faster nicotine inactivation 

and CYP2A6 activity (2, 7–9). CYP2A6 also metabolically activates tobacco-specific 

nitrosamines (10); thus, the association between the NMR and lung cancer (11) may be 

influenced by both altered smoking quantity (i.e. carcinogen intake) and procarcinogen 

activation. Further, CYP2A6 can metabolize many other drugs (e.g. tegafur and letrozole) 

(12, 13).

The NMR prospectively predicts smoking cessation outcomes; smokers with higher NMR 

had higher quit rates on varenicline versus nicotine patch, whereas quit rates were similar 

in those with lower NMR (14). Additional tobacco products such as pipe, cigars, and 

smokeless tobacco contain nicotine, as do newer products (e.g. electronic cigarettes) (15). 

The NMR influences nicotine intake across many product types, including commercial 

smokeless tobacco and iqmik (16).

Virtually all of the genome-wide significant (GWS) SNPs in genome-wide association 

studies (GWASs) of the NMR (3, 17–19) reside in the chromosome 19 region that contains 

CYP2A6. Here we assessed five cohorts from Australia (20), Finland (3), and North 

America (14) to conduct the largest NMR meta-GWAS to date in 5185 European ancestry 

current smokers. We also ran GWASs of biomarkers of nicotine intake, COT+3HC and 

COT alone; COT+3HC is more accurate than COT due to the accumulation of COT in 

slow metabolizers (21). To directly investigate genetic similarities and differences between 

objective and self-reported nicotine intake phenotypes, we also performed GWASs for two 

self-reported measures, cigarettes smoked per day (CPD) and Pack-Years (i.e. cumulative 

exposure). Finally, we performed a GWAS of a biomarker of smoking intensity, COT/CPD, 

using COT given its use as a common nicotine intake biomarker. To our knowledge, 

these represent the first GWASs of COT+3HC and COT/CPD, and the first within-dataset 

comparison of the NMR and these numerous smoking biomarkers. This work will enhance 

NMR genomics for studies that include non-, former- and intermittent-smokers (as NMR 

can only be measured in current, regular smokers (7)), for example in tobacco-related 

disease risk assessments (22), as well as in precision medicine approaches for smoking 

cessation (14, 23) and for cancer due to the role of CYP2A6 in chemotherapeutic (e.g. 

letrozole, tegafur) drug metabolism (12, 13).
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Materials and Methods

Study Samples and Phenotypes

European current smokers (n=5185) with cotinine levels ≥10 ng/ml were studied (see 

Supplementary information and Tables S1 and S2 for cohort details; cohort data is available 

from lead investigators). A power curve is shown in Figure S1. Individuals with cotinine 

<10 ng/ml, suggestive of non-daily smoking (24) and thus unstable NMR measurements, 

were excluded. The six phenotypes are shown in Figure S2. COT and 3HC were quantified 

from blood samples using LC-MS/MS or GC-MS (for FINRISK); these previously validated 

approaches yielded highly concordant results (25). Self-report variables were acquired from 

surveys. We set all CPD and Pack-Years values of zero to missing and replaced 3HC 

values below the limit of detection (LOD) of 1 ng/ml with LOD/ 2 (26). Phenotypes were 

rank-transformed using the ‘rntransform’ function in the R package ‘GenABEL’(27) to 

follow the standard normal distribution N(0,1).

GWAS Analyses

Contributing sites performed genotyping, post-genotyping quality control, imputation, and 

GWAS analyses (Table S2). Cohort-specific quality control of GWAS summary results was 

performed at the University of Helsinki. The variant inclusion criteria were: MAF>1%, 

imputation info score (Rsq)>0.7, call rate>0.9, and Hardy-Weinberg Equilibrium P>1×10-6. 

Base pair positions are reported according to GRCh37 (hg19).

GWAS analyses of the six phenotypes were performed using linear mixed models with 

Rvtests (http://zhanxw.github.io/rvtests/) or GEMMA (28). The continuous scale of the 

effect allele dose (0–2) was used to account for imputation uncertainties. A relatedness 

matrix, calculated from all variants with MAF >5% using the Balding-Nichols method in the 

vcf2kinship package in RVTESTS, accounted for the entire spectrum of genetic relatedness 

from familial relationships to more distant population structure. Additionally, population 

stratification was accounted for prior to genotype imputation by restricting the analyses to 

European ancestry participants (details by study cohort in Table S2). The genomic inflation 

factor (λ) was calculated with the function ‘estlambda’ from the R package ‘GenABEL’ 

(27) (Table S3); together with an LD score regression intercept test using LD Hub (29), 

we saw no evidence of significant inflation (Table S4). QQ-plots and Manhattan plots were 

acquired with the R package ‘qqman’ (30).

Covariates for the base analytic model included sex, age, and BMI (in kg/m2) (31), while 

the main analytic model further controlled for alcohol use (grams/week) (due to high co-use 

and associations with NMR (31–33)) and birth-year (due to trends in smoking attitudes, 

social acceptance, regulatory bans, and variation in recruitment years). Because the NMR 

influences CPD (31), and CPD may influence the NMR (via nicotine/tobacco inhibition 

of CYP2A6 (34)), we ran additional models for NMR controlling for CPD, and for CPD 

controlling for NMR. We also ran a model for COT and COT+3HC, controlling for CPD. 

Missing covariate values (all <10%) were recoded to the median value. Reported results 

reflect the main analytic model unless otherwise stated; alternative models are found in the 

supplementary data.
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GWAS Meta-Analysis, Fine-mapping, and Annotation

Model- and phenotype-specific meta-analyses were performed using GWAMA (35), using 

fixed effects models, applying study-specific genomic control correction to adjust for 

remaining population stratification, and using a GWS association threshold of P<5×10-8. 

An association locus was defined as the region extending 2.5Mb in both directions (none 

were >2.5Mb) of the GWS SNP with the smallest P-value. Regional plots were created 

with LocusZoom (36); LD data were from 1000-Genomes. We additionally performed the 

largest COT GWAS (n=8885) by meta-analysing our base model results (as most similar) 

with those from Ware et al. (37) (n=4548) using non-overlapping samples.

To identify putatively causal SNPs in each GWS region, we performed a shotgun stochastic 

search with FINEMAP v1.2 (38) and a step-wise conditional regression with GCTA 

v1.91.3beta (39) (see Supplementary Information). For each locus, we calculated the 

heritability estimate of the causal variants using FINEMAP (see Benner et al. 2018; bioRxiv 

https://doi.org/10.1101/318618). We report the heritability estimate of the causal variants 

for each locus as calculated by FINEMAP (Benner et al. 2018; bioRxiv https://doi.org/

10.1101/318618). Variant annotation included assessment of genomic location, functional 

consequence, and association with RNA expression levels and methylation pattern (see 

Supplementary Information).

Code availability

All scripts used for statistical analyses are available upon request.

Results

Altogether 1885 GWS (P<5×10−8) SNPs and six association loci were found on 

chromosomes 1, 4, 5, 9, 15, and 19 across the six phenotypes (Figure 1, Table 1, Table 

S5, Table S6). Using a leave-one-out approach, illustrated in cohort-specific plots, the results 

were largely consistent across the five cohorts (Figure S3 and S4). Correlations between the 

phenotypes are found in Table S7.

Associations for the NMR were found on chromosomes 4 and 19

Two association loci on chromosomes 4 and 19 (Figure 2) were found for the NMR, 

explaining 38.2% of variation (Table 1). We replicated the top SNP, rs56113850, located on 

chromosome 19 in an intron of CYP2A6 (Figure 2, Table 1) (3, 18, 19). The chromosome 

19 locus explained 36.4% of NMR variation (Table 1) (vs. ~20–30% previously explained 

(3, 17, 19)) and consisted of several SNPs residing in previously unreported genes (Table 

S8). The chromosome 4 locus for the NMR was novel, with most of the GWS SNPs 

mapping to TMPRSS11E, a transmembrane serine protease (Figure 2), explaining 1.8% of 

NMR variation (Table 1). The smallest P-value was obtained for three SNPs in an intron of 

TMPRSS11E (Table 1, Table S5), in perfect linkage disequilibrium (LD) in Europeans from 

the 1000 Genomes Project. Controlling for CPD did not substantially alter the number of 

GWS SNPs (Table S5).
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FINEMAP analyses of chromosome 19 in cohorts 1–2 showed that nine out of 13 putatively 

causal SNPs were highly likely causal (probability>0.5) (Table 2, Table S9). Of these 

nine, two are known functional CYP2A6 variants (rs1801272/CYP2A6*2, rs28399433/

CYP2A6*9; www.pharmvar.org), three were in/near to CYP2A6 (including rs113288603), 

two were in CYP2B6, one was in ADCK4, and one was near MAP3K10 (Table 2). Notably, 

only rs113288603 was among the conditionally independent SNPs in prior GWASs that 

used stepwise conditional analyses (3, 17–19). We also performed stepwise conditional 

analysis with GCTA using the meta-GWAS results, yielding six conditionally independent 

SNPs (Table S9); only one overlapped with the FINEMAP SNPs (Figure 2, Table S10). 

The GCTA-configuration includes by default the top SNP (i.e. rs56113850), which was 

not found with FINEMAP. Our further comparisons suggested that GCTA may not be 

appropriate (see Supplementary Information). For chromosome 4, FINEMAP and GCTA 

analyses highlighted only one SNP as being causal or conditionally independent (Table S9). 

Neither method could distinguish the causal or conditionally independent SNP among the 

highly correlated SNPs in the area.

Associations for COT+3HC and COT, biomarkers of nicotine intake, were found on 
chromosomes 4, 9, 15, and 19

For COT+3HC, three association loci on chromosomes 4, 9, and 15 (Figure S5, Figure S6) 

were found, explaining 4.1% of variation (Table 1). The chromosome 4 GWS SNPs mapped 

to seven UDP-glucuronosyltransferase (UGT) genes (Figure 1). The top chromosome 4 SNP 

was rs10000284, located ~13kb upstream of UGT2B10, encoding the UGT2B10 enzyme 

involved in nicotine and cotinine glucuronidation (40) (Table 1, Table S5, Figure S6). One 

GWS SNP was detected on chromosome 9 (Table 1, Table S5, Figure S6), located ~194kb 

upstream of SMARCA2 which putatively regulates transcription via chromatin remodelling 

(41). On chromosome 15, the GWS SNPs mapped to IREB2, ADAMTS7, CHRNB4, 
CHRNA3, CHRNA5, HYKK, and PSMA4 (Figure 1). The top SNP on chromosome 15 

was rs2036527, located ~6kb upstream of CHRNA5 (Table S5, Figure S6) encoding the α5 

nicotinic acetylcholine receptor (nAChR) subunit. FINEMAP and GCTA analyses revealed 

only the top SNP from chromosomes 4, 9, and 15 to be putatively causal and conditionally 

independent (Table S9).

The meta-GWAS of COT revealed association loci on chromosomes 4, 15 and 19 (Figure 

S5, Figure S6); the GWS SNPs explained 4.0% of variation (Table 1). The chromosome 

4 and 15 genes were shared with COT+3HC; the chromosome 19 signal mapped to 

CYP2A6 (Figure 1). The chromosome 9 COT+3HC GWS SNP (rs12684930) was nearly 

GWS (P=8.1×10−8) for COT. FINEMAP and GCTA analyses of COT revealed the top 

SNP from chromosome 4, 15, and 19 to be putatively causal and conditionally independent 

(Table S9). After meta-analysing our COT results with those from Ware et al. (37) (total 

n= 8885), signals on chromosomes 4, 15, and 19 remained, whereas the chromosome 9 

signal disappeared (Figure S7). The original Ware et al. COT GWAS detected variants on 

chromosomes 4 and 15, but not on 19 (37). Controlling for CPD reduced the number of 

GWS SNPs found on chromosome 15 in the COT+3HC and COT GWASs (Table S5).
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Associations for COT/CPD, a measure of smoking intensity, were found on chromosomes 
4 and 19

Two association loci on chromosome 4 and 19 (Figure S5, Figure S6) were identified for 

COT/CPD, explaining 1.7% of variation (Table 1). The chromosome 4 SNPs mapped to 

five UGTs (Figure 1). The top SNP on chromosome 4 was rs294778, located in an intron 

of UGT2B10 (Table 1, Table S5, Figure S6). The GWS SNPs on chromosome 19 mapped 

to CYP2A6 and CYP2A7; the top SNP was rs56113850 (Figure 1, Table 1, Table S5, 

Figure S6) as for the NMR. FINEMAP and GCTA analyses revealed the top SNP from 

chromosomes 4 and 19 to be putatively causal and conditionally independent (Table S9). 

As for the NMR, rs56113850 is unlikely to causally influence COT/CPD; rs56113850 did 

not remain significant for COT/CPD after conditioning on the 13 SNPs pinpointed by 

FINEMAP for the NMR (Table S10).

Associations for CPD and Pack-Years, self-reported measures of nicotine intake, were 
found on chromosomes 1, 5, and 15

For CPD, three association loci on chromosomes 1, 5, and 15 (Figure S5, Figure S6) 

explained 1.1% of variation (Table 1). There were single GWS SNP associations on 

chromosomes 1 (rs860873, located in an intron of CNN3) and 5 (rs2337033, located 

in an intron of TENM2), significant only in the base model (Table S5). The top SNP 

on chromosome 15 was rs72740955, located ~8.1kb upstream of CHRNA5 (Table S5); 

rs72740955 is in high LD (r2=0.9 and D’=0.97, 1000 Genomes) with the functional 

CHRNA5 variant rs16969968, which was associated with COT, COT+3HC and CPD (Table 

S6), replicating prior associations with smoking quantity (42). Our FINEMAP and GCTA 

analyses revealed only the top SNP from chromosomes 1, 5, and 15 to be putatively causal 

and conditionally independent (Table S9).

For Pack-Years, two association loci on chromosomes 5 and 15 (Figure S5, Figure S6) 

explained 1.2% of variation (Table 1). A single GWS SNP was detected on chromosome 5 

(rs2337033, mapping to an intron of TENM2) (Table 1, Table S5, Figure S6) which was also 

GWS for CPD in the base model (Table S6). As for CPD, the top SNP on chromosome 15 

was rs72740955, located ~8.1kb upstream of CHRNA5 (Table S5, Figure S6). FINEMAP 

and GCTA analyses revealed only the top SNP from chromosomes 5 and 15 to be putatively 

causal and conditionally independent (Table S9).

Many of the GWS SNPs were eQTL and/or meQTL

Many of the GWS SNPs were known expression quantitative trait loci (eQTL) (Table 

S11, Figure S8) and/or known methylation quantitative trait loci (meQTL) (Table S12, 

Figure S9). For instance, the T (vs. C) allele of the intronic TMPRSS11E rs36103218 SNP, 

associated with lower NMR, was associated with higher UGT2B17 expression in the liver 

in GTEx and higher UGT2B17 (glucuronidates 3HC (43)) activity in the PNAT2 cohort 

(Figure S10). The top chromosome 15 SNPs, rs2036527 (for COT+3HC and COT) and 

rs72740955 (for CPD and Pack-Years) were associated with altered expression of the α5 

nAChR subunit in brain in GTEx (Figure S11).
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Summary of genetic similarities and differences across the nicotine metabolism and 
smoking phenotypes

There was substantial overlap between the GWS SNPs and association loci found for 

the NMR and COT+3HC, COT, and COT/CPD (Figure 3, Table 1). Although none of 

the chromosome 4 SNPs were shared, they were found in the same region containing 

TMPRSS11E and UGT2 genes (Figure 3, Figure S6). In contrast to chromosome 4, all 

chromosome 19 SNPs that were GWS for COT and/or COT/CPD were shared with the 

NMR and mapped near to CYP2A6 (Figure 3, Table S6). Compared to the NMR, far fewer 

overall chromosome 19 SNPs (and within a narrower region) were observed for COT and 

COT/CPD (Table 1, Table S5). For COT+3HC, there were no GWS SNPs in chromosome 

19. Comparing the NMR to the self-reported measures of nicotine intake, there was no 

overlap: neither of the two significant chromosomes for the NMR (4 and 19) were shared 

with CPD (1 and 15) or Pack-Years (5 and 15) (Table 1). We were unable to quantify 

genetic similarity using LD-score regression (LDSC) (44) across all phenotypes, because 

SNP-heritability estimates from LDSC were highly inaccurate (Table S4); LDSC likely 

requires a larger sample size and/or higher polygenicity for robust results.

Discussion

The associated loci captured 38% of NMR variation, 4% of variation in nicotine intake 

measured by objective biomarkers (COT+3HC, COT), 2% of variation in smoking intensity 

(COT/CPD), and 1% of variation in self-reported nicotine intake (CPD, Pack-Years).

We confirmed the chromosome 19 association locus found in prior NMR GWASs by us 

(3, 17) and others (18, 19). The number of NMR GWS SNPs was essentially unchanged 

after additionally controlling for CPD (Table S5), suggesting altered cigarette consumption 

does not impact the observed genomic influences on the NMR. The top SNP from the 

meta-GWAS, rs56113850, was not identified in the FINEMAP top configuration and 

our additional analyses suggested that rs56113850 is not a causal variant itself but tags 

multiple causal variants, consistent with its high correlation with four SNPs pinpointed by 

FINEMAP (Figure S12). We also identified an entirely novel chromosome 4 signal for the 

NMR mapping to TMPRSS11E, adjacent to UGT2B17. According to the GWAS Catalog 

(https://www.ebi.ac.uk/gwas/; accessed September 24, 2019), TMPRSS11E is associated 

with hematological and blood lipid traits (45–47). Altered UGT2B17 expression and activity 

(Figure S10) is a possible mechanism underpinning the association with NMR. Prior work in 

African American smokers, however, showed that the UGT2B17 gene deletion did not alter 

NMR (48, 49), suggesting there may be inter-ethnic variation in the relationship between 

UGT2B17 activity and the NMR.

Understanding NMR genomics permits extensions to epidemiological studies that include 

non-, former- and intermittent-users of tobacco products where the NMR itself cannot 

be reliably measured (7). The NMR is associated with tobacco-related disease (11), thus 

the assessment of NMR genomics in epidemiological studies could greatly improve our 

mechanistic understanding of disease risk pathways, and improve prevention efforts. A 

greater understanding of the contribution of CYP2A6 variation to NMR genomics could 

also advance precision medicine approaches in nicotine dependence; recently a CYP2A6 
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weighted genetic risk score was shown to replicate NMR-stratified cessation treatment 

findings (23). Moreover, NMR genomic information may be particularly useful in tailoring 

chemotherapy, as CYP2A6 metabolizes the chemotherapeutic agents letrozole and tegafur 

(12, 13), and other CYP2A6 substrate drug treatments (reviewed in 50, 51).

This study was the first GWAS of COT+3HC, an improved biomarker of nicotine intake 

compared to COT (21). While the chromosome 9 SNP (rs12684930, located ~194kb 5’ 

from SMARCA2) associated with COT+3HC was not previously associated with smoking­

related traits, SMARCA2 has been linked in the GWAS Catalog to ADHD, bipolar disorder, 

MDD, and schizophrenia which are also associated with smoking (52–54). Variation in 

the chromosome 15 CHRNA5-CHRNA3-CHRNB4 cluster, which was significant in our 

analyses of COT+3HC, COT, CPD, and Pack-Years, has been robustly associated with 

nicotine phenotypes (37, 55, 56). The minor alleles of the top chromosome 15 SNPs for 

the objective nicotine biomarkers (i.e. rs2036527) and self-reported intake measures (i.e. 

rs72740955) were associated with higher intake and lower α5-nAChR expression, consistent 

with α5-nAChR knockout mice showing greater nicotine intake (57). We also found GWS 

SNPs in ADAMTS7 (for COT+3HC and COT) and IREB2 (for COT+3HC, COT, and CPD). 

A gene- and pathway-based analysis highlighted ADAMTS7 and IREB2 among the top 

genes associated with CPD (58), and the recent GWAS of CPD by the GSCAN consortium 

identified an intronic ADAMTS7 SNP as conditionally independent (42); additionally these 

genes are associated with tobacco-related diseases in the GWAS Catalog.

The lack of extensive genomic overlap between phenotypes may be due to poor capture of 

intake phenotype heritability (1–4%) versus NMR heritability (~38%) and low power for our 

CPD analysis. The GSCAN consortium’s CPD GWAS (>330 000 smokers) (42) identified 

rs56113850 among the conditionally independent SNPs, which was the top SNP for both 

the NMR and COT/CPD in our study: the rs56113850 T allele was associated with higher 

COT/CPD (beta=0.16) but lower NMR (beta=−0.69), likely due to slower removal of COT, 

the denominator in NMR (21). In support of this, a secondary analysis in PNAT2 showed no 

apparent impact of the rs56113850 T allele on increasing (COT+3HC)/CPD (Figure S13). 

Comparing between intake phenotypes, COT+3HC (vs. COT) was more genetically similar 

to CPD. In contrast, COT (vs. COT+3HC) was more genetically similar to the NMR, likely 

due to the impact of CYP2A6 activity (i.e. the NMR) on COT formation and metabolism 

(21).

Strengths of our study include the large sample size for biomarker analyses (e.g. NMR) 

and the use of biochemical intake measures. We were well-powered to detect variants that 

explain at least 0.76%, 1.0%, or 1.5% (power >80%, >96%, and >99%, respectively) of 

phenotypic variance. Fine-mapping of the association loci using a stochastic search allowed 

for any possible configuration of causal SNPs; this was valuable for the chromosome 19 

NMR association locus which was not suited for stepwise conditional analyses. A limitation 

was that data from only two cohorts were available for the fine-mapping analysis. In 

addition, all study participants were of European descent, thus limiting the generalizability 

of our results to other populations. Studies in larger samples are needed to detect more 

variants with phenotypic impacts below 0.76%.
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In conclusion, we identified over 1200 SNPs associated with the NMR, capturing ~38% 

of phenotype variation. Not surprisingly, the chromosome 19 locus, containing CYP2A6, 

comprised the majority of the GWS SNPs and explained ~36% of phenotype variation, a 

substantial increase from the ~20–30% variance previously accounted for (3, 17, 19). We 

also identified several novel loci influencing the NMR and nicotine exposure phenotypes, 

including a novel chromosome 4 region mapping to TMPRSS11E and several UGT2 genes. 

A greater understanding of the genomic influences on nicotine metabolism and tobacco 

exposure phenotypes may improve smoking cessation treatments and our understanding of 

tobacco-related disease risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chromosomal location and annotation for all genome-wide significant SNPs for all six 
phenotypes.
Annotations of genome-wide significant (GWS) SNPs in the main analytic models of the 

(A) NMR, (B) COT+3HC, (C) COT, (D) COT/CPD, (E) CPD, and (F) Pack-Years are 

shown. Annotations were performed using NCBI’s dbSNP (build 37). The GWS SNPs 

were found within or 5’ or 3’ (i.e. within 90kb of the gene) of the genes indicated. The 

only intergenic GWS SNP located >90kb from a gene was the chromosome 9 COT+3HC 

SNP (located 194kb 5’ of SMARCA1). For clarity, the NMR plot (A) excludes genes with 

<4 GWS SNPs: PSMC4, HNRNPUL1, LGALS14, ZNF780B, CNTD2, PLD3, CYP2S1, 
CEACAM5, RABAC1, LEUTX, ZNF546, TTC9B, PRX, SERTAD3, AXL, CCDC97, 
BCKDHA, CEACAM6, ARHGEF1, GRIK5, POU2F2, ERF, PSG3. Note: the number of 

genome-wide significant SNPs found is influenced by linkage disequilibrium patterns and 

the size of the gene.
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Figure 2. Associations in the meta-GWAS of the Nicotine Metabolite Ratio (NMR) were found in 
chromosome 4 and chromosome 19.
(A) Manhattan plot of the meta-GWAS of the NMR highlighting two association loci. 

The dashed line represents the genome-wide significance threshold of P<5×10-8. (B) 
The chromosome 4 association locus: the top signal comprised three intronic SNPs in 

TMPRSS11E (rs34638591 (C > T), rs36103218 (T > C), and rs34103191 (G > A)) with 

identical P-values. FINEMAP and GCTA analyses revealed one putatively causal and 

conditionally independent chromosome 4 signal for the NMR. (C) The chromosome 19 

association locus: the top SNP was rs56113850 (C > T) found in intron 4 of CYP2A6. 

(D) FINEMAP and GCTA analyses revealed several putatively causal and conditionally 

independent chromosome 19 signals for the NMR. In plots (B) and (C), the light purple 

areas represent the genome-wide significant regions, and the linkage disequilibrium values 

are based on the 1000-Genomes reference panel. The top SNP has been indicated with 

a purple diamond, the red line represents the genome-wide significance threshold of 

P=5×10−8, and the blue line represents the suggestive threshold of P=1×10-5. Plots reflect 

the main analytic model. Base pair positions are provided according to GRCh37 (hg19).
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Figure 3. Number and overlap of genome-wide significant SNP associations with the six 
phenotypes.
(A) Upset plot depicting exact numbers of overlapping SNP associations for all main model 

results (1 885 GWS SNPs across the six phenotypes). (B) The best fit proportional Venn 

diagram highlighting the proportions of GWS SNP associations and relationships between 

phenotypes for all main model results. The Venn diagram was drawn using the venneuler 

R package (59). It is approximative with the stress factor equaling 0.008 (<0.01 threshold 

advised), which indicates a good fit, but unlike the figure suggests, the NMR GWS SNPs do 

not overlap with the COT+3HC GWS SNPs. (C) Upset plots depicting overlaps of the main 

model results by chromosome. For chromosomes 1 and 9, one GWS SNP occurred for CPD 

and COT+3HC, respectively. For chromosome 5, two GWS SNPs occurred for Pack-Years.
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