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Abstract

CYP2A6, a genetically variable enzyme, inactivates nicotine, activates carcinogens, and metabolizes many pharmaceuticals. Variation in
CYP2A6 influences smoking behaviors and tobacco-related disease risk. This phenome-wide association study examined associations
between a reconstructed version of our weighted genetic risk score (WGRS) for CYP2A6 activity with diseases in the UK Biobank
(N'=395887). Causal effects of phenotypic CYP2A6 activity (measured as the nicotine metabolite ratio: 3’-hydroxycotinine/cotinine)
on the phenome-wide significant (PWS) signals were then estimated in two-sample Mendelian Randomization using the wGRS as
the instrument. Time-to-diagnosis age was compared between faster versus slower CYP2A6 metabolizers for the PWS signals in
survival analyses. In the total sample, six PWS signals were identified: two lung cancers and four obstructive respiratory diseases
PheCodes, where faster CYP2A6 activity was associated with greater disease risk (Ps <1 x 107°). A significant CYP2A6-by-smoking
status interaction was found (PSinteraction < 0.05); in current smokers, the same six PWS signals were found as identified in the total
group, whereas no PWS signals were found in former or never smokers. In the total sample and current smokers, CYP2A6 activity causal
estimates on the six PWS signals were significant in Mendelian Randomization (Ps <5 x 10~°). Additionally, faster CYP2A6 metabolizer
status was associated with younger age of disease diagnosis for the six PWS signals (Ps <5 x 107%, in current smokers). These findings
support a role for faster CYP2A6 activity as a causal risk factor for lung cancers and obstructive respiratory diseases among current

smokers, and a younger onset of these diseases. This research utilized the UK Biobank Resource.
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Introduction

Cytochrome P450 2A6 (CYP2A6) is a genetically polymor-
phic enzyme that metabolically inactivates nicotine, activates
tobacco-specific nitrosamine carcinogens, and is associated with
numerous smoking behaviors [1-3]. CYP2A6 metabolizes many
drugs including tegafur, letrozole, and ketamine [4, 5]. CYP2A6
has numerous star () variant alleles (described in PharmVar) [3].
Single nucleotide polymorphisms (SNPs), in addition to hybrid,
duplicated, and deleted CYP2A6 alleles, alter CYP2A6 activity [6,
7]. Genome-wide association studies (GWASs) have increased our
understanding of the SNPs-captured variability in CYP2A6 activity
8,9].

A well-established robust biomarker of CYP2A6 activity is
the ratio of 3’-hydroxycotinine/cotinine: the nicotine metabolite
ratio (NMR) [10, 11]. Nicotine is oxidized to cotinine then to
3’-hydroxycotinine by CYP2A6 [11]; the latter is mediated

exclusively by CYP2A6 [1]. The NMR in regular smokers has low
temporal fluctuation due to the long half-life of cotinine (~16-
19 h) and the formation dependent kinetics of 3’'-hydroxycotinine
[11, 12]. The NMR is highly correlated with nicotine clearance [11,
13]; as a result, the NMR is associated with smoking behavior.
Faster CYP2A6 metabolizers (measured using the NMR or CYP2A6
genomics) generally smoke more cigarettes per day (CPD), smoke
more intensely, inhale more deeply, have shorter time to first
cigarette, are more dependent on nicotine, have lower unaided
quit rates, and have altered response to cessation therapies [14-
18]. Moreover, faster CYP2A6 activity is associated with increased
lung [19, 20] and head and neck cancers risk [21].

We developed weighted CYP2A6 genetic risk scores (WGRSs) in
smokers [22, 23]. The European ancestry wGRS incorporates seven
CYP2A6 variants and explains 33.8% of NMR variation [22], while
the African ancestry wGRS incorporates 11 variants and explains
32.4% of NMR variation [23]. The wGRSs also predict nicotine
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intake, smoking quantity, and response to cessation therapies [22,
23] and are particularly useful as the NMR cannot be calculated
in non-regular or non-smokers, nor in biobanks where biomarker
measurement is not feasible [11, 22].

Large-scale biobanks rich in phenotypic and genotypic data has
enabled novel studies of disease risk. Phenome-wide association
studies (PheWASs) use genotypic markers to identify associated
phenotypes, including diseases, in a hypothesis-free manner [24].
The causal links of these phenotype-genotype associations can
then be explored using Mendelian Randomization (MR), a causal
inference approach which is less susceptible to reverse causation
[25].

A previous PheWAS involving a single CYP2A6 variant
(rs113288603C >T) found an association with reduced hearing
loss symptoms in women aged > 60 years who had smoked > 100
cigarettes (lifetime) [26]. This study was small, used a specific
population, and incorporated limited variation in CYP2A6. The
current PheWAS aimed to examine CYP2A6 wGRS associations
with diseases in the UK Biobank (N~ 500000). The top PheWAS
associations were then evaluated in 1) MR analyses to estimate
causal effects of CYP2A6 variation, and 2) survival analyses of age
at diagnosis in faster versus slower CYP2A6 metabolizers.

Materials and Methods
Study population

The main dataset was the UK Biobank [27]. The data for 502 505
individuals was accessed in 2020; we restricted analyses to those
of European ancestry with genotype information (N=3952887).
The second dataset (the NMR dataset) included treatment-
seeking smokers (>10 CPD) from a clinical trial (described
elsewhere (NCT01314001)) [28, 29]. This NMR dataset was used
for validation of the reconstructed CYP2A6 wGRS and in MR
analyses. We restricted analyses to those of European ancestry
that had NMR and genotyping information (N =922).

CYP2A6 weighted genetic risk score and
genotyping sources

The wGRS construction from the NMR in European ancestry
smokers is described in detail elsewhere [22]. Briefly, seven vari-
ants were selected from independent signals identified from con-
ditional analyses in a GWAS of the NMR (i.e. CYP2A6 activity
biomarker) and from common CYP2A6 functional alleles (8, 22].
These variants were tested in an additive model from which the
effect alleles’ weights were multiplied by the standard deviation
of the NMR. The number of alleles multiplied by the allele’s
respective weight was summed to give an overall score in which a
higher score is indicative of faster CYP2A6 activity [30]. The wGRS
scale was constructed to be able to match the Clinical Pharmaco-
genetics Implementation Consortium guidelines for CYP activity
scores, and to replicate previous metabolizer groupings [22]. For
example, an individual without a function-altering allele would
have a score of 2.0.

Genotyping, imputation, and quality control methods for the
UK Biobank sample are described elsewhere [27, 31]. From the
original seven variants in the European ancestry wGRS [22], three
were available in the UK Biobank (rs56113850, rs1801272, and
1528399442 (CYP2A6*12)). Proxy variants rs2644891, rs61663607,
and rs76112798 were used to replace rs2316204, rs113288603, and
1528399433 (CYP2A6*9), respectively. These proxy variants were
chosen based on their highest linkage disequilibrium (R? > 0.80)
with their respective original variants in European ancestry indi-
viduals (determined by NIH’s LDlink open-source tool [32]), and

each proxy variant had similar weights per allele on the NMR
(Table 1). CYP2A6*4 was not available in the UK Biobank’s geno-
typing or imputation data. One variant, rs28399442, was directly
genotyped in the UK Biobank, while the remaining variants were
extracted from the third version of the imputation data [27].
Imputed variants passed standard quality control procedures in
the UK Biobank with imputation quality scores 0.92-0.99.

Phenotypes sources

Health outcomes encoded as International Classification of Dis-
eases (ICD), Ninth and Tenth Revisions codes in the UK Biobank,
were mapped to the clinically representative phenotype codes
(PheCodes) to collapse the granularity of ICD codes into focused
diagnostic codes for research [33, 34] using the “createUKBPhe-
nome” workflow. From 2973 ICD-9 and 7030 ICD-10 codes detected
in the UK Biobank sample, 1692 PheCodes were generated after
exclusion of sex-mismatched sex-specific diagnoses. After filter-
ing out PheCodes with <200 cases, 1029 PheCodes were included
in the PheWAS.

Smoking status, age at recruitment, genetic sex, CPD, pack-
years, and the first 10 genetic principal components (PCs) were
extracted for use as covariates or for stratification. Smoking sta-
tus was identified by self-report (current, former, or never smok-
ers) at initial assessment. Genetic sex and PCs were generated
by the UK Biobank quality control team [27, 31]. CPD originated
from the touchscreen question “About how many cigarettes do
you smoke on average each day?”. Pack-years was calculated in
UK Biobank individuals who have ever smoked, using the fol-
lowing equation: Number of cigarettes per day/20 * (Age stopped
smoking—Age start smoking).

Phenome-wide association study analyses

CYP2A6 wGRS associations with disease PheCodes were deter-
mined using logistic regression in “glm” function in R (v3.5.3)
[35] in the total analytic sample (N=395887). The wGRS was
not transformed to maintain the scale, and since the wGRS was
used as the predictor in logistic regressions analyses, which are
relatively robust to violations of the normality assumption for
predictor variables. We adjusted the final ORs by exponentiating
them to the power of 1 SD of the wGRS so that a unit change in
the wGRS would correspond to 1 SD. Covariates included in all
analyses were age at recruitment and the first 10 PCs. Genetic sex
and smoking status were also included as covariates in analyses
not stratified by these variables. We also performed a PheWAS
stratified by smoking status (39940 current, 139292 former, and
215274 never smokers) and further stratified current smokers
by sex. Additionally, we conducted separate exploratory PheWAS
in current smokers smoking <20 CPD. Manhattan plots were
constructed using the “PheWAS” R package [24]. Signals surviving
Bonferroni corrections (P < 0.05/the number of PheCodes) in each
PheWAS were considered significant at the phenome-wide level,
and referred to as phenome-wide significant (PWS) signals, as
is convention [24, 36]. Signals surviving a False Discovery Rate
(FDR) threshold of 5% using the Benjamini-Hochberg’s procedure
(P <0.05*the rank of association/the number of PheCodes) [37] in
each PheWAS were considered nominal associations.

Mendelian Randomization of the PWS signals

The PWS signals were analyzed in two-sample MR to evalu-
ate causal effects of faster CYP2A6 activity. The first sample
was European ancestry smokers (N=922) from the NMR dataset
[28, 29]; this is the same sample that was used to derive the
reconstructed wGRS variant weights, as described above. Linear
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Table 1. CYP2A6 wGRS variants’ effect sizes on the phenotypic biomarker in the NMR dataset.

Weight per LD R?

effect allele

EAF in the NMR EAF in the UK
dataset

Other
Allele

Weight per Variants/proxy Effect

effect allele

EAF in the

Other
Allele

Effect Allele

CYP2A6 wWGRS

Biobank

Allele

variants available in
the UK Biobank

NMR dataset

variants (El-Boraie

et al. [22])

0.575 0.135 0.814

0.562
0.674

rs56113850
152644891

0.135

0.562
0.649

rs56113850
152316204

0.988

0.079
—0.025
—0.160
—0.250
—0.249

0.680

T

0.080
—0.025
—0.159
—0.250
—0.272
—0.350

C

0.956

0.080

0.087

1$61663607
rs76112798
rs1801272

0.087

15113288603

0.064

0.064

C

0.063

*9 (rs28399433) C
*2 (rs1801272)

*12
*4

0.022

0.025

0.025

0.021

15283994422 0.022

0.022

CYP2A6/2A7 hybrid

0.009

(CYP2A6 Deletion)®

WGRS: weighted Genetic Risk Score; NMR: Nicotine Metabolite Ratio; EAF: Effect Allele Frequency; UK: United Kingdom; LD: Linkage Disequilibrium. R? was obtained from NIH’s LDlink open-source tool to determine

the degree of concordance between proxy (UK Biobank) variants and original variants included in the CYP2A6 wGRS. 2Concordance confirmed by PCR assay (Bloom et al. [76]). PNot available in genotyped or imputed

UK Biobank data.

regression was used to derive the instrument-exposure estimate
in the NMR dataset. The second sample was current smokers
of European ancestry from the UK Biobank (N =39940). Logistic
regression was used to derive the instrument-outcome estimates
in the UK Biobank. The Wald ratio estimator method in the
“MendelianRandomization” R package was used to determine the
causal estimates of the NMR—the CYP2A6 phenotypic biomarker
as the exposure—effect on the PWS signals [38]. The wGRS was
used as a single instrument; hence, heterogeneity assessment was
not needed. MR Egger regression analyses were used to evaluate
horizontal pleiotropy of the wGRS variants as individual instru-
ments. A significant deviation in the MR Egger intercept would
indicate potential horizontal pleiotropy (i.e. the variants may be
influencing the outcome via a route other than CYP2A6). Leave-
one-out sensitivity analysis was performed to assess the influ-
ence of each variant in the wGRS on the top PWS signal using the
“mr_leaveoneout_plot” function in the “TwoSampleMR” R package
[39, 40]. In this process, each variant was removed iteratively from
the model and the fluctuation in MR estimates was assessed.
Fluctuations would indicate the influence of that variant on the
causal estimates. Steiger filtering was performed to ensure the
validity of the variants comprising the wGRS and limit reverse
causal bias for the top PWS signal using the “steiger._filtering”
function in the “TivoSampleMR” R package [39, 40].

Overlapping diagnoses

The overlap between disease-positive cases for the PWS signals
was examined. A combination of Euler and UpSet plots were used
to highlight overlapping patterns in cases identified for the PWS
signals in current smokers. For the PWS signals, the number of
individuals with overlapping diagnoses was visualized using the
“venneuler” and “UpSetR” R packages [41, 42].

Disease risk and survival analysis for age at
diagnosis

Due to skewness in the wGRS distribution and to enhance clinical
interpretation, we also ran a sensitivity analysis on the top PWS
signals using a cut-point previously determined by the Youden
index J statistic, aligning with the smoking cessation clinically
verified NMR phenotype cut-point of 0.31 (slower: wGRS < 2.14; vs
faster: wGRS > 2.14 metabolizers) [22]. For survival analyses, time-
to-event was used with age in years as the time and the first report
of a disease diagnosis as the event. Survival time was defined as
the age when the individual who smoked had a disease diagnosis
or the end-of-follow-up (whichever came first) defined as the
year when the data were accessed (2020). Individuals that did not
attain the outcome (i.e. had no disease diagnosis) by 2020 were
censored and had their age in 2020 recorded as T1. We employed
the Kaplan Meier method to estimate survival curves according
to CYP2A6 metabolizer group status, using a wGRS cut-point of
2.14. Cox proportional hazards models were used to estimate the
hazard ratios for the associations between CYP2A6 metabolizer
group and time to disease diagnosis. Cox proportional hazards
models were estimated using the “survival” R package v3.2-7 [43].

Results

CYP2A6 weighted genetic risk score

We computed the CYP2A6 wGRS for all UK Biobank participants
from available genotypes for the wGRS variants (or proxy
variants, see methods). The reconstructed six-variant wGRS
(Table 1) explained 30.1% of log-transformed NMR variance
in the European ancestry sample from which the score was
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Figure 1. Neoplasms and respiratory diseases clusters associated with CYP2A6 wGRS in the total UK Biobank sample. Manhattan plots for PheWAS
results adjusted for age at recruitment, genetic sex, 10 PCs, with (A); and without (B) smoking status (current vs former vs never-smokers). Each data
point represents one phenotype in its respective disease category on the x-axis plotted against the association significance (—log10 P). The horizontal
solid lines represent the phenome-wide significant threshold using Bonferroni correction (P =0.05/1029 =4.86 x 10~°), while the blue horizontal dashed
lines represent the nominal association thresholds (5% FDR equivalent to P=4.37 x 10~%). PheWAS sample (N =305224-395 887); cases and controls

sample sizes are found in Supplementary Table 2.

derived (N=922), similar to the 33.8% captured using the
original seven-variant wGRS [22] (allele frequencies are in
Supplementary Table 1). The reconstructed six-variant wGRS
mean was 2.22+0.18 (N=395857), compared to 2.20+0.19 for
the original seven-variant wGRS [22].

Phenome-wide association study

Phenome-wide associations were determined through logistic
regression using the reconstructed CYP2A6 wGRS (untransformed
continuous score) as predictor. Diseases surpassing Bonferroni
and FDR thresholds were deemed PWS signals and nominal
associations, respectively (see methods). In our total analytic
sample, six PWS signals were detected across two disease clusters
after adjusting for age, sex, 10 genetic principal components (PCs),
and smoking status (Fig. 1A, Table 2, Supplementary Table 2). The
two signals in neoplasms were lung cancers (cancer of bronchus
(lung), and cancer within the respiratory system), while the
four signals in respiratory diseases were obstructive respiratory
diseases (emphysema, obstructive chronic bronchitis, chronic
bronchitis, and chronic airway obstruction). Three additional
nominal associations included abnormal findings examination
of lungs, and two iron deficiency anemias PheCodes. Without
adjustment for smoking status in the total sample, there were
three PWS signals (cancer of bronchus (lung), cancer within the

respiratory system, and emphysema), and six additional nominal
associations (obstructive chronic bronchitis, chronic bronchitis,
tobacco use disorder, and chronic airway obstruction, and two
iron deficiency anemias (Fig. 1B, Table 2, Supplementary Table 2)).

Since all six PWS signals were smoking-related diseases, as
variation in CYP2A6 activity is associated with smoking [14-18],
and as we found a significant interaction between smoking status
and the wGRS on disease risk (Fig. 2, Supplementary Table 3), we
next stratified by smoking status. In current smokers, the same six
PWS signals in the total analytical sample (adjusted for smoking
status) were observed, albeit with larger estimates and lower P
values in current smokers (except emphysema (Fig. 3A, Table 2,
Supplementary Tables 2 and 4). After adjusting the current smok-
ers PheWAS for pack-years or CPD, the estimates for the top six
PWS signals were weaker, suggesting a role of smoking in the
CYP2A6 effect on these diseases (Supplementary Tables 5 and 6).
Nominal associations found in current smokers included consti-
pation, other symptoms of respiratory system, secondary malig-
nant neoplasm, appendiceal conditions, respiratory insufficiency,
calculus of ureter, and abnormal findings examination of lungs.

In former and never smokers, no PWS signals or nominal
associations were found (Fig. 3B and C, Table 2 and Supplemen-
tary Table 2). Findings in ever smokers (i.e. current and former
smokers together) were similar to those in current smokers (Sup-
plementary Table 2).
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Table 2. Top phenome-wide signals in main analysis and their respective effect sizes across conditions.

Phenotype OR? 95% CI lower? 95% CI upper?® P N Cases N Controls
All adjusted for smoking status®
Cancer of bronchus (lung) 1.114 1.073 1.157 1.78E-08 2926 391072
Emphysema 1.127 1.079 1.176 5.56E-08 2236 356292
Cancer within the respiratory system 1.100 1.062 1.139 8.55E-08 3397 391072
Obstructive chronic bronchitis 1.055 1.034 1.076 1.70E-07 10649 356292
Chronic bronchitis 1.052 1.032 1.074 4.24E-07 10856 356292
Chronic airway obstruction 1.046 1.028 1.065 8.40E—07 13261 356292
All unadjusted for smoking
Cancer of bronchus (lung) 1.099 1.059 5.633 6.79E—07 2945 392431
Emphysema 1.108 1.062 10.633 2.56E-06 2252 357462
Cancer within the respiratory system 1.087 1.050 6.633 2.31E-06 3419 392431
Obstructive chronic bronchitis 1.039 1.019 7.633 1.39E-04 10747 357462
Chronic bronchitis 1.036 1.017 8.633 2.92E-04 10956 357462
Chronic airway obstruction 1.032 1.014 9.633 4.19E-04 13372 357462
Current smokers
Cancer of bronchus (lung) 1.222 1.144 1.306 2.97E-09 1007 38856
Emphysema 1.170 1.090 1.257 1.40E-05 847 33802
Cancer within the respiratory system 1.206 1.131 1.285 9.53E-09 1081 38856
Obstructive chronic bronchitis 1.098 1.060 1.137 1.65E-07 3802 33802
Chronic bronchitis 1.095 1.058 1.134 2.90E-07 3846 33802
Chronic airway obstruction 1.089 1.053 1.126 5.71E-07 4179 33802
Former smokers
Cancer of bronchus (lung) 1.072 1.016 1.130 1.12E-02 1423 137624
Emphysema 1.090 1.027 1.156 444E-03 1161 123841
Cancer within the respiratory system 1.066 1.015 1.120 1.11E-02 1654 137624
Obstructive chronic bronchitis 1.051 1.022 1.081 5.57E-04 5195 123841
Chronic bronchitis 1.050 1.021 1.080 6.16E-04 5270 123841
Chronic airway obstruction 1.044 1.017 1.071 1.16E-03 6312 123841
Ever smokers®
Cancer of bronchus (lung) 1.109 1.065 1.156 8.55E-07 2430 176468
Emphysema 1.100 1.051 1.150 3.86E-05 2008 157632
Cancer within the respiratory system 1.099 1.057 1.143 1.92E-06 2735 176 468
Obstructive chronic bronchitis 1.048 1.026 1.071 2.14E-05 8997 157632
Chronic bronchitis 1.047 1.024 1.069 3.28E-05 9116 157632
Chronic airway obstruction 1.042 1.021 1.063 7.11E-05 10491 157632
Never smokers
Cancer of bronchus (lung) 1.043 0.954 1.141 3.53E-01 496 214592
Emphysema 1.154 1.008 1.322 3.83E-02 228 198649
Cancer within the respiratory system 1.032 0.955 1.114 4.28E-01 662 214592
Obstructive chronic bronchitis 0.983 0.937 1.032 4.89E-01 1652 198649
Chronic bronchitis 0.980 0.935 1.027 3.95E-01 1740 198 649
Chronic airway obstruction 0.996 0.960 1.035 8.49E-01 2770 198649

OR, Odds ratio from the logistic regression estimates of the wGRS effects on each phenotype; CI, Confidence interval; P, significance value of the wGRS
estimate; N, sample Number as cases and controls. Italicized text indicates different groups. All analyses are adjusted for age at recruitment, genetic sex, and
first ten genetic principal components. ®The OR was calculated as the exponent of the regression beta, the 95% CI lower was calculated as: exp(beta — 1.96*SE);
while the 95% CI upper was calculated as: exp(beta + 1.96*SE). The ORs and CIs were then transformed by exponentiating them to the power of 1 SD of

the wGRS. PN = 1435 excluded for ‘prefer not say’ in smoking status. “Ever smokers defined by combining current and former smokers’ groups.

Disease risk, CYP2A6 activity, and smoking behaviors vary by
sex [28]. Since the strongest PWS signals were identified in current
smokers, we further stratified current smokers by sex to discover
potential sex-specific novel associations and sex-differentiated
effects of CYP2A6 on the six PWS signals identified. In female
current smokers (CPD mean + SD =14.3247.28), two PWS signals
were detected (Fig. 4A, Supplementary Table 7). The top PWS
signal, also seen in current smokers, was cancer of bronchus
(lung). Constipation was the second PWS signal; as constipation
is currently not included in the PheWAS R package, it is not
depicted on the Manhattan plot. There was a significant sex-by-
wGRS interaction effect only on constipation in current smokers
(ORjinteraction = 0.883; 95% CI =0.800-0.975; P=0.014).

In male current smokers (CPD mean=+SD=17.49 £9.20), two
PWS signals were detected (Fig. 4B, Supplementary Table 7). The

top PWS signal, also seen in the total analytic sample and current
smokers, was cancer within the respiratory system, followed by
diseases of the larynx and vocal cords. There was a significant
sex-by-wGRS interaction effect only on diseases of the larynx and
vocal cords in current smokers (ORinteraction = 1.284; 95% CI=1.078-
1.530; P=0.005).

In a case—control study, CYP2A6 variation (four alleles assessed)
was associated with lung cancer risk, an effect that appeared
stronger in lighter smokers (<20 CPD) compared to the total
sample, likely as heavier smoking overshadows CYP2A6 effects
[44]. In current smokers, we explored whether the six PWS
signals were more pronounced in relatively lighter smokers
(<20 CPD). Slightly higher ORs were observed in lighter smokers
(Supplementary Fig. 1), consistent with the direction previously
observed [44].
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Figure 2. Smoking modifies the CYP2A6 wGRS effects on disease risk. Smoking status (current, former, versus never smokers) interactions plotted
as predicted disease probability with confidence intervals for the six phenome-wide significant signals: (A) cancer of bronchus (lung), (B) obstructive
chronic bronchitis, (C) cancer within the respiratory system, (D) chronic airway obstruction, (E) emphysema, and (F) chronic bronchitis. Interaction term
significance denoted as P <0.001 ***’, <0.01 **’, <0.05 *’). The never smokers group is the reference. Interaction sample (N=358528-394469); cases

and controls sample sizes are found in Supplementary Table 2.

PheWAS model diagnostics

The wGRS distribution was negatively skewed but did not differ by
smoking status (Supplementary Fig. 2). We ran model diagnostics
on the top PWS signal in current smokers. The wGRS displayed a
linear pattern against the logit function of the PWS signal, albeit
with high variability (Supplementary Fig. 3). In the model adjusted
for age, sex, and 10 PCs, we found some evidence of heteroscedas-
ticity detected from the funneling shape of the binned residuals
and a number of points with a standardized residual values >3
(Supplementary Fig. 4).

Mendelian Randomization of PWS signals

We confirmed the impact of CYP2A6 activity on disease outcomes
using MR. We used a single-instrument approach with Wald ratio
estimator to test for causation in two-sample MR. The instrument
was the CYP2A6 wGRS as a continuous score, the exposure was the
NMR (CYP2A6 activity phenotype), and the outcomes were the six
PWS signals. Estimates for all six PWS signals in current smokers
were significant in the MR, suggesting faster CYP2A6 activity
may causally increase the risk for lung cancers and obstructive
respiratory diseases (Fig. 5). The MR estimates in the total sample

were also significant, albeit weaker (Supplementary Fig. 5). We
did not detect evidence of horizontal pleiotropy; the intercepts of
MR Egger were not significant (P> 0.1). Leave-one-out sensitivity
analysis for the top PheWAS signal suggested the estimates were
not driven by any individual CYP2A6 variant. Omitting rs2644891,
1561663607, 1576112798, 1528399442, or rs56113850 individually
rendered the MR model insignificant, suggesting that each of
these variants is important in the effect of CYP2A6 activity on the
outcome (Supplementary Fig. 6). In contrast, omitting CYP2A6*2
(rs1801272) did not weaken the significance of the estimate, sug-
gesting a weak influence of this variant on the CYP2A6 effect on
the outcome. As expected, rs56113850—the top GWAS signal for
the NMR [8] used to construct the wGRS [22]—had the strongest
influence on the MR model. We used six CYP2A6 variants in
our wGRS and only one was weak; thus, our MR analyses were
unlikely to suffer from weak instrument bias [45, 46]. All wGRS
variants passed Steiger filtering indicating they are more strongly
associated with the exposure than the outcome (Supplemen-
tary Table 8), further supporting instrument validity and direction
of causation. The F-statistic for the wGRS and each of the variants
included were all >10 (Supplementary Table 9). We also identified
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Figure 3. Smoking status stratified PheWAS suggesting a role of smoking on disease risk. Manhattan plots for PhneWAS results in current smokers (A);
former smokers (B); and never smokers (C) adjusting for age at recruitment, genetic sex, and 10 PCs. Each data point represents one phenotype in its
respective disease category on the x-axis plotted against the association significance (—log10 P). The horizontal solid lines represent the phenome-
wide significant threshold using Bonferroni correction (P=0.05/1029=4.86 x 10~°), while the blue horizontal dashed lines represent the nominal
association thresholds (5% FDR equivalent to P=6.80 x 10~ for (A); 4.86 x 10~ for (B) and (C)). Constipation surpassed the nominal association
threshold in current smokers but was omitted by the plotting software. PheWAS sample (N =27 822-215 274); cases and controls sample sizes are found

in Supplementary Table 2.

a putatively causal association between iron deficiency anemia
and faster CYP2A6 activity (OR=1.071; 95%CI: 1.033-1.113), but no
smoking-by-wGRS interaction effect (WGRS-by-smoking status:
ORinteraction = 1.001; 95% CI=0.973-1.030; P=0.927, wGRS-by-CPD:
ORinteraction = 0.976; 95% CI=0.987-1.004; P=0.313).

Overlapping diagnoses

We examined the overlap in the six PWS signals cases in current
smokers. For the two neoplasms, cancer of bronchus (lung), and
cancer within the respiratory system, there was nearly 100%
overlap. For the four obstructive respiratory diseases, the largest
overlap was between obstructive chronic bronchitis, chronic

bronchitis, and chronic airway obstruction, which are nested
categories; emphysema had less overlap and appeared as a
slightly more distinct cluster. Between the top signal of each of
the two main clusters, 28% of cases of cancer of bronchus (lung)
overlapped with obstructive chronic bronchitis, suggesting shared
underlying mechanisms (Fig. 6).

Faster CYP2A6 metabolizers: Disease risk and
age of disease

To improve clinical interpretability, we dichotomized the wGRS
using a cut-point of 2.14 (based on the NMR 0.31 clinical cut-point
which predicts smoking level and smoking cessation success)
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Figure 5. Significant MR causal estimates of faster CYP2A6 activity on
the PWS signals in current smokers. Two-sample MR using the NMR
dataset as the first sample to determine instrument-exposure (i.e. wGRS-
NMR) effects adjusting for age, genetic sex, and the first four genetic
principal components; and current smokers of the UK Biobank as the
second sample to determine instrument-outcome (i.e. wGRS-PWS signal)
effects adjusting for age, genetic sex, and the first 10 genetic principal
components. OR: Odds ratio of MR estimates; CI: Confidence intervals
of the odds ratio. Ordered from top to bottom by significance in current
smokers stratified PhneWAS (Fig. 3A). Using the total analytic sample of the
UK Biobank as the second sample also resulted in significant MR causal
estimates with some dilution of the effects (Supplementary Fig. 5).

[22]. In current smokers, faster metabolizers (WGRS > 2.14) had a
significantly higher risk to develop lung cancers and obstructive

respiratory diseases compared to slower metabolizers (WGRS <
2.14) (Table 3).

Next, we used survival analyses to investigate the associa-
tion between CYP2A6 activity and time to acquiring a diagnosis
of cancer of bronchus (lung) and obstructive chronic bronchitis
(Fig. 7), the top PWS signal from each cluster (Fig. 6). We selected
survival analysis for its unique capabilities in handling time-to-
event data, thus capturing the dynamic nature of the risk factor.
Those in the CYP2A6 faster, versus slower metabolizer group, had
an increased risk of a younger age of cancer of bronchus (lung)
and obstructive chronic bronchitis diagnosis (Fig. 7). The other
four PWS signals showed similar patterns (Supplementary Fig. 7,
Supplementary Table 10).

Discussion

This study is the largest CYP2A6 PheWAS and MR study conducted
to date and the first to utilize a comprehensive genetic score for
CYP2A6. We present novel evidence supporting a causal relation-
ship between faster CYP2A6 activity and an elevated risk for lung
cancers and obstructive respiratory diseases in the total analytical
sample (adjusted for smoking) and in current smokers. We further
showed that faster (vs. slower) CYP2A6 metabolizers were at a
higher risk of developing these diseases at a younger age.
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Table 3. PWS signals in current smokers regressed against dichotomized CYP2A6 wGRS (slower metabolizer group <2.14 is the

reference group).

Phenotype OR® 95% CI lower?® 95% CI upper?® P

Cancer of bronchus (lung) 1.592 1.374 1.843 5.68E—10
Cancer within the respiratory system 1.560 1.347 1.805 2.64E-09
Obstructive chronic bronchitis 1.236 1.146 1.332 3.42E-08
Chronic bronchitis 1.249 1.155 1.350 2.59E-08
Chronic airway obstruction 1.238 1.148 1.335 2.92E-08
Emphysema 1.324 1.130 1.551 5.06E-04

2The OR was calculated as the exponent of the regression beta, the 95% CI lower was calculated as: exp(beta—1.96*SE); while the 95% CI upper was calculated

as: exp(beta + 1.96*SE).

In previous candidate gene studies using various ancestral pop-
ulations (e.g.Japanese, N=1705 [47]; Chinese, N =681 [48]; African,
N =494 [49]; and European, N=860 [44]), faster CYP2A6 activity,
measured by the NMR or CYP2A6 genomics, was associated with
an increased risk for lung cancer. Similarly, faster CYP2A6 geno-
type groups were more prevalent in COPD patients compared
to healthy non-smokers [50]. Furthermore, rs56113850T > C, the
top variant associated with increased CYP2A6 activity in NMR
GWASs [8, 51], was significantly associated with the risk for non-
small [52] and squamous cell lung carcinomas [20]. Other GWASs
have linked CYP2A6 with COPD [53] and emphysema [54]. Our
study extended the relationships between CYP2A6 activity and
these two disease clusters, using hypothesis-free methodology
that avoids some of the issues inherent in candidate gene studies
and provides evidence for causation.

One mechanism explaining the association between faster
CYP2A6 activity and increased lung disease risk is via increased
smoking. Faster CYP2A6 activity is associated with increased
CPD in clinical studies [14, 16, 17]. Variants in the chromosome

19913 locus, where CYP2A6 resides, were among the top genome-
wide signals associated with CPD [S5]. Heavier smoking is a
known risk factor for lung cancer and COPD [44, 56, 57]. A
recent PheWAS-MR study using a genetic risk score for CPD
identified these same six PWS signals; the risk score for CPD
did not incorporate any CYP2A6 variants [58]. Higher urinary
levels of the tobacco-specific nitrosamine 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol (NNAL) in urine, a biomarker of tobacco
consumption, is found among faster CYP2A6 metabolizers [17]. In
turn, higher NNAL levels have been associated with more severe
COPD symptoms [59]. In our interaction analysis, smoking status
significantly modified the CYP2A6 association with disease:
the CYP2A6 effect was strongest in current smokers for all six
PWS signals, weaker but significant in former smokers for the
obstructive respiratory diseases signals (except emphysema), and
absentin never smokers (Fig. 2, Supplementary Table 3). Smoking-
related declines in lung function persist after smoking cessation
[60]. While lung-related symptoms and mortality generally
improve after cessation, they do not decline to those of never
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smokers [61]. Unlike COPD, lung cancer was not one of the top
signals in former smokers, perhaps since the risk for lung cancer
drops dramatically within five years of cessation [56, 62]. The
cancer of bronchus (lung) phenotype was the top PWS signal in
current smokers, while it was the 16" in former and the 353 in
never smokers.

In our previous case-control study in European ancestry smok-
ers, the association between faster CYP2A6 activity and lung can-
cer risk was greater in lighter smokers (< 20 CPD) than in the over-
all smokers group [44]. In the current study, while a similar trend
for higher CYP2A6-estimated lung cancer risk was observed in
lighter smokers, it was marginal. These findings together suggest
1) that heavy smoking could overwhelm the effects of variation
of CYP2A6 activity on lung cancer risk, and 2) that the risk varies
with both CYP2A6 activity and cigarette consumption [44].

Faster CYP2A6 activity may increase levels of toxins that
induce oxidative stress, increase reactive oxygen species and can
injure the lungs [57, 63]. For example, faster CYP2A6 activity
was associated with increased levels of polycyclic aromatic
hydrocarbons and other volatile compounds found in cigarettes
[64, 65]. The Nrf2 transcription factor (increased by oxidative
stress) binds to the antioxidant response element 1 in CYP2A6
inducing mRNA levels which could increase production of
reactive oxygen species, DNA mutations, promote more oxidative
stress, lung injury, and oncogenicity ([66-68]. reviewed in [69]).
CYP2A6 also mediates the activation of carcinogens like 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone [70]. In a mouse
model, methoxsalen, a potent CYP2A6 inhibitor, was found to
reduce the incidence and tumor multiplicity of NNK-induced
adenocarcinomas [71]. Thus, there may be a role for CYP2A6 in
the progression of COPD and lung cancer related to oxidative
stress and/or nitrosamines.

The influence of CYP2A6 activity on lung cancer is apparent in
some studies even when controlling for pack-years [44]. Consis-
tently, five out of six PWS signals remained PWS after controlling
for pack-years or CPD (Supplementary Tables 5 and 6). A decline in

estimates, however, was more notable for the obstructive respira-
tory diseases (~20%) versus lung cancer signals (~10%), suggest-
ing a potentially larger impact of smoking on the CYP2A6 effects
on obstructive respiratory diseases.

Early onset lung cancer is associated with a worse prognosis
and survival, especially for squamous cell carcinomas (i.e. the
smoking-related lung cancer) [72]; this is less well understood for
obstructive respiratory diseases [73]. Faster CYP2A6 metabolizers,
who had an overall higher risk of lung cancer and obstructive res-
piratory disease, were also at greater risk of earlier diagnosis than
slower CYP2A6 metabolizers (Fig. 7, Supplementary Fig. 7); the UK
Biobank is an older cohort which may have limited detection of
even earlier separation between CYP2A6 metabolizer groups. Our
findings suggest that faster CYP2A6 metabolizers who currently
smoke are not only at higher risk for acquiring respiratory disease,
but do so at a younger age, furthering our understanding of the
risk that faster CYP2A6 activity has on these diseases.

Tobacco smoking increases the risk of iron deficiency anemia
[74]. In mice, CYP2A metabolizes bilirubin to biliverdin and CYP2A
is induced by excess heme [75]. Thus CYP2A6 plays a complex,
though understudied, role in heme homeostasis and catabolism.
Here we showed that genetically faster CYP2A6 activity appears to
be causally associated with iron deficiency anemia. We speculate
that this association is unlikely to be via CYP2A6’s impact on
smoking, as 1) the signal was observed in the total group and
not in current smokers, and 2) we found no smoking-by-wGRS
interaction effect.

We did not detect a significant association with hearing loss,
as previously discovered in a PheWAS of the CYP2A6 rs113288603
variant in older, nicotine-exposed women [26]. The hearing loss
PheCode in the UK Biobank phenome was divided into conductive
and sensorineural. The direction of effect on conductive, but
not sensorineural, hearing loss was consistent with the previous
study’s finding that faster CYP2A6 activity was protective [26];
the effect was very weak in this study, and observed only among
current male smokers (Supplementary Table 11).
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Limitations of this study include a potential healthy volun-
teer selection bias, since the UK Biobank is composed of mostly
healthy participants. This may also underpower the ability to
detect other a priori associations, such as smoking-related cardio-
vascular diseases. Although we report smoking-adjusted, unad-
justed, interaction, and stratified data, there may be an unac-
counted for collider bias that may bias the reported estimates.
Testing mediation effects of smoking in the CYP2A6-disease rela-
tionships in the future will aid in disentangling indirect (via
smoking) and direct effects of CYP2A6 on disease risk. While
logistic regression models are inherently heteroscedastic [48],
potential heteroscedasticity in our PheWAS models may have
biased the estimates; thus, feature selection and engineering is
needed before these models are used for disease prediction as
opposed to discovery. Additionally, the PheCode system was built
from ICD codes only, limiting the examination of phenotypes
not captured by this system (e.g. cancer histological subtypes).
Although the wGRS captures the largest NMR CYP2A6 activity
phenotype to date, it does not account for all variation in CYP2A6
activity. We did not look at the influence of medications taken
by the UK Biobank participants in this study; however, we spec-
ulate a negligible influence on our findings considering the low
reported counts of medications known to interact with CYP2A6
(e.g. Letrozole). The censoring assumption in survival analysis
may introduce bias if one group did not receive a diagnosis due to
factors unaccounted for (e.g. access to healthcare) or if there are
other time-varying covariates (e.g. other lifestyle factors or comor-
bidities). While it is difficult to eliminate bias, survival analysis is
informative as it captures the dynamic nature of the risk factor
better than traditional regression models (e.g. logistic regression).
Lastly, we were unable to examine non-European ancestry groups
due to low case numbers (and thus power), especially in smokers,
in the UK Biobank.

In summary, this is the first study to demonstrate, using a
hypothesis-free approach in a large biobank, an association of
CYP2A6 wGRS with lung cancers and obstructive respiratory
diseases and to provide evidence supporting causation. Faster
metabolizers were also at greater risk for a disease at a younger
age. Additionally, this is the first study to identify potential
novel associations between CYP2A6 and iron deficiency anemias,
constipation, appendicitis, and ureteral calculus. Our findings
suggest there may be an opportunity to incorporate CYP2A6
genotyping into early lung cancer screening programs to enhance
identification of those at greater risk.

Supplementary data

Supplementary data is available at HMG Journal online.
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