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Rare coding variants in CHRNB3 associate
with reduced daily cigarette smoking across
ancestries
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Rare coding variants that alter protein function and confer beneficial health
effects can suggest potential drug targets. CHRNB3 encodes the 33 subunit of
nicotinic acetylcholine receptors that bind nicotine and mediate its action in
the brain. Here we report an exome-wide association study of number of
cigarettes smoked per day (cig per day) in 37,897 current smokers from the
Mexico City Prospective Study. We identify a deleterious missense variant in
CHRNB3, p.Glu284Gly, that associates with a significant reduction in daily
cigarette consumption. The missense variant is enriched in people of Indi-
genous Mexican ancestry but rare in other ancestries. We further identify a
predicted loss-of-function variant in CHRNB3 that significantly associates with
reduction in number of smoked cigarettes per day in participants of Japan
Biobank. This variant is enriched in people of East Asian ancestry but is rare in
other ancestries. Finally, we find that rare deleterious missense and predicted
loss-of-function variants in aggregate associate with a reduction in the number
of smoked cigarettes per day in individuals of European ancestry from the UK
Biobank. Our results suggest that loss of function of CHRNB3 significantly
associates with daily cigarette smoking, proposing 33 inhibition as a potential
therapeutic strategy for nicotine addiction.

Despite its decline in recent years, cigarette smoking continues to be a powerful approach to discovering new drug targets’. Naturally
one of the leading preventable causes of death worldwide'. Limited  occurring loss of function genetic variants conferring protection from
progress has been made in the past two decades in identifying new human diseases are among the best lines of evidence to identify new
drugs for smoking addiction’. Human genetic association studies offer  drug targets. Drug designs mimicking such natural protection
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mechanisms have delivered successful medicines, e.g., CCRS inhibitors
for the treatment of human immunodeficiency virus infection and
PCSK9 inhibitors for the treatment of hypercholesterolemia®.

Cigarette smoking has been extensively characterized at the
molecular level compared to other addiction-related behaviors, thanks
to decades of animal and human genetic studies*. Some of the first
loss-of-function protective genetic variants in a human behavioral trait
were discovered for smoking in the 1990s. A null missense variant in
CYP2A6 with a minor allele frequency (MAF) of ~2.5% in Europeans’ and
a CYP2A6 gene deletion variant with an MAF of ~20% in East Asians®
associated with lower average number of cigarettes smoked daily by
slowing the nicotine metabolism in the blood. With rapidly increasing
population-level sequencing studies, similar protective associations
are beginning to emerge. For example, through a large-scale exome-
wide association study (ExXWAS) of smoking behavior, we have dis-
covered that rare deleterious coding variants in CHRNB2, encoding the
32 subunit of nicotinic acetylcholine receptors (nAChRs), associate
with reduced likelihood of heavy smoking’. The findings validated the
well-characterized role of B2 subunit in mediating the rewarding
effects of nicotine®.

The nAChRs are ion channels made of five subunits. There are at
least nine nAChR subunit types (a2-7, $2-4) known to be expressed in
the human brain, most of which were linked to smoking behavior-
related phenotypes such as ever smoking (vs never), smoking quantity
(measured as number of cigarettes per day (cig per day)), nicotine
addiction, and tobacco use disorder through common (MAF >1%)
variant-based genome-wide association studies (GWAS)*"*; some of
the strongest associations include loci 15g25.1 containing CHRNAS,
CHRNA3 and CHRNB4 (ref. 14), 8pll.21 containing CHRNB3 and
CHRNAG (ref. 15) However, with few exceptions such as 2 and a5, the
phenotypic consequences of loss or gain of these subunits on smoking
behavior in humans are poorly understood’'*". Sequencing large

numbers of individuals from diverse ancestries can help discover rare
coding variants in these subunits, and investigating associations with
smoking behavior provides insight into their functional roles within
addiction-related neural pathways.

We have recently exome sequenced around 150,000 Mexican
residents who were participants of the Mexico City Prospective Study
(MCPS) established in the late 1990s™". In continuation of our pre-
vious work’ on rare-variant (MAF <1%) associations of smoking beha-
vior, we now report an ExXWAS of cig per day in individuals of
Indigenous Mexican ancestry from the MCPS cohort (throughout this
article, the usage of the word ‘ancestry’ indicates genetically predicted
ancestry of the participants). The EXWAS revealed a significant asso-
ciation with CHRNB3 driven by an Indigenous Mexican-enriched mis-
sense variant. We replicate the CHRNB3 protective signal using
independent samples from three ancestries: Indigenous Mexicans'®,
Europeans®, and East-Asians®. We further report a GWAS of cig
per day in Indigenous Mexican ancestry, compare the results with
Europeans-based results, and discuss the similarities and differences in
the common variant architecture between the two ancestry groups.

Results

Exome-wide association study

The overall study design is shown in Fig. 1, and the demographics of
the study participants, including the distribution of cig per day, are
reported in Supplementary Data 1 and Supplementary Fig. 1. We stu-
died 37,897 individuals (19,550 males and 18,347 females) from the
MCPS cohort who were current smokers and for whom information on
cig per day, rare variants (based on exome sequencing), and common
variants (based on array genotyping combined with imputation) were
available (“Methods”). Our primary goal was to discover potential drug
targets for smoking addiction based on genetic associations driven by
rare coding variants, which point to the causal genes with high

Genetic association study of cig per day in the MCPS cohort
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Fig. 1| Study design. The flow chart summarizes the study design. The primary
study is a genetic association analysis of cigarettes per day in 37,897 individuals
from the MCPS cohort. The secondary studies include genetic association analyses
of cigarettes per day in MCPS (independent sample), UK Biobank, and Japan

Biobank. In addition to cigarettes per day, other smoking phenotypes (ever smoker
and heavy smoker) were analyzed, which are described in the manuscript. EXWAS
Exome-wide association study, GWAS Genome-wide association study, MCPS
Mexico City Prospective Study.
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confidence. To achieve that goal, we performed an ExWAS of cig
per day in the MCPS cohort. We tested the associations of rare
(MAF <1%) missense and predicted loss-of-function (pLOF) variants
grouped under seven combinations of variant classes and five cate-
gories of allele frequency bins (Supplementary Data 2). The association
analyses were performed using the latest version of REGENIE?, which
tests variant associations using different statistical approaches and
combines the results using an ensemble approach to calculate a single,
unified P value per gene called “gene P’ (Supplementary Fig. 2 and
Supplementary Data 3). We used the gene P values to identify exome-
wide significant genes using a significance threshold of P<2.6e-6
based on 18,955 genes tested (0.05/18,955). We also calculated gene P
based on only synonymous variants as a reference for null distribution
with the assumption that synonymous variants overall do not associate
with the phenotype; this helped assess any potential inflation in the
test statistics. After discovering significant genes, we studied the
individual association tests in detail to understand the direction of the
effect and the classes of variants and allele frequency bins contributing
to the association signals. All the association tests were adjusted for
important confounders, including age, sex, relatedness, genetic prin-
cipal components, and any nearby common variant signals (“Meth-
ods”). Our primary analysis was focused on gene-level associations as
aggregate testing offers greater statistical power than testing one
variant at a time, and further, our gene P approach is expected to
capture even scenarios where gene associations are driven by a single
variant”. However, we also explored the single-variant associations as
a secondary analysis. We tested the associations of 449,606 variants
including pLOFs and missense variants mapped to canonical tran-
scripts. Variants with P<1.1e-07 were considered statistically sig-
nificant based on a Bonferroni-adjusted significance threshold (0.05/
449,606). We also performed EXWAS of cig per day in 133,133 indivi-
duals of European ancestry from the UK Biobank (UKB) using the same
analysis workflow for comparison of results between Indigenous
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Mexican and European ancestries and cross-ancestry validation of
significant findings.

Exome-wide significant genes and variants

EXWAS of cig per day in the MCPS cohort using gene-based testing
identified two genes significantly associated with cig per day: CHRNB3
(gene P=3.5e-10) and VSIR (gene P=2.1e-6) (Fig. 2a and Supplemen-
tary Fig. 3a). Testing individual rare coding variants across the exome,
we identified a missense variant, p.Glu284Gly (rs75384358), in CHRNB3
significantly associated with cig per day at exome-wide significance
(beta=-0.19; P=1.1e-9; Supplementary Fig. 4a). Neither the gene-level
nor variant-level testing yielded any significant rare-variant associa-
tions with cig per day in the UKB, despite a 3.5-fold larger sample size
compared to MCPS (Fig. 2b and Supplementary Figs. 3b and 4b).

Association of rare coding variants in CHRNB3

CHRNB3 showed the strongest association with cig per day both at the
gene-level and variant-level analysis in the MCPS cohort. Comparing
the individual gene-level association tests, we found that burden tests
that aggregate carriers across all deleterious missense variants in
CHRNB3 showed the strongest statistical association (beta=-0.19;
P=2.8e-11) (Supplementary Figs. 5 and 6 and Supplementary Data 4).
We found in total, 944 carriers (including 4 homozygotes) of deleter-
ious missense variants in CHRNB3 who smoked significantly fewer cig
per day on average compared to 36,951 non-carriers (beta=-0.19;
P=3.6e-11). Most of these individuals (73%; n =691 including 4 homo-
zygotes) were carriers of a single missense variant, p.Glu284Gly, the
only variant that showed exome-wide significance in our variant-level
analysis (Supplementary Fig. 4a and Supplementary Data 5). Therefore,
the gene-level burden association was primarily driven by this single
missense variant. However, excluding p.Glu284Gly, we found that the
remaining 253 carriers in aggregate also smoked fewer cig per day
compared to non-carriers at nominal significance, suggesting other
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Fig. 2 | EXWAS Manhattan plots. Manhattan plots showing results from exome-
wide rare-variant association studies of cigarettes per day in the MCPS (a) and UKB
(b). Number of individuals analyzed: MCPS - 37,897; UK Biobank - 133,133. Only
aggregate level associations are plotted. The X axes correspond to chromosomal
base pair start positions of individual genes and Y axes correspond to P values
(expressed in negative log scale) from burden association tests performed using
REGENIE. The dotted line corresponds to a statistical significance threshold of

P=2.6e-6. The direction of the triangle represents the direction of association
(downward-cig per day decreasing; upward-cig per day increasing); MCPS Mexico
City Prospective Study. Statistical test used: burden association test implemented
in REGENIE software. Two-sided tests were performed with adjustment for multiple
tests using Bonferroni method adjusting for the number of unique genes tested (n
genes =18,955).
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Fig. 3 | CHRNB3 p.Glu284Gly characterization. a Illustrates the distribution of
rare pLOF, deleterious missense and other missense variants (differentiated using
colors) in CHRNB3 identified in the MCPS cohort. The X axis corresponds to the
amino acid position on canonical transcript. The Y axis corresponds to P values of
variant associations with cigarettes per day in the MCPS. The thin grey bar repre-
sents the full protein, and the thick colored bars correspond to protein domains. M1
to M4 are parts of the transmembrane domain of the 33 subunit. The dotted grey
line corresponds to P = 0.05 and the red dotted line corresponds to P = Se-7, exome-
wide association threshold, multiple-tests-adjusting for number of unique rare
variants tested across the whole exome. The size of the circles corresponds to
different minor allele frequency (MAF) thresholds. b displays the MAF of Glu284Gly

in MCPS and other databases (UKB, gnomAD, and All of Us) in five continental
ancestries: Europeans (EUR), admixed Americans (AMR), Africans (AFR), East Asians
(EAS), and South Asians (SAS). In the MCPS, using fine-scale ancestry estimation, we
further report the Indigenous Mexican (IMX) specific MAF. ¢ displays box plots
overlaid on a scatter plot of cigarettes per day distribution across three genotype
groups of p.Glu284Gly. Data are presented as individual data points with box plots
showing median (center line), first and third quartiles (box bounds), and whiskers
extending to 1.5 times the interquartile range. n = 37,206 participants (homozygous
reference), n = 687 participants (heterozygous), n =4 participants (homozygous
variant). Statistical test used: linear regression adjusted for ancestry, age, and sex.
Two-sided test. No multiple tests adjustment.

deleterious missense variants in CHRNB3 also influenced smoking
(beta=-0.15; P=0.006; Supplementary Fig. 7). Focusing on the pLOFs,
we did not observe a significant association, possibly due to low sta-
tistical power as pLOFs in CHRNB3 were rare in the MCPS cohort; in
total we found only 31 carriers of pLOFs (aggregate MAF = 0.04%) in
the analyzed sample, fewer than the 944 carriers of deleterious mis-
sense variants (aggregate MAF =1.3%; Supplementary Fig. 6 and Sup-
plementary Data 4). We tested the CHRNB3 association with cig
per day after removing related individuals (up to 3rd degree relatives)
from the MCPS cohort. The results still showed significant protective
associations, confirming that the high relatedness in the MCPS cohort
did not affect our findings (Supplementary Fig. 8).

The variant p.Glu284Gly corresponds to a glutamate to glycine
substitution at position 284 in the 33 subunit protein based on the
canonical transcript (Fig. 3a). It is located between the second (M2) and
third (M3) transmembrane domain, more proximal to M2 that forms
the ion channel part of the nAChR receptor. The MAF of p.Glu284Gly
was 0.9% in the MCPS cohort. Fine-scale ancestry analysis showed that
all the carriers were of Indigenous Mexican ancestry'®. The haplotype-
resolved Indigenous Mexican-specific MAF of p.Glu284Gly was 1.4%
(Fig. 3b). The variant is either absent or extremely rare in other
ancestry groups, hence it appears to be specific to Indigenous Mexican
ancestry. Notably, it was the most frequent coding variant in CHRNB3
(considering pLOFs and all missense) in the MCPS cohort (Fig. 3a). The

heterozygous and homozygous carriers smoked on average 4.6 and
1.25 cig per day, respectively, which were 21% and 78% lower compared
to non-carriers who smoked on average 5.6 cig per day (Fig. 3c). The
homozygous effect size exceeded the heterozygous effect size beyond
what would be expected in an additive model (expected beta =—-0.40;
observed beta =-0.90). The cig per day reduction by p.Glu284Gly was
more pronounced in males (beta=-0.26; P=5.7e-8) than females
(beta=-0.14; P=0.002); this is likely due to the fact that females
smoked fewer cigarettes than males in this cohort owing to cultural
factors, which in turn attenuated the genetic effects.

To validate the rare-variant association of CHRNB3 with cig per
day, we used three datasets (Fig. 1). Firstly, we tested the association in
an independent set of 33,162 individuals in the MCPS cohort who were
former smokers and reported on the number of cigarettes they
smoked on average per day in the past. We found a nominally sig-
nificant gene-level association for CHRNB3 (gene P=0.001; Supple-
mentary Data 4). Focusing on individual tests, we found a nominally
significant protective association for both rare deleterious missense
variants in aggregate (beta=-0.11, P=5.e-4) and p.Glu284Gly (beta =
-0.10, P=0.007) in isolation with cig per day, thus supporting our
discovery findings (Supplementary Fig. 9). Despite having comparable
sample size, we noticed that the effect size and P value were modest in
the former smokers compared to current smokers. We suspect that
this is likely due to factors such as recall bias (as participants tend to
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Cohort(Anc) Variants N Carriers (%) Effect (95% CI) P-Value
MCPS (IMX) p.Glu284Gly 691 (0.917%) —— | -0.20 (-0.26, -0.13) 1.1e-9
MCPS (IMX) missense (5/5) (exclud. p.Glu284Gly) 253 (0.340%) —_—— : -0.15 (-0.25, -0.04) 0.006
UKB (EUR) pLoF, AAF<1% 112 (0.042%) F——a—— ' -0.27 (-0.44, -0.10)  0.002
UKB (EUR) missense (5/5), AAF<0.1% 312 (0.117%) —_— -0.13(-0.23, -0.02) 0.016
BBJ (EAS) pLoF (splice donor; ¢.52+1G>A) 718 (0.480%) —— : -0.19 (-0.26, -0.12) 3.9e-8
04 02 00
Beta (95% Cl) in SD units per allele
b.
CHRBNB3 Common Variants
Cohort(Anc) Variants N Carriers (%) Effect (95% CI) P-Value
MCPS (IMX) rs4737071 19775 (31%) 1l -0.03 (-0.04, -0.01) 3.8e-5
UKB (EUR) rs4737071 49384 (21%) L] : —-0.04 (-0.04, -0.03) 1.8e-15
BBJ (EAS) rs4737071 52309 (18%) lﬂ: -0.02 (-0.03, -0.00) 0.008
T T T
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Fig. 4 | CHRNB3 summary forest plots. The figure displays forest plots summar-
izing the rare (a) and common variant associations (b) of CHRNB3 with cigarettes
per day in diverse ancestries. The rare-variants plot (a) displays an allelic series of
associations of rare missense and pLOFs from MCPS, UKB, and BBJ. N carriers

represent total number of heterozygous and homozygous carriers for effect allele.
The effect size in standard deviation units along with 95% confidence intervals are

Beta (95% Cl) in SD units per allele

plotted. The dashed vertical line corresponds to null effect (8= 0). IMX Indigenous
Mexicans, EUR Europeans, EAS East Asians, UKB UK Biobank, MCPS Mexico City
Prospective Study, BBJ Biobank Japan. Statistical tests used: linear or logistic
regression models, testing association with individual variant or aggregate of var-
iants, adjusted for ancestry, age, and sex for MCPS; Two-sided tests. No multiple
tests adjustment.

report their current smoking behavior more accurately than their past
behavior) and dilution of genetic effects by environmental factors
(e.g., reduced smoking on doctor’s advice).

Secondly, we studied the CHRNB3 rare-variant association with cig
per day in the UKB. Overall, we found a nominally significant gene-level
association for CHRNB3 (gene P=0.008; Supplementary Data 4).
Comparing individual gene-based tests, the most significant associa-
tion was observed for gene-burden test that aggregated ultra-rare
(MAF < 0.1%) deleterious missense variants and rare pLOFs (beta=
-0.16; P=4.2e-4; Supplementary Fig. 10). Notably, we observed
nominal protective association when aggregating only pLOFs (beta=
-0.27; P=0.002), which was not observed in the MCPS. The larger
sample size in UKB compared to MCPS yielded more pLOF carriers (112
carriers in UKB vs 31 carriers in MCPS), hence boosting the statistical
power to capture at least a nominal signal.

Thirdly, we attempted to validate our findings by leveraging any
publicly available GWAS datasets. Allele frequencies of certain coding
variants can differ dramatically between ancestries due to phenomena
like genetic drift. As a result, a rare variant in one ancestry group that
can be detected only via sequencing is sometimes common in another
ancestry group and detectable via genotyping and imputation. We
surveyed the allele frequencies of pLOFs in CHRNB3 across major
ancestries. We focused only on pLOFs as their functional effects are
relatively more homogeneous, hence interpretable with more con-
fidence compared to missense variants. The variant survey identified a
pLOF in CHRNB3 that was enriched in East Asian ancestry. The pLOF
was a splice donor variant (c.52+1G > A, rs147306385) seen at a MAF
of 0.5% in East Asian ancestry, but not observed in other ancestry
groups (Supplementary Fig. 11). Querying the phenome-wide associa-
tion results of this variant in a public repository of genetic association
results hosted by the Japan biobank®, we found that the top associa-
tion of the pLOF variant (which was the only significant association
across the phenome after adjusting for multiple testing) was cig
per day, with an effect size comparable to that of p.Glu284Gly in the
MCPS cohort (beta=-0.19; P=3.9¢e-8; Supplementary Fig. 12).

In summary, we provide evidence supporting the protective
association of rare coding variants in CHRNB3 with cig per day in three
datasets independent of our discovery sample. Altogether, we found

rare pLOFs and deleterious missense variants in CHRNB3 associate with
significant reduction in cig per day in diverse ancestries—Indigenous
Mexican, European, and East Asian (Fig. 4a).

Association of common variants near CHRNB3

One of the first GWAS loci for cig per day discovered by early studies of
smoking behavior was 8pll encompassing two nAChR genes: CHRNB3
and CHRNAG, first reported by Thorgeirsson et al. (ref. 15) and later
replicated by multiple GWASs'*". The most recent trans-ancestry
GWAS of cig per day by Saunders et al. (ref. 11) reported a single fine-
mapped locus near CHRNB3 where the top variant was rs10958725; this
is in high LD with rs13280604 (r*=0.99), the top variant reported by
Thorgeirsson et al. (ref. 15), hence both represent the same signal. To
characterize the common variant signal at CHRNB3, we meta-analyzed
the common variants (MAF > 0.01) results of UKB and MCPS and found
asingle genome-wide significant locus near the CHRNB3/CHRNAG6 locus
(independent of the rare variant p.Glu284Gly) where the top variant
among the fine-mapped SNPs was rs4737071, an intronic variant in
CHRNAG. This was only moderately correlated (= 0.40) with the top
variant, rs10958725, reported by Saunders et al. (ref. 11) in both EUR
and admixed American (AMR) ancestry groups. We studied this signal
using conditional analyses and found that our common variant signal
retains statistical significance after conditioning on the previously
reported signal by Saunders et al. (ref. 11) (P =1.5e-6). Similarly, when
conditioning on our top variant, the Saunders et al. (ref. 11) signal
remains statistically significant in our meta-analysis (P=0.0004).
These results indicate that, despite a moderate correlation, the two
associations at the CHRNB3 locus may represent independent signals
(Supplementary Fig. 13). We report the associations of our top SNP
(Fig. 4) as well as the association of the top SNP reported by Saunders
et al. (ref. 11) after conditioning on our top SNP and vice versa (Sup-
plementary Data 6). For both variants, the carriers of the minor allele
smoked fewer cig per day compared to carriers of the major allele; the
effect size was expectedly substantially lower compared to
p.Glu284Gly. Although the common variant signal at the 8p11 locus has
been known for a long time, the causal gene was not clear. Our rare-
variant findings favor CHRNB3 as the likely causal gene at this locus,
driving the common variant associations.
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In summary, the findings so far demonstrate an allelic series of
genetic associations of CHRNB3 with cig per day comprising both
common non-coding and rare coding variants from diverse ancestries
(Indigenous Mexican, European, and East Asian), implicating CHRNB3
strongly in the biology of smoking addiction (Fig. 4a, b).

Association of other smoking phenotypes with CHRNB3

The primary association of rare and common variants in CHRNB3 was
observed with cig per day, which indexes the tolerance to nicotine
dose. We next evaluated if rare variants in CHRNB3 also influence the
risk of becoming a smoker. We studied CHRNB3 associations with two
binary phenotypes, namely ever vs never smokers (cases are those who
ever smoked regularly in their lifetime and controls are never smokers)
and heavy vs never smokers (cases are those who smoked 10 or more
cigarettes per day) in the MCPS cohort. Neither p.Glu284Gly nor rare
deleterious missense variants in CHRNB3 in aggregate were sig-
nificantly associated with ever smoking (vs never) (Supplementary
Fig. 14). However, both showed nominally significant associations with
heavy smoking (vs never). Rare variants in CHRNB3 associated with
decreased risk of heavy smoking (vs never) by ~32%. We also tested the
association of rare variants in CHRNB3 with likelihood of quitting
smoking by comparing current vs former smokers, but found no sig-
nificant association (Supplementary Fig. 14).

CHRNB2 vs CHRNB3

We previously reported a protective association between rare variants
in CHRNB2 and smoking in the UKB’. Specifically, we have shown that
rare pLOFs and deleterious missense variants in CHRNB2 in aggregate
associate with reduction in the risk of ever smoking (vs never) by 25%
and heavy smoking (vs never) by 35%, recapitulating the well-
characterized role of CHRNB2 in mediating the rewarding effects of
nicotine®. Motivated by the current discovery, we compared the rare-
variant associations of CHRNB2 with smoking in the UKB against that of
CHRNB3 in the MCPS (Fig. 5a). We found similar levels of reduction
(32%-34%) in the risk of heavy smoking (vs never) in both the CHRNB3

and CHRNB2 rare-variant carriers. However, a reduction in the risk of
ever smoking (vs never) (i.e., becoming a smoker) was seen only in the
rare-variant carriers of CHRNB2 but not CHRNB3 (Fig. 5a). Regarding
cig per day, while rare variants in CHRNB3 were associated with lower
cig per day, rare variants in CHRNB2 were not significantly associated
with cig per day (Fig. 5b). We note these comparisons should be read
with two caveats in mind. Firstly, the CHRNB2 associations were based
on European ancestry from the UKB (the main rare variant driving the
CHRNB?2 association occurs only in Europeans) and the CHRNB3 asso-
ciations were based on Indigenous Mexican ancestry from the MCPS
(the main rare variant driving the CHRNB3 association occurs only in
Indigenous Mexicans). Secondly, there were ~tenfold more rare-variant
carriers for CHRNB3 (aggregate MAF=1.2%) in the MCPS than for
CHRNB2 (aggregate MAF = 0.1%) in the UKB, hence we were statistically
better powered to detect associations for CHRNB3 than CHRNB2.

Associations of rare coding variants in VSIR

The second gene that was exome-wide significantly associated with cig
per day in the MCPS cohort based on gene-based testing was VSIR,
which encodes an immune-related protein, V-set immunoregulatory
receptor (Fig. 2a and Supplementary Data 7). Focusing on individual
coding variant associations, we found one missense variant, Ser280-
Leu, in VSIR, which showed a significant association with cig per day
(Supplementary Fig. 15 and Supplementary Data 8). After excluding
this variant, the gene-level tests were no longer significant (gene
P >0.05), suggesting that the gene-level associations were driven by
Ser280Leu. We studied MAF of Ser280Leu across ancestries, expecting
that it may be enriched in the Indigenous Mexican ancestry. On the
contrary, we found that it is less frequent among Indigenous Mexicans
(MAF =0.12%) than Europeans (MAF =0.58%). Further analysis of
Ser280Leu in the UKB revealed no significant association with cig
per day (beta=0.01, P=0.49; Supplementary Fig. 16), despite 17-fold
more carriers than in the MCPS (1547 vs 91). Gene-based analysis of
VSIR in the UKB did not show a significant association with cig per day
either (Supplementary Fig. 17). The lack of replication in a better-
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Heavy Smoker 92,972/ 167/ 0 230,117/ 633/0 0.12% i : 0.64 (0.54,0.75) 1.6e-7 UKB (EUR)
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CHRNB2 vs CHRNB3 (quantitative trait)
Phenotype Participants Ref/Het/Hom AAF Effect (95% CI) P-Value Cohort
CHRNB3 1
Cig per day 36,951/942/4 1.3% —_—— : -0.19 (-0.24, -0.13) 3.6e-11 MCPS (IMX)
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Fig. 5| CHRNB2 vs CHRNB3. The figure displays forest plots contrasting the rare-
variant associations of CHRNB3 vs CHRNB2 for binary (a) and quantitative (b)
smoking phenotypes. Aggregate level associations based on the rare deleterious
missense variants for CHRNB3 (which showed the strongest association with its
primary phenotype, cigarettes per day, in the MCPS) and rare pLOFs plus deleter-
ious missense variants for CHRNB2 (which showed the strongest association with
its primary phenotype, heavy smoker, in the UKB). The “Ref/Het/Hom” counts refer
to number of homozygous for reference allele, heterozygous, and homozygous for

effect allele respectively. The effect size in standard deviation units along with 95%
confidence intervals are plotted. The dashed vertical line corresponds to null effect
(B =0). IMX Indigenous Mexicans, EUR Europeans, UKB UK Biobank, MCPS Mexico
City Prospective Study. Statistical tests used: linear regression for cigarettes

per day; logistic regression for smoking status phenotypes. All models adjusted for
ancestry, age, and sex. Two-sided tests. No multiple tests adjustment.
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powered analysis suggested that the association of VSIR with cig
per day in the MCPS is a false positive.

Genome-wide association study

Common variant associations of cig per day in Indigenous Mexican
ancestry have not been investigated in detail so far. The most recent
GWAS of cig per day in a broader admixed American ancestry group,
reported by Saunders et al. (ref. 11) in a sample of 35,129 individuals
(85% from 23andMe), identified one genome-wide signal at the well-
established 15g25.1 locus containing the CHRNA3, CHRNAS, and
CHRNB4 gene cluster'. Therefore, to further understand the common
variant architecture of cig per day in Indigenous Mexican ancestry, we
performed a GWAS of cig per day in 37,897 individuals (current smo-
kers) from the MCPS cohort, focusing on common variants (MAF >1%).
We identified eight genome-wide significant loci in chromosomes 15 (n
loci=5),9 (n=1),8 (n=1), and X (n=1); three of the loci contained two
independent signals (Fig. 6 and Supplementary Data 9). To know how
many of these loci had been previously reported in European ancestry-
based GWAS of cig per day, we studied the association of these eight
loci with cig per day in the UKB (N=133,133).

Three of the eight loci identified in the MCPS were also genome-
wide significant in the UKB, all of which had been reported
previously'>". These include loci 15g25.1, 9q34.2, and Xq26.3.

At the locus 15g25.1, we found two independent signals in the
MCPS within the CHRNA3-A5-B4 cluster. At the primary signal, the
index variant (rs55781567; beta = 0.14 SD units; P=1.2e-50) was in high
LD with the top variant at the primary signal in UKB (rs55853698;
r’=0.90; P=1.1e-164), the top variant at this locus reported by Thor-
geirsson et al. (ref. 15) in 2010 (rs1051730; r* = 0.86; P=2e-69) and the
well-established CHRNAS missense variant'’® (rs16969968; r*=0.84;
P=7e-46). At the secondary signal, the index variant (rs138804289;
beta=-0.09; P=1e-38) was in high LD with the top variant at the
secondary signal in UKB (rs13329271; r*=0.95) and the top variant
(rs2456020; r* = 0.80; P=1e-26) reported in the AMR-based GWAS of
cig per day by Saunders et al. (ref. 11).

At the locus 9q34.2, we found two independent signals in the
MCPS close to genes FAM163B and DBH. At the primary signal, the
index variant (rs3174179; beta = 0.10; P = 3.7e-9) was in high LD with the
top variant at the single signal at this locus in UKB (rs56116178;
r’=0.72; P=1.3e-10) and the top variant at one of the two signals
reported in the previous European ancestry-based GWAS of cig per day
by Saunders et al. (ref. 11) (rs113067637; r’=0.93; P=7.7e-12). The
second signal we identified at this locus appears to be novel as the
index variant, rs3025336 (beta=-0.04; P=2.7e-9), located within an
intron of FAM163B, is not in LD with either the top variant in the UKB or
any of the top variants reported by Saunders et al. (ref. 11) (< 0.02).
Notably, rs3025336 had an MAF of 28% in Indigenous Mexican ancestry
but only 4% in European ancestry, hence offering higher statistical
power for discovery in the MCPS. Also, rs3025336 replicates in the UKB
at nominal significance (beta =—0.03; P = 5.5e-4), suggesting a genuine
association. Hence, by discovering an additional new signal, we further
strengthen the association of this locus with smoking. Although the
causal gene at this locus is still unclear, traditionally DBH (encoding
dopamine beta-hydroxylase) has been viewed as causal due to its role
in dopamine metabolism?. However, FAM163B (the closest gene to the
new signal), encoding a protein of unknown function expressed den-
sely in the brain”®, warrants further investigation for its potential
involvement in smoking behavior (Supplementary Fig. 18).

At the locus Xq26.3, we found one independent signal in the MCPS
close to genes RBMX and GPRIOI. The index variant at this locus
(rs34269802; beta=-0.05; P=3.9¢e-11) was in high LD with the top
variant at this locus in the UKB (rs55958410; > = 0.79; P=1.6e-23) and
the top variant reported previously by Erzurumluoglu et al. (ref. 24) in
2019 (rs1190736; r*=0.79; P=6.4e-10). Notably, Xq26.3 is the third
strongest locus in the GWAS of cig per day in European ancestry
groups after the CYP2A6 and CHRNAS loci on chromosomes 19 and 15,
respectively. Yet, it was not identified until 2019 as most early GWASs
of smoking behavior did not include analyses of the X chromosome.
The causal gene at this locus is not clear, but GPR101, encoding a brain-
specific G protein-coupled transmembrane receptor expressed
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Fig. 6 | GWAS Manhattan plots. Manhattan plots showing results from genome-
wide common variant association studies of cigarettes per day in the MCPS (a) and
UKB (b). The X axes correspond to chromosomal base pair start positions of indi-
vidual variants and Y axes correspond to P values (expressed in negative log scale)
from variant association tests performed using REGENIE. The dotted line

corresponds to the genome-wide statistical significance threshold of P=5e-8. UKB
UK Biobank, MCPS Mexico City Prospective Study. Statistical test used: linear
regression. Two-sided tests with no multiple tests adjustment, beyond genome-
wide significant threshold.
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densely in the nucleus accumbens?, a key brain region involved in the
reward pathway, is a prime candidate (Supplementary Fig. 19).

Five of the eight loci we identified in the MCPS were not genome-
wide significant in the UKB or reported previously. Four of these five
new loci were located on chromosome 15 adjacent to the CHRNAS
cluster. Notably, the locus 15q24.1 contains multiple genes encoding
the cytochrome P450 superfamily of enzymes, namely CYPIA1, CYPIA2,
and CYPIIAIL. The index variant rs12437562 (intergenic variant) was
significantly associated with cig per day in the MCPS but not in the
UKB. The MAF of rs12437562 was more than 50 times enriched in
Indigenous Mexican ancestry compared to European ancestry. The
lack of association in European ancestry is likely due to the low sta-
tistical power, as rs12437562 was rare in the UKB. This chromosome 15
cluster of cytochrome genes is distinct from the chromosome 19
cluster of cytochrome genes, such as CYP246, CYP2A7, etc., classically
associated with smoking in the European ancestry-based studies®.
Importantly, we found no genetic signal for cig per day in the CYP246
locus in the Indigenous Mexican ancestry group (Fig. 6). For example,
the well-characterized CYP2A6 null missense variant Leul60His (ref. 5)
associated with lower cig per day in European ancestry in the UKB
(beta=-0.17; P=8.8e-57, MAF =2.8%) but had no association in Indi-
genous Mexican ancestry in the MCPS (beta=-0.03; P=0.29; MAF =
1.2%) despite having similar allele frequencies in both populations. The
distinct genetic signals of cytochrome enzymes associated with cig
per day in European and Indigenous Mexican ancestries warrant fur-
ther investigation concerning nicotine metabolism.

Altogether, five of the eight loci-associated cig per day were
clustered on chromosome 15 across a five Mbp region. Given the high
density of smoking signals in the long arm of chromosome 15 in the
Indigenous American ancestry group, we explored the admixture
pattern in the associated regions'. We did not find significant enrich-
ment of specific ancestry groups in the chromosome 15 signals (Sup-
plementary Fig. 20).

Discussion

Individuals of non-European ancestries have been historically under-
represented in human genomic studies®. Fortunately, this diversity
gap is slowly being filled by researchers from both academia and
industry®, Here we have provided the first look at the rare-variant
architecture of cig per day in Indigenous Mexicans, revealing a notable
discovery-the p.Glu284Gly missense variant in CHRNB3 associated
with a strong reduction in the number of cigarettes smoked per day.
Using a haplotype-resolved local ancestry approach, we find the MAF
of this variant in Indigenous Mexicans is ~1.4%, based on which we
estimate 2.8% and 0.02% of individuals of this population group are
heterozygous and homozygous carriers, respectively. Based on recent
population estimates, this would correspond to ~400,000 and ~3000
individuals, respectively. Although local ancestry analysis suggested
that p.Glu284Gly occurred exclusively in the Indigenous Mexican
haplotypes, based on the admixture-based selection analysis of the
MCPS cohort reported previously, we did not find an over-
representation of Indigenous Mexican ancestry in the region contain-
ing CHRNB3 to support purifying selection (Supplementary Fig. 21).
Hence, the variant may have drifted in time to a higher frequency,
benefitting its carriers by guarding them from smoking more
cigarettes.

When investigating the CHRNB3 coding variants, we found a
drifted pLOF in the East Asian participants in the Japan Biobank®. The
effect size of this pLOF was remarkably similar to the effect size of
p.Glu284Gly, which is 0.2SD fewer cigarettes per minor allele. This
corresponds to approximately 1.3 cigarettes per day in the current
smokers in the MCPS cohort who smoked, on average, 5.8 (SD =6.4)
cigarettes per day and 1.7 cigarettes per day in the current smokers in
the UKB who smoked, on average, 15.5 cigarettes per day (SD = 8.4).
Since the mean and SD of cig per day can vary across ancestries, we

preferred SD units over actual numbers of cig per day as the standard
measure of effect size in our reporting. Benchmarking this effect size
against well-established cig per day coding variants, the per-allele
effect size of p.Glu284Gly is similar to the per-allele effect size of
CYP2A6 null missense variant (p.Leul60His)’ and 1.7 times larger than
the CHRNAS missense variant (p.Asp398Asn)™. Importantly, the effect
size in p.Glu284Gly homozygotes appears to be much larger. Based on
the similar heterozygote-effect size of p.Glu284Gly compared to the
EAS-specific pLOF (c.52+1G > A), we suspect that p.Glu284Gly has a
loss-of-function consequence, hence p.Glu284Gly homozygotes are
likely CHRNB3 knockouts. Our findings will inspire future call-back
studies in Mexico to deeply profile the phenotypic characteristics of
CHRNB3 human knockouts. Such studies will provide insights into the
safety and viability of CHRNB3 as a therapeutic target for smoking
cessation.

Understanding the mechanism through which loss of the (33 su-
bunit associates with reduced smoking is important for drug devel-
opment. Unlike the 32 subunit, which has been extensively studied
using gene manipulation in animal models for many decades,
the B3 subunit is relatively poorly studied”. Our data show distinct
CHRNB3 genetic associations with smoking behavior. We observed
that rare variants in CHRNB3 were significantly associated with reduced
cig per day but were not associated with risk of ever smoking (vs
never). This phenotypic pattern differs from what we previously
reported for CHRNB2, where rare variants were associated with
decreased risk of ever smoking (vs never) but not with reduced cig
per day’. These differential effects align with knowledge based on
animal studies that nAChR subunits contribute to distinct aspects of
smoking behavior®".

The observed pattern for CHRNB3 inversely mirrors what has been
documented for CHRNAS, where the hypomorphic p.Asp398Asn var-
iant associated with increased cig per day (effect=0.18 SD; P=2.3e-
200) but has minimal effect on ever smoking status (odds ratio = 0.99;
P=0.01) (variant associations statistics from publicly available GWAS
summary statistics from the largest GWAS of cig per day and smoking
initiation to date, published by Saunders et al. (ref. 11)). This differential
effect was experimentally validated by Fowler et al. (ref. 17), showing
that deleting the a5 subunit, expressed densely in medial habenula, in
mouse predominantly affected nicotine consumption quantity rather
than initial reinforcement”. Similarly, for CHRNB3, Jackson et al.
(ref. 27) reported that 33 deletion in mice did not affect nicotine
reward but influenced withdrawal”. Interestingly, like o5, B3 is also
expressed densely in medial habenula, a brain region critical for
nicotine consumption regulation*,

These findings suggest that targeting CHRNB3 may contribute to
smoking cessation through mechanisms distinct from those targeted
by current pharmacotherapy, which is focused on P2-containing
receptors®. The current first-line pharmacotherapy, varenicline, pri-
marily acts as a partial a42 agonist/antagonist®. Given the selective
effect of CHRNB3 variants on cig per day rather than smoking initia-
tion, and its expression in circuits implicated in aversion, [3-
containing receptors may represent a complementary therapeutic
target to existing approaches for reducing smoking intensity in
established smokers.

Our study has several limitations. Although we replicated the
findings in former smokers from the MCPS cohort and found overall
consistent associations of CHRNB3 rare variants with cig per day
across different ancestries, we lacked an independent Mexican
ancestry cohort for direct replication of the p.Glu284Gly variant. Our
phenotypic characterization focused primarily on cig per day rather
than comprehensive clinical measures of nicotine dependence or
tobacco use disorder, potentially limiting the direct assessment of
clinical implications of the genetic findings. While the genetic asso-
ciations were robust, functional characterization of CHRNB3 rare var-
iants was not performed to precisely understand the molecular
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mechanisms of through which loss of 33 subunit influences smoking
behavior. Finally, the population-specific nature of the key variants
(p.Glu284Gly in Indigenous Mexicans, ¢.52+1G>A in East Asians)
limits replication of specific variant associations across ancestries.
However, the consistent phenotypic impact of these different variants
from diverse ancestries strengthens the overall conclusion that dis-
rupting CHRNB3 function associates with reduced cigarette con-
sumption. This demonstrates that, although genetic variants diverge,
the underlying biology, and therefore the translational impact, often
converges across ancestries.

In summary, by combining genetic data from diverse ancestries,
we have shown that naturally occurring deleterious coding variants in
CHRNB3 strongly associate with reduced daily cigarette smoking in
humans. The finding adds CHRNB3 to the portfolio of human genetics-
validated, potential drug targets for smoking.

Methods

Study cohorts

The MCPS was established in the late 1990s through collaboration
between Mexican and British scientists to investigate health effects of
tobacco and other factors in Mexico™®". From 1998 to 2004, over
150,000 adults aged 35 and older (mean age 50) were recruited from
two historic Mexico City districts: Coyoacan and Iztapalapa. Partici-
pants completed questionnaires, underwent physical measurements,
provided blood samples, and agreed to mortality follow-up. The study
areas have diverse populations, including long-term residents and
more recent migrants from various regions of Mexico. The MCPS
represents one of the largest prospective cohort studies in Latin
America and provides valuable data on disease risk factors in the
Mexican population.

UKB is a large-scale biomedical database and research resource
containing in-depth genetic and health information from half a million
UK participants®***. The project was established in 2006-2010,
recruiting 500,000 volunteers aged 40-69 from across the UK. Par-
ticipants provided blood, urine, and saliva samples for future analysis,
underwent various physical measurements, and answered questions
about their lifestyle, environment, and medical history. UKB enables
research into the genetic and environmental determinants of common
diseases of middle and old age. The resource is made available to all
bona fide researchers for health-related research that is in the public
interest, without preferential access.

The Biobank Japan (BBJ) Project was launched in 2003 in Japan
with the aim of developing personalized medicine through the crea-
tion of a large patient-based biobank of East Asian populations®*. The
study enrolled approximately 200,000 patients with any of 47 target
common diseases between 2003 and 2008, collected DNA, serum
samples, and detailed clinical information from participants, con-
ducted annual follow-up surveys, stored biological samples and clin-
ical data to enable genomic and biomarker research. The project
combines genomic data with detailed clinical information to study the
genetic and environmental factors influencing common diseases in the
Japanese population. It serves as a valuable resource for researchers
investigating the genetic basis of diseases and drug responses.

Smoking phenotypes

The smoking phenotypes used in the current study were self-reported,
collected via interviewer-administered questionnaire (MCPS) or
touchscreen/online follow-up questionnaire (UKB). In the MCPS, par-
ticipants reported if they had ever smoked tobacco (ever smoker); if
they currently regularly smoke tobacco (current smoker); among
current smokers, number of cigarettes smoked per day, on the days
when participant smokes (cig per day), among participants who ever
quit smoking, number of cigarettes smoked per day, on a day when
participant used to smoke (cig per day). In the UKB, participants
reported about their current (data field: 1239) and past tobacco

smoking (data field: 1249); among current smokers, number of cigar-
ettes smoked per day (data field: 3456); among former smokers,
number of cigarettes smoked per day (data field: 2887). In both MCPS
and UKB, heavy smokers were defined as those who smoked 10 or
more cigarettes per day.

Exome sequencing

Exome sequencing for all cohorts was conducted at the Regeneron
Genetics Center in Tarrytown in the US using standardized protocols®.
DNA from peripheral blood was fragmented into 200-bp libraries,
barcoded, and enriched for exome regions using a modified xGen
probe. Sequencing was performed on Illumina NovaSeq 6000 plat-
forms, achieving >20x coverage for over 90% of target sequences in
99% of samples. Reads were aligned to the hg38 reference genome
using BWA-MEM. Variant calling was done using WeCall to generate
individual gVCF files. Quality control removed samples with low cov-
erage, excess heterozygosity, sex mismatches, and genetic duplicates.
High-quality gVCFs were merged into a project-level VCF (pVCF) using
GLnexus. Further filtering removed SNVs with read depth <7 and indels
with depth <10. Variants were required to have at least one homo-
zygous genotype or a heterozygous genotype with allele balance >0.15
(=0.20 for indels). The final pVCF files were converted to PGEN format
using PLINK version 2 for analysis.

Variant annotation

The SnpEff tool (v5.3) was used to annotate variants identified through
exome sequencing. Annotations were based on the most severe con-
sequence in the canonical transcript with defined start and end posi-
tions, according to Ensembl release 85. Putative loss-of-function (pLOF)
variants were defined as those with non-ancestral alleles annotated as
stop gain, start lost, splice donor, splice acceptor, stop lost, or frame-
shift. To assess missense variant deleteriousness, five prediction algo-
rithms were employed: SIFT(v6.2.1)*¢, PolyPhen-2 HDIV(v2)”, PolyPhen-
2 HVAR (v2)¥, LRT*, and MutationTaster(GRCh38)*. Missense variants
were grouped into three categories: all missense variants irrespective
of their deleteriousness prediction, missense (1/5) variants, if predicted
as deleterious by at least one of the five algorithms and missense (5/5)
variants, if predicted as deleterious by all the five algorithms.

Genotyping and imputation

Genotyping methods varied across cohorts, as detailed in cohort-
specific publications'™**. The UKB participants were genotypes using
the Applied Biosystems UK BiLEVE Axiom Array or UKB Axiom Array
and the MCPS participants were genotyped using the Global Screening
Array. After standard quality control, common variants were imputed
using the TOPMed LD reference panel via the TOPMed Imputation
Server (release-3)*°. For analysis, only variants with MAF >0.01 and
imputation INFO score >0.8 were retained. Totally, 9,835,118 and
10,343,511 variants were analyzed in the MCPS and UKB cohorts,
respectively. To account for potential batch effects, variables repre-
senting genotyping arrays and imputation batches were included as
covariates in all analyses of imputed variants.

Genetic ancestry inference

The genetic ancestry of participants was determined using a set of
common variants directly genotyped on the arrays. The process
involved: (a) Computing principal components (PCs) for HapMap3
individuals using a public genotype reference panel®; (b) Selecting
high-confidence variants (MAF >0.10, genotype missingness <5%,
Hardy-Weinberg equilibrium P>1x10 - 5) common to both the study
dataset and HapMap3; (c) Projecting study samples onto PCs com-
puted from HapMap3 samples; (d) Assigning individuals to one of five
ancestral groups (EUR, African, AMR, East Asian, South Asian) if their
likelihood of belonging to that ancestry exceeded 0.3; (e) Calculating
likelihood estimates using a kernel density estimator trained on

Nature Communications | (2026)17:1654


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68825-2

HapMap3 PCs. This approach allowed for consistent ancestry classifi-
cation across all participating cohorts.

Fine-scale and local genetic ancestry inference in MCPS
Fine-scale and local ancestry analyses are described in detail in the
MCPS flagship publication’. In brief, ancestry analysis in the MCPS
cohort utilized both fine-scale haplotype-based methods and local
ancestry inference. Two complementary haplotype-based approaches
were applied: one using identical-by-descent (IBD) segments identified
by hap-IBD software (v1), and another leveraging a scalable haplotype-
copying hidden Markov model implemented in Impute5. These
methods produced low-dimensional representations with distinct
“star-like” structures, effectively delineating Mesoamerican and Eur-
opean ancestral contributions. Local ancestry inference was per-
formed using RFMix, which estimated that 66.0% of autosomal
ancestry was attributable to Indigenous Mexican populations, with the
majority (35.6%) coming from central Mexico, followed by southern
(15.9%), southeastern (11.8%), northern (1.6%), and northwestern (1.1%)
parts of Mexico. European and African ancestries accounted for 31.1%
and 2.9%, respectively. The combined results from these approaches
revealed that the Indigenous American ancestry in the MCPS cohort
predominantly derived from Mesoamerican populations in central,
southern, and southeastern Mexico. This multi-faceted analysis pro-
vided a high-resolution view of the complex admixture patterns in this
cohort, offering greater insight than broad continental
classifications alone.

Genetic association analysis

Genetic association analyses were conducted separately for each
cohort using the REGENIE software (v3.2.1)*2. REGENIE employs a two-
step whole-genome regression framework that efficiently controls for
population stratification and sample relatedness. In the first step,
REGENIE calculates trait-prediction values (local PGS) using a sparse
set of genotypes, typically from array data. The second step involves
computing variant associations with phenotypes using either logistic
or linear regression. This step incorporates the trait-prediction values
from step one as covariates, along with additional covariates including
the first 20 genetic PCs from common variants, the first 20 genetic PCs
from rare variants, age, age squared, sex, an age-sex interaction term,
and genotyping batch indicators. In burden analysis, REGENIE creates a
pseudo-genotype (burden mask) by collapsing a set of variants into a
single categorical variable, which is then treated as a variant genotype
for association statistics computation. Fine mapping of common var-
iants was performed using the sum of single effects (SuSiE, v0.12.10)
statistical approach®. All rare-variant association analyses were
adjusted for nearby common variant signals by including all the fine-
mapped index variant genotypes as covariates in the association runs.

Gene P calculation

We employed the GENE-P approach?® to assess gene-level associations,
which combines multiple tests of genetic association within a gene into
a single p-value as illustrated in the Supplementary Fig. 2. This method
classifies variants into different groups based on variant annotations
(pLOF, all missense, missense (1/5), missense (5/5)) and allele fre-
quency thresholds (1%, 0.05%, 0.01%, 0.001%, and singletons) and
applies four main testing strategies: BURDEN (classic burden test
across allele frequency bins), SBAT (Set-Based Association Test
assuming same effect direction), SKATO (Sequence Kernel Association
Test Optimal for mixed effect directions), and ACATV (Aggregated
Cauchy Association Test for Variants). The BURDEN test produced 35
p-values (7 masks x 5 AF bins), SBAT yielded 2 p-values for positive and
negative direction, while SKATO and ACATV each generated 7 p-values
(7 masks x 1% bin). The Aggregated Cauchy Association Test (ACAT)
was then used to combine p-values within each approach. Finally, the
four ACAT-combined p-values from BURDEN, SBAT, SKATO, and

ACATV were further combined using ACAT to produce a single GENE-P
value, providing a comprehensive assessment of genetic associations
within each gene.

Japan Biobank analysis

We queried the association of rs147306385 in the Pheweb portal hos-
ted by the Biobank Japan (BBJ) Project”. The query returned associa-
tions with 287 phenotypes including smoking-related phenotypes. The
results were based on prior GWAS conducted on the ~180,000 BBJ
participants using either SAIGE** for binary traits or BOLT-LMM* for
quantitative traits. The top association observed was cig per day based
on a GWAS in 74,893 individuals. The downloaded summary statistics
contained information on effect size, P value, MAF, and total number
of samples studied. The genotype-specific counts were calculated
based on the MAF, assuming no deviation from Hardy Weinberg
Equilibrium.

Ethical approval and informed consent

All study participants have provided informed consent, and all parti-
cipating cohorts have received ethical approval from their respective
institutional review board. The MCPS has received ethical approval
from the Mexican Ministry of Health, the Mexican National Council for
Science and Technology, the UNAM, and the University of Oxford®".
The UKB project has received ethical approval from the Northwest
Centre for Research Ethics Committee (11/NW/0382)***. The work
described here has been approved by the UKB (application no.
26041)%.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this manuscript are reported in the
main text, figures, and Supplementary Data. Genome-wide association
summary statistics for common and rare variants are also available for
download at https://doi.org/10.6084/m9.figshare.30840641. UKB
individual-level genotypic and phenotypic data are available to
approved investigators via the UK Biobank study [www.ukbiobank.ac.
uk/]. Additional information about registration for access to the data
are available at www.ukbiobank.ac.uk/register-apply/. Data access for
approved applications requires a data transfer agreement between the
researcher’s institution and UK Biobank, the terms of which are avail-
able on the UK Biobank website [www.ukbiobank.ac.uk/media/
ezrderzw/applicant-mta.pdf]. The MCPS represents a long-standing
collaboration between researchers at the National Autonomous Uni-
versity of Mexico (UNAM) and the University of Oxford. The investi-
gators welcome requests from researchers in Mexico and elsewhere
who wish to access MCPS data. If you are interested in obtaining data
from the study for research purposes, or in collaborating with MCPS
investigators on a specific research proposal, please visit https://www.
ctsu.ox.ac.uk/research/mcps, where you can download the study’s
Data and Sample Access Policy in English or Spanish. The policy lists
the data available for sharing with researchers in Mexico and in other
parts of the world. Full details of the data available may also be viewed
at https://datashare.ndph.ox.ac.uk/. MCPS ancestry-specific allele fre-
quencies are available at https://rgc-mcps.regeneron.com. Data sup-
porting the findings related to Japan Biobank is freely available at
https://pheweb.jp/. The results reported in this manuscript in Sup-
plementary Fig. 12 can be accessed by querying the server using variant
identifier: rs147306385.

Code availability
All the genetic association analyses were performed using the REGENIE
software v.3.2.1 developed in-house. The REGENIE software is freely
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available at GitHub [https://github.com/rgcgithub/regenie] and
Zenodo [https://doi.org/10.5281/zenod0.6789126].
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