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Abstract 26 

CYP2A6 metabolically inactivates nicotine. Faster CYP2A6 activity is associated with heavier smoking and 27 

higher lung cancer risk. The CYP2A6 gene is polymorphic, including functional structural variants (SV) 28 

such as gene deletions (CYP2A6*4), duplications (CYP2A6*1x2), and hybrids with the CYP2A7 29 

pseudogene (CYP2A6*12, CYP2A6*34). SVs are challenging to genotype due to their complex genetic 30 

architecture. Our aims were to develop a reliable protocol for SV genotyping, functionally phenotype 31 

known and novel SVs, and investigate the feasibility of CYP2A6 SV imputation from SNP array data in 32 

two ancestry populations. 33 

European- (EUR; n=935) and African- (AFR; n=964) ancestry individuals from smoking cessation trials 34 

were genotyped for SNPs using an Illumina array and for CYP2A6 SVs using Taqman copy number (CN) 35 

assays. SV-specific PCR amplification and Sanger sequencing was used to characterize a novel SV. 36 

Individuals with SVs were phenotyped using the nicotine metabolite ratio, a biomarker of CYP2A6 37 

activity. SV diplotype and SNP array data were integrated and phased to generate ancestry-specific SV 38 

reference panels. Leave-one-out cross-validation was used to investigate the feasibility of CYP2A6 SV 39 

imputation. 40 

A minimal protocol requiring three Taqman CN assays for CYP2A6 SV genotyping was developed and 41 

known SV associations with activity were replicated. The first domain swap CYP2A6-CYP2A7 hybrid SV, 42 

CYP2A6*53, was identified, sequenced, and associated with lower CYP2A6 activity. In both EURs and 43 

AFRs, most SV alleles were identified using imputation (>70% and >60%, respectively); importantly, false 44 

positive rates were <1%. These results confirm that CYP2A6 SV imputation can identify most SV alleles, 45 

including a novel SV.  46 
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Introduction 47 

Tobacco smoking remains a global problem, causing approximately eight million deaths annually(1). 48 

CYP2A6 is a genetically polymorphic enzyme metabolizing cancer (e.g. letrozole, tegafur) and HIV (e.g. 49 

efavirenz) therapeutics(2). CYP2A6 is responsible for the inactivation of nicotine to cotinine, and 50 

cotinine to 3’-hydroxycotinine (3’-HC)(3, 4). The nicotine metabolite ratio (NMR, the ratio of 3’-HC to 51 

cotinine) is a well-established biomarker of CYP2A6 activity in regular smokers(4). Faster CYP2A6 activity 52 

is associated with more cigarettes smoked per day, lower cessation rates, and higher risk of lung 53 

cancer(5,6,7,8,9,10). 54 

CYP2A6 has important structural variants (SV), generated by non-allelic homologous recombination 55 

events with the pseudogene CYP2A7. SVs include gene deletions (CYP2A6*4), duplications 56 

(CYP2A6*1x2), and CYP2A7-CYP2A6 hybrids (CYP2A6*12, CYP2A6*34)(Figure 1). SVs impact function, 57 

such that deletion, hybrid, and duplication SVs were associated with null, decreased, or increased 58 

function, respectively(11,12,13,14,15,16). SV allele frequencies differ substantially by ancestry(17).  59 

In a weighted genetic risk score (wGRS) for CYP2A6 activity (i.e. the NMR) developed in a European-60 

ancestry population (EUR), SV alleles contributed the strongest effects (vs. SNPs), particularly the 61 

common decreased-function CYP2A6*12 hybrid variant(11). In a wGRS developed in an African-ancestry 62 

population (AFR), SVs also contributed strong effects, including the common CYP2A6*4 deletion and 63 

CYP2A6*1x2 duplication variants(12). Another polygenic risk score for the NMR in EUR, based on GWAS 64 

data alone, captured less NMR variation (<20%)(18) compared to the EUR and AFR wGRSs (>30%)(11, 65 

12). 66 

Due to high frequencies and functional impacts, SV genotyping should be performed when investigating 67 

CYP2A6 genetics, but can be challenging. First, PCR genotyping assays are low-throughput, generally 68 

require two consecutive PCR reactions (gene-specific then SV-specific), and are limited by genetic 69 
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variation where primers anneal(19). Second, next-generation sequencing with short reads, while high-70 

throughput, is of limited utility due to high DNA sequence identity between CYP2A6 and CYP2A7, leading 71 

to read misalignment(20). Finally, GWAS genotyping arrays only detect SNPs and small indels. For 72 

example, large GWASs of lung cancer do not capture the variation contributed by SVs, thus 73 

underestimating the degree of risk associated with CYP2A6(ref. 8). 74 

Taqman copy number (CN) assays targeting CYP2A6 introns 1 and 7 produce SV calls highly concordant 75 

with expected effects on CYP2A6 activity(11), but cannot distinguish between certain SV diplotypes 76 

(Supplementary Table 1)(e.g. CYP2A6*12 or CYP2A6*34 hybrid SVs). Here, we characterized CYP2A6 SVs 77 

using six available Taqman CN assays (CYP2A6 introns 1, 2 and 7; CYP2A7 exon 1, introns 2 and 7) in a 78 

large dataset of EUR and AFR participants in two smoking cessation clinical trials(21, 22). Both trials 79 

included baseline NMR, SNP array, SV genotype (from both PCR-based and Taqman CN assays), and 80 

deep exon sequencing data. 81 

While Taqman CN assays can be used to genotype SVs, they remain low-throughput (24 samples in 82 

quadruplicate per 96-well plate, including controls) and expensive. An alternative approach is SV 83 

genotype imputation. Phased SNP array data can be integrated with SV genotypes, forming a reference 84 

panel that can be used to predict SV genotype in targets with SNP array data but without SV genotype 85 

data using imputation software. This approach has been used to accurately predict SV genotypes for 86 

several genes (e.g. C4A/C4B, GYPA/GYPB, CYP2D6, HP) in large clinical datasets, and associate those SVs 87 

with health outcomes(23,24,25,26). Large biobanks can be used to investigate associations between 88 

CYP2A6 variants and a variety of health conditions. However, impactful SVs are not captured in SNP 89 

array or short-read next-generation sequencing data in biobanks, attenuating associations. Our first 90 

objective was to characterize CN patterns for all known (and potential novel) CYP2A6 SVs and determine 91 

the minimum number of assays necessary for unambiguous genotyping of SV diplotypes. Second, we 92 

tested the association of established and newly identified CYP2A6 SVs with CYP2A6 activity. Finally, we 93 
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investigated the feasibility of CYP2A6 SV genotype imputation from SNP array data within two ancestry 94 

populations (EUR and AFR) with differing linkage disequilibrium (LD) structure. 95 

Materials and Methods 96 

Taqman CN Assay Genotyping 97 

PNAT2 (EUR n=935; AFR n=506; NCT01314001)(27) and KIS3 (AFR n=458; NCT00666978)(28) participants 98 

previously underwent genotyping for CYP2A6 SVs and SNPs using PCR assays (11, 12, 19), SNP array 99 

genotyping(29), and deep exon sequencing (PNAT2 only)(20), and were genotyped for CYP2A6 SVs using 100 

Taqman CN assays (Thermo Fisher Scientific Inc., Waltham, MA) measuring CYP2A6 CN at Introns 1 101 

(Hs07545274_cn) and 7 (Hs07545275_cn). 102 

An Applied Biosystems Viia 7 real-time PCR system (Thermo Fisher Scientific Inc., Waltham, MA) was 103 

used to carry out qPCR reactions. Individual samples were run in quadruplicate on fast 96-well 104 

microplates. Reaction volumes were 5µL, composed of 2.5µL GTXpress master mix (Thermo Fisher 105 

Scientific Inc., Waltham, MA; catalog number: 4401857), 1µL water, 1µL gDNA (5ng/µL), 0.25µL internal 106 

control Taqman CN reference assay (Thermo Fisher Scientific Inc., Waltham, MA; RPPH1 (catalog 107 

number: 4403326) or TERT (catalog number: 4403316), see Results), and 0.25µL target CN assay. Assay 108 

qPCR reactions used a 30sec denaturation step at 95°C, followed by 50 cycles of denaturation for 7sec at 109 

95°C and annealing/extension for 30sec at 60°C. 110 

CopyCaller v2.1 (Thermo Fisher Scientific Inc., Waltham, MA) was used to assign CN calls from qPCR 111 

results. Calls were made relative to controls with CN=2 (e.g. CYP2A6*1/*1). CN=1 controls (e.g. 112 

CYP2A6*1/*4) were used as a qualitative check for intra-plate reliability. 113 

Following this initial screen, a subset of participants was characterized for CYP2A6 SVs using additional 114 

Taqman CN assays in CYP2A6, CYP2A7, and CYP2A13. Additional assays targeted CYP2A6 intron 2 115 
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(Hs04488984_cn), CYP2A7 exon 1 and introns 2 and 7 (Hs07545276_cn, Hs04488016_cn, 116 

Hs07545277_cn, respectively), and CYP2A13 intron 5/exon 6 (Hs03069103_cn). Individuals assessed 117 

were: (1) previously genotyped as having an SV (using Taqman CN or PCR assays); (2) identified as 118 

potentially having an SV through analysis of deep exon sequencing data using CoNVaDING v1.1.6(ref. 119 

30); and (3) “false positives” for SVs during initial rounds of imputation cross-validation (see below). 120 

Characterization of a novel SV (CYP2A6*53) 121 

A novel SV was identified, designated CYP2A6*53 by PharmVar(31). A CYP2A6*4/*53 individual was 122 

selected for characterization of CYP2A6*53 using nested PCR and Sanger sequencing. The first PCR 123 

reaction amplified CYP2A6 from exon 3 to the 3’ flanking region (NC_000019.9:g.41347784_41354528) 124 

using CYP2A6-specific primers (Supplementary Table 2). Two subsequent nested PCR reactions were 125 

specific for CYP2A6*53: first, using a CYP2A6-specific forward primer in exon 4 and CYP2A7-specific 126 

reverse primer in Intron 7 (generating the intron 4 product); second, using a CYP2A7-specific forward 127 

primer in Intron 7 and CYP2A6-specific reverse primer in the 3’ flanking region (generating the 3’ 128 

product)(Figure 1). Amplification of both products was observed in the CYP2A6*4/*53 target, while no 129 

amplification of CYP2A6*53 was observed in a CYP2A6*4/*4 control. 130 

The intron 4 and 3’ products were extracted from 0.8% agarose gels with Midori Green DNA stain 131 

(Nippon Genetics Co., Ltd., Tokyo, Japan) using a QIAquick gel extraction kit (QIAGEN, Hilden, Germany). 132 

The intron 4 product was sequenced for intron 4 and exons 5-7, while the 3’ product was sequenced for 133 

exons 8-9, and the 3’-UTR and flanking region. Sequencing primers were designed to be CYP2A6-, 134 

CYP2A7- or CYP2A6/7-specific as described in Supplementary Table 2. 135 

Association between SVs and rate of nicotine metabolism 136 

To examine associations between SVs and the rate of nicotine metabolism, we excluded individuals with 137 

other CYP2A6 star alleles or non-synonymous SNPs. Star alleles and non-synonymous SNPs were 138 
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determined in PNAT2 participants (EUR and AFR) using deep exon sequencing; KIS3 participants (AFR) 139 

were genotyped for common star alleles in AFR (CYP2A6*2, *9, *17, *20, *23, *25, *26, *27, *28, and 140 

*35) using PCR-based assays. Differences in mean log-transformed NMR between individuals with (e.g. 141 

CYP2A6*1/*4, CYP2A6*1/*12) and without (i.e. CYP2A6*1/*1 reference group) SVs were assessed using 142 

ANOVA and post-hoc Dunnett tests for multiple comparisons. An additional analysis was performed 143 

comparing individuals with SVs to non-SV individuals, including individuals with other star alleles or non-144 

synonymous SNPs. All statistical analyses were performed in GraphPad Prism 9.0.0 (GraphPad Software 145 

Inc., San Diego, CA). 146 

Imputation reference panel creation 147 

Participants in this study had previously undergone SNP genotyping using the Illumina 148 

HumanOmniExpressExome-8 v1.2 microarray, with 2688 custom SNP markers, as previously 149 

described(29). Separate EUR and AFR reference panels were created as SNP markers and LD differed by 150 

ancestry, and QC was performed separately(29). 151 

Input VCF files included markers in a ±2 Mb window surrounding CYP2A6 152 

(NC_000019.9:g.39352000_43352000). Since SNP array genotyping algorithms assume three clusters of 153 

possible SNP genotype calls (homozygous reference, heterozygous, or homozygous variant)(32), they 154 

can produce unreliable results in individuals with SVs (i.e. an individual hemizygous for the reference 155 

allele would likely be genotyped as homozygous for the reference allele). Thus, we removed markers 156 

within the region which could be deleted or duplicated in CYP2A6 SVs 157 

(NC_000019.9:g.41345000_41387000), as done for similar SV reference panels(25). SV genotypes were 158 

integrated with SNP array VCF files by adding a multiallelic entry representing SV genotype at an 159 

arbitrary position within CYP2A6 (NC_000019.9:g.41352000). Integrated VCFs were then phased using 160 

Beagle 5.2, forming the reference panels(33). 161 
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CYP2A6 SV imputation reference panel cross-validation 162 

The performance of the CYP2A6 SV imputation reference panel was evaluated using leave-one-out cross 163 

validation(23) within EUR and AFR. A target individual was removed from the reference panel; the panel 164 

was then re-phased, followed by phasing and imputation of the target’s SV diplotype in Beagle 5.2 with 165 

default settings except for “burnin=10” and “iterations=15”. This was repeated until all individuals were 166 

tested as targets. Imputed SV diplotype calls were compared to “true” calls determined through Taqman 167 

CN assays. For each SV, the rate of positively identified alleles was calculated; overall false positive rates 168 

were also calculated (i.e. the proportion of non-SV alleles imputed as having an SV). Minor variation 169 

occurs across repeated trials; therefore, cross-validation was repeated 10 times and results were 170 

averaged across repeats. 171 

Results 172 

Spurious gene duplication calls due to RPPH1 Taqman CN reference assay 173 

Among all individuals genotyped for CYP2A6 SVs, a subset of AFR individuals (n=18) appeared to have 3 174 

copies (CN=3) for all assays (i.e. duplications at CYP2A6, CYP2A7, and CYP2A13); at face value, these 175 

results either suggest that all three genes had duplications or indicate an issue with the Taqman CNV 176 

assay. There are no known CYP2A13 SVs, and recent literature has described high rates of spurious CN=3 177 

calls in AFR resulting from common SNPs in RPPH1, the internal control targeted by the default Taqman 178 

CN reference assay(34). Thus, these individuals were re-genotyped using an alternative reference assay 179 

targeting TERT; calls at all seven assays for all individuals were revised to CN=2 (i.e. no SVs). In addition, 180 

100% concordance of calls was confirmed between the RPPH1 and TERT reference assays in other 181 

participants; thus, all subsequent genotyping used the TERT reference assay. 182 

CYP2A6 SV genotyping 183 
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Known and novel CYP2A6 SVs were characterized according to CN at three positions in both CYP2A6 and 184 

CYP2A7 using Taqman CN assays (Supplementary Table 1). It was determined that most known CYP2A6 185 

SV diplotypes can be genotyped unambiguously using the three CYP2A6 assays (Hs07545274_cn, 186 

Hs07545275_cn, and Hs04488984_cn) with the exception of two pairs of diplotypes: CYP2A6*1/*4 187 

cannot be distinguished from CYP2A6*34/*53, and CYP2A6*1/*1 cannot be distinguished from 188 

CYP2A6*4/*1x2 (Table 1). Use of the CYP2A7 assays in addition to the three CYP2A6 assays does not aid 189 

in discriminating between these two ambiguous pairs (Supplementary Table 1).  190 

To assign an SV diplotype in these cases, we calculated the expected frequencies of the indistinguishable 191 

diplotypes using observed SV allele frequencies (p2 for CYP2A6*1/*1; 2pq for the rest). The expected 192 

frequency of CYP2A6*1/*4 (0.04 in AFR; 0.006 in EUR) was higher than CYP2A6*34/*53 (0.000002 in 193 

AFR; 0 in EUR), and the expected frequency of CYP2A6*1/*1 (0.91 in AFR; 0.92 in EUR) was higher than 194 

CYP2A6*4/*1x2 (0.0006 in AFR; 0.00005 in EUR). As CYP2A6*1/*4 (>20000x) and CYP2A6*1/*1 (>1500x) 195 

were much more likely, individuals with the two ambiguous CN patterns were coded as CYP2A6*1/*4 196 

and CYP2A6*1/*1, respectively. 197 

SV genotyping in a large sample (EUR n=935; AFR n=964) allowed us to revise CYP2A6 SV allele 198 

frequencies vs. frequencies previously determined using PCR-based genotyping assays (19) (Table 2). In 199 

particular, our updated data find a frequency of 0.013 for CYP2A6*1x2 in AFR vs. 0.022 using the RPPH1 200 

reference assay(12). 201 

CYP2A6*53 characterization 202 

During Taqman CN genotyping, a CN pattern was identified in some individuals which did not match any 203 

known CYP2A6 SV (Supplementary Table 1). Analysis of deep exon sequencing using CoNVaDING 204 

v1.1.6(30) suggested that this SV resulted in the deletion of CYP2A6 exons 5-9, and Taqman CN assay 205 

results suggested that CYP2A6 was deleted at intron 7, while CYP2A7 was duplicated at Intron 7. 206 
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Additionally, results from a PCR genotyping assay for the CYP2A6*4H allele(19) carried out in all 207 

participants indicated that the novel SV was CYP2A7-derived in Intron 7, but CYP2A6-derived in the 3’ 208 

flanking region. The novel SV has been designated CYP2A6*53 by PharmVar(31). 209 

Characterization of CYP2A6*53 was carried out in a CYP2A6*4/*53 target participant. As CYP2A6*4 is a 210 

full gene deletion, deep exon sequencing data in the target represented the CYP2A6*53 allele. Reads 211 

from exons 1-4 were used; exons 5-9 had no reads, consistent with their expected deletion in 212 

CYP2A6*53 and known deletion in CYP2A6*4. Within exons 1-4, there are 31 positions where nucleotide 213 

bases differ between CYP2A6 and CYP2A7; in CYP2A6*53, 30 (97%) were identical to CYP2A6, 214 

demonstrating that exons 1-4 are CYP2A6-derived (Figure 2)(full sequence in Supplementary Figure 1).  215 

Two PCR-amplified regions (the intron 4 and 3’ products) were Sanger sequenced, including intron 4, 216 

exons 5-9, and the 3’-UTR plus flanking region of the CYP2A6*53 allele. Among CYP2A6 and CYP2A7, 217 

there are long segments of 100% nucleotide identity in intron 4 and the 3’ flanking region where SV 218 

breakpoints were expected (bolded in Supplementary Figure 1). Sanger sequencing of Intron 4 of the 219 

target’s CYP2A6*53 allele indicated that the region 5’ of the intron 4 segment with 100% identity (i.e. 220 

proximal to Exon 4) was nearly identical to CYP2A6, and the region 3’ (i.e. proximal to Exon 5) was 221 

identical to CYP2A7 (Figure 2). 222 

Within exons 5-9, there are 22 positions where nucleotide bases differ between CYP2A6 and CYP2A7. In 223 

CYP2A6*53, 18 (82%) of these positions were identical to CYP2A7 and four (18%) were identical to 224 

CYP2A6. Thus, it was concluded that exons 5-9 are derived from CYP2A7 in CYP2A6*53 (Figure 2). 225 

In the 3’ flanking region, the region 5’ of the segment with 100% identity (i.e. proximal to the 3’-UTR and 226 

Exon 9) was nearly identical to CYP2A7 and the region 3’ (i.e. proximal to the intergenic region) was 227 

identical to CYP2A6. Five additional unique SNPs were identified; all were synonymous or intronic 228 

(indicated by yellow lines in Figure 2). 229 
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Finally, Taqman CN assay data from individuals with the CYP2A6*53 SV allele (including the 230 

CYP2A6*4/*53 target) suggested the presence of a full copy of the CYP2A7 gene in addition to the 231 

hybrid CYP2A6*53 gene. This is a unique feature of CYP2A6*53, as other known hybrid SVs (CYP2A6*12, 232 

CYP2A6*34) are characterized by a single hybrid gene replacing CYP2A6 and CYP2A7 (Figure 1, 233 

Supplementary Table 1). 234 

Overall, these data suggest that CYP2A6*53 is a unique “domain swap” SV, where exons 1-4 are CYP2A6-235 

derived, exons 5-9 are CYP2A7-derived, and the 3’ flanking region is CYP2A6-derived. SV breakpoints are 236 

located in Intron 4 (CYP2A6 to CYP2A7) and the 3’ flanking region (CYP2A7 back to CYP2A6), within the 237 

regions of 100% identity between CYP2A6 and CYP2A7 (Figures 1, 2). When translated, the target’s 238 

CYP2A6*53 allele would have eight (8/494; 2%) amino acid sequence changes relative to CYP2A6*1, and 239 

25 (25/494; 5%) amino acid sequence changes relative to CYP2A7. 240 

Association between CYP2A6 SV and rate of nicotine metabolism 241 

To examine the association between CYP2A6 SVs and CYP2A6 activity (measured using the NMR), 242 

individuals without SVs (CYP2A6*1/*1) were compared to heterozygotes for each CYP2A6 SV. Analyses 243 

were stratified by ancestry. 244 

In EUR, SV heterozygote genotype was associated with logNMR (p<0.0001). Post-hoc tests found that 245 

logNMR in CYP2A6*1/*4 (n=4; mean NMR: 0.20; p<0.0001), CYP2A6*1/*12 (n=24; mean NMR: 0.25; 246 

p<0.0001), and CYP2A6*1/*53 (n=5; mean NMR: 0.22; p<0.001) individuals was significantly different 247 

from CYP2A6*1/*1 individuals (n=593; mean NMR: 0.47)(Figure 3A). CYP2A6*1/*1x2 individuals’ 248 

logNMR was not significantly different (n=4; mean NMR: 0.71; p>0.05). 249 

In AFR, SV heterozygote genotype was associated with logNMR (p<0.0001). Post-hoc tests found that 250 

logNMR in CYP2A6*1/*4 (n=27; mean NMR: 0.25; p<0.0001) and CYP2A6*1/*12 (n=4; mean NMR: 0.16; 251 

p<0.001) individuals was significantly different from CYP2A6*1/*1 individuals (n=395; mean NMR: 252 
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0.45)(Figure 3B). CYP2A6*1/*1x2 individuals’ logNMR was not significantly different (n=12; mean NMR: 253 

0.62; p>0.05). Additional analyses in EUR and AFR focused exclusively on the impact of the SV (i.e. 254 

including individuals with other star alleles and non-synonymous SNPs) replicated significant main 255 

associations and most post-hoc test findings above (Supplementary Figure 2A and B). 256 

CYP2A6 SV reference panel and imputation cross-validation 257 

Overall, the EUR CYP2A6 SV reference panel includes 1870 phased haplotypes and the AFR panel 258 

contains 1928 phased haplotypes (SV allele frequencies are given in Table 2). Visual representations of 259 

SNP haplotypes (surrounding CYP2A6) for the SV alleles included in the reference panel are shown in the 260 

upper panel of Figure 4, in addition to haplotype subgroups (i.e. subgroups of SV alleles algorithmically 261 

determined to be associated with each other) identified for CYP2A6*1x2 and CYP2A6*4. 262 

Leave-one-out cross-validation, repeated 10 times, was used to evaluate the utility of the reference 263 

panels for SV diplotype prediction. In EUR, 70% (52.4/74 SV alleles) of SV alleles were accurately 264 

imputed from array data (CYP2A6*1x2: 2.1/15; CYP2A6*4: 0.1/6; CYP2A6*12: 41.2/43; CYP2A6*53: 265 

9/10). False positives were rare, occurring for <1% of CYP2A6*1 alleles (4.9 called SV 266 

alleles/1796)(Figure 4A). 267 

In AFR, 63% (53.5/85 SV alleles) of SV alleles were accurately imputed from array data (CYP2A6*1x2: 268 

15.8/26; CYP2A6*4: 24.7/44; CYP2A6*12: 11/11; CYP2A6*34: 1.9/2; CYP2A6*53: 0.1/2). False positives 269 

were rare, occurring for <1% of CYP2A6*1 alleles (7.9 called SV alleles/1843)(Figure 4B). 270 

Discussion 271 

In this study, we developed a protocol for reliable CYP2A6 SV genotyping, corrected SV allele 272 

frequencies (i.e. by using the Taqman TERT CN reference assay), and sequenced and characterized the 273 

novel functional SV CYP2A6*53.  We also corrected SV alleles accordingly (i.e. some CYP2A6*4 calls 274 
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revised to CYP2A6*53), established associations between known and novel SVs with CYP2A6 activity, 275 

and determined that CYP2A6 SV imputation from SNP array genotype data was feasible. 276 

First, we established a Taqman CN assay-based protocol for unambiguous genotyping of all known 277 

CYP2A6 SVs (in addition to a novel SV). This is important as these SVs have a major impact on CYP2A6 278 

function (Figure 3). Taqman CN assays allow for considerably higher throughput and consume less gDNA 279 

than PCR-based genotyping approaches, which are SV- or SV sub-allele specific(19). We determined that 280 

use of the default Taqman RPPH1 CN reference assay leads to over-calling of gene duplications among 281 

AFR populations, as seen before, due to high frequency of heterozygosity in RPPH1(ref. 34). As a result 282 

of switching from RPPH1 to TERT in our study, SV diplotype calls were changed for 41% (n=18/44) of 283 

individuals previously identified as having a CYP2A6*1x2 allele (see Table 2 for revised allele 284 

frequencies). Inaccurate SV genotyping rates of this magnitude in AFR populations will affect weighting 285 

in genetic risk scores and associations with phenotypes of interest (e.g. NMR, smoking, disease). Thus, 286 

studies using Taqman CN assays in an AFR population should use the TERT reference assay. 287 

A novel SV, named CYP2A6*53, was discovered during SV genotyping. We found that the PCR 288 

genotyping assay for CYP2A6*4H(19) consistently mis-identifies CYP2A6*53 alleles as CYP2A6*4 alleles. 289 

This occurs because most CYP2A6*4 sub-alleles represent a gene locus with a virtually intact copy of 290 

CYP2A7 followed by a CYP2A6-derived 3’-flanking region (CYP2A6 itself is deleted); thus, primers target 291 

CYP2A7 Intron 7 and the CYP2A6 3’-flanking region(19). CYP2A6*53 also has a CYP2A7-derived Intron 7 292 

and CYP2A6-derived 3’-flanking region, causing spurious calls. Our new assessments indicate that 293 

CYP2A6*53 (MAF=0.005) is more common than CYP2A6*4 (MAF=0.003) in EUR (Table 2). Thus, prior 294 

studies using PCR assays likely overestimated the frequency of CYP2A6*4, especially in EUR. 295 

Within individuals without other known functional variants, we found that CYP2A6 activity in 296 

CYP2A6*1/*53 individuals was significantly lower than CYP2A6*1/*1 individuals; mean NMR was similar 297 
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to CYP2A6*1/*4 individuals (Figure 3). This suggests that the CYP2A6*53 allele results in an unexpressed 298 

or inactive enzyme. Thus, overestimation of CYP2A6*4 frequency in prior studies likely had no impact on 299 

findings. Furthermore, we replicated known associations of CYP2A6*4 and CYP2A6*12 with lower 300 

CYP2A6 activity in EUR and AFR. Our additional analysis comparing SV heterozygotes while including 301 

those with other star alleles or non-synonymous SNPs also replicated these associations (Supplementary 302 

Figure 2), suggesting that, without SNP genotyping, SVs alone still have substantive impact on activity. 303 

CYP2A6*53 characterization revealed it to be a structurally unique domain swap SV, consisting of a 304 

hybrid CYP2A6-CYP2A7 gene and a full copy of CYP2A7. Other known CYP2A6-CYP2A7 hybrids involve 305 

the replacement of both CYP2A6 and CYP2A7 with a single hybrid gene. While CYP2A7 does not encode 306 

an active protein, its transcript is associated with increased expression of CYP2A6 in vitro achieved 307 

through decreased binding of miR-126* to CYP2A6(ref. 35). Thus, CYP2A6*53 may be associated with 308 

higher expression of a heterozygote’s intact CYP2A6 allele and higher mean NMR than CYP2A6*1/*34 309 

individuals (who lack CYP2A7 in their CYP2A6*34 allele). 310 

Further SV genotyping for CYP2A6 and CYP2A7 should be performed, particularly in understudied 311 

populations, to identify other potential novel SVs. CYP2D6 is known to have highly complex structural 312 

variation with domain swap hybrids similar to CYP2A6*53 (i.e. with two apparent recombination 313 

breakpoints)(36). Given that complex variation in CYP2D6 arises from the presence of CYP2D7 (an 314 

inactive gene analogous to CYP2A7), similarly complex variation could exist in CYP2A6. CYP2A6 SV 315 

frequency varies between ancestry populations, so 1) more complex alleles and 2) different frequencies 316 

of alleles may be found in non-EUR/non-AFR populations. 317 

We developed EUR- and AFR-specific CYP2A6 SV reference panels by combining SNP array genotypes 318 

with the SV genotypes we obtained through Taqman CN assays; subsequent cross-validation indicated 319 

that imputation was relatively accurate for SV prediction overall in EUR and AFR populations (>70% of SV 320 
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alleles identified in EUR; >60% in AFR). While not all SV alleles were identifiable (30% were not), low 321 

false positive rates (<1%) suggest that variant genotypes identified using this approach are usable in 322 

subsequent studies. The panel performed particularly well for more frequent SVs in EUR (CYP2A6*12) 323 

and AFR (CYP2A6*1x2 and CYP2A6*4). However, some CYP2A6*1x2 and CYP2A6*4 alleles, which are 324 

rare in EUR, were not identified. The low rate of CYP2A6*1x2 prediction is consistent with prior work 325 

suggesting that proximal SNPs tend to be in lower LD with duplications vs. deletions(37). 326 

Investigation of Beagle’s hidden Markov model parameters revealed which panel SV alleles were used to 327 

genotype targets. While CYP2A6*12 targets tended to be associated with most other CYP2A6*12 alleles 328 

on the panel, distinct allele clusters were identified for CYP2A6*1x2 and CYP2A6*4 (Figure 4). Thus, 329 

CYP2A6*1x2 and CYP2A6*4 may have been generated from multiple non-allelic homologous 330 

recombination events on different SNP haplotype backgrounds. This is consistent with the existence of 331 

several distinct CYP2A6*4 sub-alleles(17) and is a potential explanation for poorer reference panel 332 

performance for these SVs. Furthermore, leave-one-out cross validation likely underestimates accuracy 333 

in external use, particularly in CYP2A6*1x2 and CYP2A6*4 where the removal of a single allele from the 334 

panel can represent the loss of a substantial portion of a cluster. 335 

Reference panel expansion may improve accuracy, and thus simplify SV genotyping for prediction of 336 

CYP2A6 activity, particularly for clinical use of wGRS. Additionally, imputation may be useful for 337 

predicting CYP2A6 SVs in large biobanks and external clinical trials to replicate CYP2A6 SV associations 338 

with ovarian cancer risk(38, 39) and investigate probable associations with lung cancer and COPD. These 339 

approaches could also be applied more widely to other genes with SVs. 340 

Given that CYP2A6 SVs are known to occur in other populations, including Japanese, Chinese, Turkish, 341 

Alaska Native and American Indian, and Indian populations(40, 41, 42, 43, 44), additional reference 342 

panels for these populations are necessary. In particular, the CYP2A6*4 deletion is very frequent in East 343 
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Asian populations(40), where SV imputation could help capture a substantial portion of overall variation 344 

in CYP2A6 activity 345 

While our CYP2A6 SV imputation reference panel leverages proximal SNP and Taqman CN assay 346 

genotypes to impute SVs, array signal intensity data can also be used to predict SVs. PennCNV interprets 347 

signal intensity data using a Hidden Markov model without a reference panel, so SVs can be predicted 348 

using only SNP array data(45). However, PennCNV is limited in its ability to discriminate between SVs, as 349 

they are reported simply as deletions or duplications. This limits its use for accurate associations of SVs 350 

and phenotypes of interest. For example, CYP2A6*12 is a decreased function variant and not a loss of 351 

function deletion like CYP2A6*4; PennCNV cannot specifically distinguish these variants. 352 

Overall, we determined a new, minimal protocol for unambiguous CYP2A6 SV genotyping using three 353 

commercial Taqman CN assays. During this work, a novel domain swap hybrid allele (CYP2A6*53) was 354 

identified, characterized, and determined to be inactive. Finally, we validated the use of SNP array data 355 

for imputation of the majority of CYP2A6 SV alleles in EUR and AFR. 356 
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Titles and legends to figures 501 

Figure 1. Schema of known CYP2A6 SVs and proposed mechanism for generation of CYP2A6*53. 502 

Numbers in boxes indicate exons composing gene loci where blue boxes represent CYP2A6 exons and 503 

red boxes represent CYP2A7 exons; blue or red lines between exons indicate intronic, UTR, or flanking 504 

region sequence, and diagonal doubled black lines indicate shortened intergenic regions. Large X 505 

symbols indicate approximate breakpoints for CYP2A6*53. CYP2A6*53 is a novel SV composed of a 506 

normal copy of CYP2A7 and a “domain swap” CYP2A6-CYP2A7 hybrid 507 

(NC_000019.9:g.(41353205_41353410)_(41348573_41349232)delins(41385090_41385295)_(41380456508 

_41381115); primers used for PCR amplification of the intron 4 and 3’ products in CYP2A6*53 are 509 

shown. The hypothesized reciprocal of produced by CYP2A6*53 generation is shown but has not been 510 

observed. CYP2A6*1x2 is a duplication of CYP2A6; CYP2A6*4 is a full deletion of CYP2A6; CYP2A6*12 511 

and CYP2A6*34 are CYP2A7-CYP2A6 hybrids. Schematics adapted from Pharmvar CYP2A6 structural 512 

variation document (www.pharmvar.org/gene/CYP2A6). WT: wild-type. 513 

Figure 2. Characterization of CYP2A6*53 exon and breakpoint sequences. All exons were sequenced; 514 

exons 1-4 were sequenced using targeted deep exon sequencing, while exons 5-9 were PCR-amplified 515 

and Sanger sequenced. In addition, intron 4 and the proximal 3’ flanking region were PCR-amplified and 516 

Sanger sequenced in order to resolve structural variant breakpoints. Regions derived from CYP2A6 are 517 

shaded in blue, while those derived from CYP2A7 are shaded in pink. Hatched pink and blue regions 518 

indicate regions of identity between CYP2A6 and CYP2A7 (i.e. origin cannot be determined). Vertical 519 

lines indicate relative positions where CYP2A6 and CYP2A7 sequences differ, where dark blue lines 520 

indicate identity with CYP2A6, dark red lines indicate identity with CYP2A7, and yellow lines indicate 521 

unique SNPs (i.e. no identity with CYP2A6 or CYP2A7). Sequence alignment panels present evidence of 522 

CYP2A6 or CYP2A7 origin flanking homologous regions where breakpoints occur (shown in hashed pink 523 

and blue). 524 

http://www.pharmvar.org/gene/CYP2A6
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Figure 3. Comparison of NMR for individuals with no structural variants (*1/*1) against heterozygotes 525 

with structural variants in A. European-ancestry B. African-ancestry. Individual NMR values are plotted 526 

as points, and the mean NMR is indicated by horizontal grey line. Individuals with other non-SV star 527 

alleles and non-synonymous SNPs were excluded. ANOVA tests with post-hoc Dunnett test for multiple 528 

comparisons (vs. CYP2A6*1/*1) were run using log-transformed NMR (logNMR). ***p<0.001, 529 

****p<0.0001 530 

Figure 4. Structural variant allele SNP haplotype plots and reference panel leave-one-out cross-531 

validation results. Plots of A. European-ancestry and B. African-ancestry individuals are heatmaps 532 

where the rows represent individual alleles, and columns represent SNPs (the first 100 SNP markers 533 

down- and upstream of CYP2A6); grey cells represent the reference allele at a SNP marker, while black 534 

cells represent the variant allele. Multiple distinct haplotype clusters were identified for CYP2A6*4 and 535 

CYP2A6*1x2, and are numbered; “Other” represents non-clustered alleles. In pie charts, dark slices 536 

represent the proportion of SV alleles accurately identified through imputation; light slices represent the 537 

proportion of misidentified SV alleles (i.e., false negatives or prediction of another SV). Total sample size 538 

for each SV allele is indicated above pie charts and chart sizes are relative to the number of SV alleles. 539 
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