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5. Long reads resolve short read mismapping errors

We present a targeted end-to-end pharmacogenomics workflow encompassing enrichment, sequencing, and star
allele annotation of CPIC gene panels, including CYP2D6. Two scalable targeting approaches were used: 1) adaptive
sampling (AS), an amplification-free software-based approach that provides native DNA methylation and longer
on-target reads, and 2) hybrid capture. To resolve the CYP2D6 locus, our tool Chinook reconstructs individual
gene copies via network clustering and reference-based assembly. We sequenced 94 patient-derived cell lines

and compared results from our wf-pgx pipeline

to reference genotypes, demonstrating concordance with or

improvement over 99%o of PharmCAT calls and 94%0 of CYP2D6 genotypes, including improvements to the gold
standard in 12 cases. Additionally, AS data revealed allele-specific hypermethylation at the NAT2 promoter, which
has been previously linked to liver injury during tuberculosis treatment. Both enrichment approaches offer scalable
solutions for high-throughput PGx analysis that may inform future reference standards and phenotypic research.

1. Introduction

Pharmacogenetic
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Pharmacogenetic (PGx) variation affects individual metabolism by

N

changing the efficacy of uptake, signal transduction, and breakdown of
pharmaceutical compounds. Such variation informs clinical guidance

on prescriptions and dosage based on genetic makeup and it is critical
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to identify variants that impact enzymatic activity in metabolizing a
drug. CYP2D6, which affects the metabolism of 20-25%0 of commonly
prescribed drugs, is challenging to resolve due to its high homology to

—

neighboring pseudogenes, high polymorphism, and structural complexity.
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Long reads are required to discriminate between genes and pseudogenes
of high similarity, or those found in challenging regions of the genome.
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This study aims to address these challenges using Oxford Nanopore
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sequencing. We sequenced 94 patient-derived cell lines, including those
with previously characterized allelic variants, to evaluate the efficacy of
this approach in resolving complex CYP2D6 alleles and other PGx genes.
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2. Materials and Methods
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Adaptive sampling (AS) is a rapid and adaptable software-based approach to enrich regions of interest by depleting off-target regions
during sequencing itself, with no upfront sample manipulation (Fig. a). During sequencing, strands are basecalled and mapped
to a reference genome in real time. Strands that align outside of the target regions within the first 400 base pairs are ejected, while strands
that are on target are allowed to sequence to completion. The adaptive sampling workflow, which targets 375+ genes specified in an easily
configurable BED file, allows for sequencing of up to four samples on one PromethlON™ Flow Cell (Fig. b). The second method
s a hybrid capture workflow using the Twist Alliance Long-Read PGx panel targets, which allows scalable high-coverage
sequencing of 49 clinically implicated genes for up to 48 samples on one PromethlON Flow Cell (Fig. c¢). Starting with high
accuracy (HAC) FASTQ or BAM data, we used the EPIZME wf-pgx pipeline to call and annotate SNVs with PharmCAT' and
to diplotype CYP2D6 with Chinook (Fig. d). The pipeline is compatible with both hybrid capture and adaptive sampling data.
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4. Chinook, a tool for CYP2D6 locus reconstruction

When sequencing up to four samples, the adaptive sampling workflow results in high, on-target capture efficiencies across all targets,
averaging 71x per sample (Fig. a). When sequencing up to 48 samples, the hybrid capture workflow results in even higher coverage, averaging
328X per sample. Long reads are necessary to distinguish between genes and pseudogenes of high similarity and other challenging regions
of pharmacogenes. The adaptive sampling workflow results in N50s of ~8 kb, and the hybrid capture workflow results in read N50s over 4
kb, exceeding typical hybrid capture approaches (Fig. b). We performed star (*) allele calling with PharmCAT on Nanopore VCFs from wf-pgx
and lllumina VCFs from the 1000 Genomes Project® (1IKGP). We compared these calls to each other and, when available, GeT-RM calls. 99%
of star allele calls agreed with TKGP’s calls or improved them due to better phasing (Fig. ¢). Some genes were not called due to biotin probe
dropout. CYP4F2 had two disagreements where Nanopore and Gel-RM both called *1/*1, but 1KGP falsely called *1/*17 (Fig. 5b). We also
re-evaluated short-read genotypes using stricter filtering, but that introduced additional short-read false negatives like in CYP2B6 (Fig. 5a).
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CYP2D6 is one of the most technically challenging pharmacogenes to resolve and has been implicated as a key factor in the metabolism of
numerous drugs. CYP2D6 is highly polymorphic, subject to copy number variation (including deletion of the entire gene), and its proximity to
the CYP2D7 pseudogene can give rise to hybrid copies. Accurate genotyping of the locus with conventional methods has been problematic.
We compare Chinook v0.7.2 calls on 77 samples with available Gel-RM genotypes. Chinook was accurate in 94%0 of cases, with miscalls
of the copy number in four cases — a limitation that will be addressed in future versions. Importantly, following manual investigation of read
alignments, we believe that our calls improve upon Gel-RM genotypes for 12 samples, with most cases involving hybrid alleles or CNVs such
as *68, *36 and *4N.
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The CYP2B6*6 allele is defined by the presence of two non-synonymous mutations, 516G>T and 785A>@G, resulting in decreased
function. In short read data, 785A>G falls in a low-mappability region due to the similarity between CYP2B6 and the pseudogene CYP2B7.
Alignments in this area have decreased MAPQ and some mismapping/clipping; the variant does not pass 1KGP’s filters, leading to a
miscall of *9. In contrast, Nanopore reads were confidently mapped and phased, matching Gel-RM’s call of *6 (Fig. a). The definitive
SNP for the CYP4F2*17 allele (15,878,920 T>C) is located in a low-mappability region. The short read mappings revealed a set of reads
that seemingly have the T>C variant, but those reads have a low MAPQ and may be mis-mapped from a neighboring region (MAF =
199%0). In contrast, long read data, which is confidently mapped and phased, supports the reference T allele (MAF = 1%0) (Fig. b).

6. Methylation calling provides additional insight for PGx

Because adaptive sampling enriches targets without
amplification, reads retain per-base methylation info-
rmation, enabling parallel analysis of sequence and
epigenetic variation. Previous research has shown that
variability in susceptibility to anti-tuberculosis drug-
induced liver injury (ATDILI) is only partly explained
by NATZ single-nucleotide polymorphisms; Jittikoon et
al. found that hypermethylation at the NATZ2 promoter
was associated with increased ATDILI occurrence In

tuberculosis patients*. We performed haplotype-specific
methylation analysis with modkit to find differentially
methylated regions (DMR). One sample exhibited NAT2
promoter hypermethylation, a risk factor for liver damage.
Access to methylation data may help uncover more
Interactions between epigenetics and treatment outcomes.
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Conclusion

We demonstrate that Oxford Nanopore sequencing enables accurate genotyping of pharmacogenetic variants.
Targeted nanopore sequencing successfully enriches pharmacogenes, resulting in high coverage for haplotyped
variantcalling, including structural variationsandresolution of complex allelic structures. The EPI2ZME pipelineresults
iIn accurate star (*) allele calling with PharmCAT. For the challenging CYP2D6 region, our custom Chinook tool results
iIn accurate star (*) allele calling, providing improvements to the Gel-RM calls where hybrid alleles go undetected.
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