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Abstract

Pharmacogenetic tests typically target selected sequence variants to identify haplotypes that are
often defined by star (*) allele nomenclature. Due to their design, these targeted genotyping

assays are unable to detect novel variants that may change the function of the gene product and
thereby affect phenotype prediction and patient care. In the current study, 137 DNA samples

that were previously characterized by the Genetic Testing Reference Material (GeT-RM) Program
using a variety of targeted genotyping methods were recharacterized using targeted and whole
genome sequencing analysis. Sequence data were analyzed using three genotype calling tools to
identify star allele diplotypes for CYP2C8, CYP2C9and CYP2C19. The genotype calls from
next-generation sequencing (NGS) correlated well to those previously reported, except when novel
alleles were present in a sample. Six novel alleles and 38 novel suballeles were identified in the
three genes due to identification of variants not covered by targeted genotyping assays. In addition,
several ambiguous genotype calls from a previous study were resolved using the NGS and/or long
read NGS data. Diplotype calls were mostly consistent between the calling algorithms, although
several discrepancies were noted. This study highlights the utility of NGS for pharmacogenetic
testing and demonstrates that there are many novel alleles that are yet to be discovered, even in
highly characterized genes such as CYP2C9and CYP2C19.
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Introduction

Patients often respond differently to drugs. Some individuals benefit, while others fail

to respond or experience an adverse reaction to a given dose of the same drug. These
responses may be predicted or explained using pharmacogenetic tests that identify variant
alleles of genes known to affect drug absorption, distribution, metabolism and excretion
(ADME) or the target of drug action. These genes are often referred to as ADME genes or
pharmacogenes.

According to an extensive review!, CYP2C8, CYP2C9and CYP2C19are collectively
major contributors to the metabolism of many FDA approved drugs. Although the role of
CYP2C8is less clear (there are currently no guidelines supporting clinical use of CYP2C8
genetic tests due to limited data), clinical guidelines for genotype-guided drug therapy
have been developed for CYP2C9and CYP2C19 (PharmGKB https://www.pharmgkb.org/
prescribinglInfo accessed 3/18/2021). For CYP2C9, these include several widely prescribed
medications such as warfarin and phenytoin?, while many antidepressants3, anitfungals®,
proton pump inhibitors® and the antiplatelet medication clopidogrel® are metabolized by
CYP2C19.

Many pharmacogene haplotypes including those for CYP2C8, CYP2C9and CYP2C19are
defined using the star (*) allele nomenclature, where *7 is designated as the normal or wild
type allele, which often corresponds to the gene’s reference sequence. The Pharmacogene
Variation Consortium (PharmVar https://www.pharmvar.org/ accessed 3/18/2021) assigns
star allele designations and systematically catalogs allelic variation to provide the
pharmacogenetic community with a standardized nomenclature system.”=9 Each allele is
assigned a predicted enzyme activity that ranges from no function to increased function,
leading to a broad phenotypic range between individuals and populations. Activity of an
allele may also be substrate dependent. Accurate genotype analysis helps predict a patient’s
phenotype (or metabolic capacity) which can be utilized, together with other pertinent
information, by physicians to practice individualized drug therapy for their patients. The
Clinical Pharmacogenetic Implementation Consortium (CPIC; https://cpicpgx.org/, accessed
5/19/2021) has developed guidelines providing recommendations based on gene-drug pairs
to guide drug choice and dose when a patient’s genotype information is available.10

CYP2C8, CYP2C9and CYP2C19have numerous known star alleles (PharmVar https://
www.pharmvar.org/, accessed 3/18/2021). Some of the star alleles have only one defining
single nucleotide variant, while others have more. Also, not every variant is unique to a
haplotype; some may occur on more than one star allele, which may complicate genotype
calling.

Most pharmacogenetic assays use locus-specific methods designed to identify known
variants which allow star allele identification. Rare and novel variants and alleles, which
may impact how individuals metabolize and respond to drugs are, however, not detected
using traditional genotyping methods due to assay design. It has been shown that rare and
novel variants likely explain some of the interindividual variability of drug response that
remains unaccounted for by routine pharmacogenetic testing.1
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Next-generation sequencing (NGS) technology could potentially be used as a comprehensive
pharmacogenetic genotyping platform. Various NGS approaches can be used to detect both
common and novel sequence variants.12 The discovery of novel haplotypes and assignment
of their star allele designation by PharmVar lays the groundwork for subsequent functional
characterization and eventual inclusion in clinical implementation.

The Centers for Disease Control and Prevention’s (CDC) Genetic Testing Reference
Material (GeT-RM) Program has previously characterized 137 publicly available genomic
DNA reference materials for 28 clinically relevant pharmacogenes using a variety of
genotyping and haplotype assignment methods.13 In the current study, DNA sequence from
the same samples was generated using targeted and whole genome sequencing (WGS)
methods.

The primary goal of this investigation was to determine whether the previously characterized
samples harbor allelic variants that eluded detection by traditional genotyping assays and
understand how these changes affected the predicted diplotype and phenotype. This study
also examined whether NGS-based sequencing methods could reliably reproduce the prior
genotype calls. To that end, results from various sequencing methods and genotype calling
tools were compared to each other and to the original star allele calls for these three genes
from the previous GeT-RM study.13

Materials and Methods

DNA sequence data and participating laboratories

Sequence analysis was performed on DNA derived from 137 cell lines selected from

the National Institute of General Medical Sciences (NIGMS) and the National Human
Genome Research Institute (NHGRI) Repositories at the Coriell Institute for Medical
Research that had been characterized using a variety of different genotyping platforms for 28
pharmacogenetic genes in a previous GeT-RM study.13

\olunteer laboratories were selected for this study to maximize the variety of sequencing
methods and diplotype calling tools used to characterize the samples. The laboratories
involved in this study and the tools and assays used are shown in Table 1.

All transcript and genomic reference sequences (RefSeqs) utilized in this project are
according to the National Center for Biotechnology Information (NCBI) Reference
Sequence database (https://www.ncbi.nim.nih.gov/refseq/, accessed 9-20-2021).

DNA Sequencing and Characterization Protocols

Participating laboratories generated sequence data and performed pharmacogenetic allele
calling on the samples using their current laboratory methods as described below. Each
laboratory performed allele calling and reported their results to the study coordinator (A.G.)
who examined the data for quality and discrepancies.

Sequencing methods and analyses followed two major protocols: three targeted capture
sequencing panels for genes known to be involved in drug transport and metabolism, and
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whole genome sequencing performed on a subset of the samples by two laboratories (Table
1).

Targeted Sequencing Panels—Three panels capturing different sets of pharmacogenes
were utilized for this study:

ADMEseq: This custom gene panel from Integrated DNA Technologies (IDT, Coraville,
IA) targets 289 ADME genes for a total of 660 kb. The amount of upstream and downstream
regions covered varies among genes. The regions covered by the panel included 2 kb
upstream of the ATG start codon for CYP2C9and CYP2C19and 0.5 kb for CYP2C8 as well
as 250 bp downstream for all three genes. This panel was used by Group 1 for their analysis.

PGRNseq v1: This custom capture panel (Roche-NimbleGen, Madison, WI), was
conceived and characterized by the Pharmacogenetics Research Network (PGRN).14 This
test targets 84 PGx genes including exons, 2 kb upstream and 1kb downstream of each gene
together with the genotyping targets for the Affymetrix DMET Plus (Affymetrix/Thermo
Fisher Scientific, Santa Clara, CA) and Illumina \VeraCode ADME (Illumina, San Diego,
CA) targeted array platforms!# for a total of 968 kb. Group 3 performed this test and utilized
the generated data for genotype calls.

PGx-seq: This custom capture panel is an extensively modified version of PGRNseq v1
(Roche-NimbleGen, Madison, WI). This test targets 77 genes, including a subset of the
PGRNseq v1 gene targets and all the genotyping sites present in PGRNseq v1. A notable
difference is that the upstream and downstream regions have been shortened to promote
greater multiplexing and reduce costs resulting in a target totaling 458 kb. Group 2 used this
method to generate data and genotype calls. Data from this method were also shared with
Groups 1 and 4 for independent analyses.

Further details are presented by each collaborating laboratory below.

Whole genome sequencing (WGS)—Two independently generated sets of WGS data
were utilized for this study as follows:

HiSeqX PGx Cohort: Briefly, sequencing libraries were prepared from 96 of the

137 Coriell GeT-RM samples using an Illumina TruSeq DNA PCR-Free kit (Illumina,

San Diego, CA) per the manufacturer’s instructions and sequenced on Illumina HiSeq

X instruments (Illumina, San Diego, CA) by the Illumina Clinical Service Laboratory.
Samples were sequenced to >30x coverage using a 2x150bp paired-end protocol. Sequence
data for 70 of the samples that are consented for public release can be obtained from

the European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/view/PRIEB19931,
accessed 3/18/2021). The WGS dataset for these 70 samples was obtained through https://
github.com/Illumina/Polaris/wiki/HiSeqX-PGx-Cohort, accessed 3/24/2021) by Groups 1, 2,
and 4 (Table 1) and is referred to as the “HiSeqX PGx Cohort”.

WGS-2: Whole genome sequencing was performed by Group 3 on 137 GeT-RM
samples using the lllumina TruSeq DNA PCR-Free kit (Illumina, San Diego, CA) per
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the manufacturer’s instructions. Samples were sequenced on an Illumina NovaSeq 6000
(IMlumina, San Diego, CA) instrument to an average depth of >30x using 2x150bp paired-
end sequencing and processed using the lllumina Dynamic Read Analysis for GENomics
(DRAGEN) pipeline (3.4.12) for data generation (lllumina, San Diego, CA).

Read coverage data and quality metrics for all sequencing tests used are summarized in
Supplemental Table 1.

Star allele calling, Group 1:

ADMEseq: Group 1 performed sequencing on n=137 Coriell Get-RM samples using a
custom NGS gene panel which includes 287 pharmacogenetic genes. The samples were
prepared using an lllumina TruSeq PCR-free library preparation kit (Illumina, San Diego,
CA) with 10 cycles of PCR, followed by enrichment with the custom PGx gene panel from
Integrated DNA Technologies (IDT, Coraville, 1A) to select for the targeted loci. Samples
were sequenced on the lllumina MiSeq instrument (I1lumina, San Diego, CA) to an average
read depth of ~530x over the panel target of 660 kb. Total data were ~355 MB with 2x200
nt reads. Reads were aligned and variants detected using the Dynamic Read Analysis for
GENomics (DRAGEN) Bio-IT platform v2.0.4 — v2.5.3 (Illumina, San Diego, CA). Variants
were called with positions downsampled to 2000 reads using bases with sequence quality
=10, with mapping quality =20, and with a minimum phred-scaled confidence score of 20.0.
Read coverage is summarized in Supplemental Table 1.

Star alleles were called from the ADMEseq, PGx-seq, and WGS-1 HiSeqX PGx Cohort
data using Astrolabe with default parameters as described previously.1® 16 Briefly, based

on simulation of all theoretical diplotypes, Astrolabe determines the most likely diplotype
from a NGS-derived variant call format (\VCF) file using a probabilistic scoring system. The
version v0.8.7.2 utilized for this project contained CYP2C8, CYP2C9and CYP2C19allele
definitions as defined by PharmVar v4.1.4 (Feb 14, 2020) (Supplemental Table 2). Astrolabe
was run against 137 samples sequenced with the ADMEseq panel, as well as the PGx-seq
data provided by Group 2. In addition, Astrolabe calls were generated using the HiSegX
PGx Cohort WGS data (n=70) and WGS data from 26 additional samples from the GeT-RM
project made available by Illumina via direct download through Amazon Web Services for
this project.

Star allele calling, Group 2:

PGx-seq: DNA from all 137 GeT-RM Coriell samples was used to prepare the paired-end
pre-capture libraries by sonication and ligation to Illumina paired-end adapters. The adapter-
ligated DNA was polymerase chain reaction (PCR)-amplified using primers containing
sequencing barcodes (indexes) to enable sample multiplexing. For the target enrichment
capture procedure, the pre-capture libraries were enriched by solution hybridization to
biotinylated probes (Roche NimbleGen, Madison, WI) using a 47-plex format. Sequencing
was performed with the lllumina HiSeq 2500 platform (Illumina, San Diego, CA) using a
94-plex format generating 2x101 bp paired-end reads and reads were mapped to the human
reference using Burrow-Wheeler Aligner (BWA).1” To remain compliant with downstream
file input requirements, \VCF files were generated for both targeted and whole genome
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datasets using the Genome Analysis Toolkit (GATK)-Haplotype Caller v.3.8.0 (https://
gatk.broadinstitute.org/hc/en-us/articles/360037225632-HaplotypeCaller; Broad Institute,
Cambridge, MA).

CYP2C8, CYP2C9and CYP2C19star alleles were determined from PGx-seq and the
WGS-1 HiSegX PGx Cohort data using the Stargazer genotyping pipeline as described
previously.18: 19 Briefly, single nucleotide and insertion/deletion (indel) variants for these
three genes from the VCF file were phased using the program BeagleZ? and the 1000
Genomes Project haplotype reference panel. Phased variants and indels were then matched
to star alleles in a lookup table. Alleles covered by Stargazer are detailed in Supplemental
Table 2.

Star allele calling, Group 3: Group 3 performed WGS on 137 samples as described
above (WGS-2).

PGRNseq v1: Custom capture probes for PGRNseq v1 (Roche-NimbleGen, Madison,
WI) were used on 134 of the Coriell GeT-RM samples. Target enrichment capture using
a 24-plex format were sequenced with the Illumina HiSeq 2500 platform (Illumina, San
Diego, CA) with 2x100 bp paired-end reads to an average mean coverage of 230x.

Allele calls were made from the PGRN-seq v1 and WGS-2 data using Stargazer v1.0.8 as
described above for Group 2.

Star allele calling, Group 4: Star alleles were called using Aldy v3.0.21: 22 Aldy was
run on data from the 70 publicly available samples from the HiSegX PGx Cohort and

on 137 samples sequenced with the PGx-seq panel (data provided by Group 2). Briefly,
Aldy calls star alleles by first enumerating the possible copy number and gene fusion
configurations. Since copy number events are either rare or non-existent in CYP2CS8,
CYP2C9and CYP2C19, this step was omitted. Aldy attempts to find the optimal major
star alleles directly from a SAM/BAM file in a combinatorial fashion via integer linear
programming.21 Each “optimal” major star allele solution is later evaluated and refined with
sub allele data. The solution with the lowest error score is reported as the final star allele
call. If there are multiple equally likely solutions to the optimization problem (a rare but
not an impossible event), Aldy will report all such solutions. Alleles covered by Aldy are
detailed in Supplemental Table 2.

Long Distance Phasing with 10X Genomics

Ninety-six Coriell GeT-RM samples were prepared using 10X Chromium Single Cell

3’ libraries (10X Genomics, Pleasanton, CA) and sequenced on Illumina HiSeq4000
instruments (Illumina, San Diego, CA) by Illumina, Inc. Each sample was sequenced across
two lanes on the HiSeq4000, resulting in approximately 2 billion reads per sample, or 42.6X
coverage. 10X Genomics Linked-Read data from the lllumina HiSeqX-PGx Cohort were
used to inform haplotypes, i.e., to determine whether variants are /n cis or trans. Data for
the 96 sequenced samples were obtained from Illumina collaborators and analyzed with
Long Ranger v2.2.2 and Loupe software v2.1 (10X Genomics, Pleasanton, CA) against the
GRCh37 reference genome. These 10X phases were cross-validated using an alternative
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10X Genomics phasing pipeline (EMA and HapTree-X).23 24 10X Genomics data for 70 of
the publicly available samples with proper consent are available through https://github.com/
Illumina/Polaris/wiki/HiSeqX-PGx-Cohort (accessed 3/24/2021).

Sanger sequencing (Group 1)

A 1590 bp long CYP2CIPCR product was generated using

forward primer 5’-AGAAACCGGAGCCCCTGCAT and reverse primer 5°-
AGAAGGCCAGTTCATCTCTATGTGC. The resulting 1590 bp PCR product was
sequenced in both directions with the 5’-AGAAACCGGAGCCCCTGCAT (forward) and
5-AGTTATGCACTTCTCTCACCCG (reverse) primers and aligned to NG_008385.2 to
confirm the presence of g.48211A>T (NM_000771.4:¢c.1147A>T; p.K383X). Sequencing
was performed using BigDye chemistry and a 3730 XL-DNA analyzer instrument (Applied
Biosystems, Foster City, CA).

Variant summary lists

Results

A list of sequence variants identified in each sample was compiled for each of the three
interrogated genes, Supplemental Table 3. This list was used to facilitate comparisons
between sequencing platforms and to identify variants and haplotypes not covered by
PharmVar allele designations.

Group 1 created their variant list using WGS and ADMEseq data for n=96 samples, and
ADMEseq data for n=41 samples. Of note, while known allelic variants in upstream regions
are specifically targeted by the ADMEseq panel, the entire region is not targeted leading to
variations in coverage. The list was created using a combination of bcftools version 1.9 (a
set of utilities that manipulate variant calls in the Variant Call Format), the Genome Analysis
Toolkit (GATK) version 3.8 and Variant Effect Predictor (VEP) version 88_37.25-27

Group 2 created their variant list using the Genome Analysis Toolkit (GATK)-
HaplotypeCaller.26

Group 3 created their variant list from the WGS-2 data. The list was created using bcftools
(version 1.9) and a Browser Extensible Data (BED) file that annotates the regions into
‘upstream’, ‘exon’ and ‘downstream’ regions. Intronic variants known to have a functional
impact (e.g., CYP2C19*2NM_000769.4:¢c.332-23A>G) causing alternative splicing) were
listed in the ‘exon’ category.?® Differences among the lists created by each of the three
groups were identified and resolved by manual data inspection.

Race and Ethnic Origins of the Samples in Supplemental Table 3 are according to those
provided by the Coriell Institute for Medical Research (Coriell Institute for Medical
Research, Camden, NJ).

Four groups (Groups 1-4) participated in this study as described in Table 1. The groups
analyzed NGS data obtained by two independent WGS datasets and three targeted NGS
gene panels using three allele calling algorithms: Aldy v3.0, Astrolabe v0.8.7.2 and
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Stargazer v1.0.8 (from here on referred to as “tools”). A comprehensive summary of all
data from this study are provided in Supplemental Table 3.

Identification of novel alleles

To systematically identify all novel variants not currently defined by the PharmVar database
and to determine whether these variants are part of known or novel haplotypes, lists
summarizing the variants found in each sample were generated for the three genes by
Groups 1-3 using their respective datasets. These three lists were then used to create

a consensus list for each gene (Supplemental Table 3; CYP2C8, columns O, P, and Q;
CYP2C9, columns Q, R, and S; and CYP2C19R, S, and T). Variants are shown in

separate columns based on their location (upstream, coding including exon/intron junctions,
and downstream); those novel to PharmVar are highlighted in red. For selected samples,

the unequivocal phase of variants in a haplotype was determined using 10X Genomics
Linked-Read data and/or by inheritance using family trio data by Groups 1 and 4. The
novel haplotypes for which variant phase was established were submitted to PharmVar for
designation. Novel haplotypes and method(s) used to establish haplotype for all three genes
are summarized in Supplemental Table 4.

All sequencing methods, except for the PGx-seq panel, covered the regions required

by PharmVar for allele definitions (CYP2C9and CYP2C19, 2 kb of upstream region;
CYP2C8, 0.5 kb of upstream region, and 250 bp of the 3’UTR for each gene). Sequencing
coverage metrics are provided in Supplemental Table 1. Data were available for at least

two sequencing methods for each sample covering the regions of interest. Allele frequencies
cited below are according to those reported by dbSNP (https://www.ncbi.nlm.nih.gov/snp/,
accessed 2/2/2021). For alleles without a unique identifying variant, estimated frequencies
are provided.

CYP2C8: NGS consensus calls for CYP2C8 are shown in Supplemental Table 3
(CYP2C8tab, Column D). Four novel alleles, CYP2C8*15 *18, and fifteen novel
CYP2C8*1 suballeles, CYP2C8*1.004-*1.018, were identified among the 137 GeT-RM
samples (Supplemental Table 4). CYP2C8*15 (n=1 Caucasian) has a single variant
(NM_000770.3:c.541G>A, p.Val181lle, rs41286886); its frequency ranges between 0.2
and 1.1%. As illustrated in Figure 1, CYP2C8*16 (n=1 African American) was
characterized using inheritance information. This allele has three variants one of which,
NM_000770.3:¢.992T>C, causes an amino acid change (p.11e331Thr, rs146806199). Based
on dbSNP frequency data, this allele is rare (<0.1%) and may predominantly be observed
in Asians. CYP2C8*17 (n=2 Yoruban) has two variants, one of which is nonsynonymous
(NM_000770.3:c.730A>G, p.lle244Val, rs11572102). This allele is also rare at frequencies
of less than 0.2% across populations. Finally, CYP2C8%*18 (n=1 Caucasian) was discovered
in NAO7048 in this study. Since there were no 10X Genomics Linked-Read or pedigree
data available for this sample, the haplotype was defined using an unrelated trio which was
identified via the allele’s core variant (NM_000770.3:¢.1081C>T, p.L361Phe, rs45438799).
This allele also appears to be rare with a frequency of 0.003%. Of note, all samples
identified as having CYP2C8*15, *16, *17or *18alleles were consistently called as
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CYP2C8*1/*1 by the allele calling tools and only one of the observed differing calls (Table
2) was caused by the presence of a novel haplotype, CYP2C8*1.010.

CYP2C9: NGS consensus calls for CYP2C9are shown in Supplemental Table 3 (CYP2C9
tab, Column E). One novel allele, CYP2C9%71, seven novel CYP2C9*1 suballeles (*1.007-
*1.013) and two novel CYP2C9*8suballeles, CYP2C9#*8.004 and CYP2CI*8.005, were
identified among the 137 GeT-RM samples (Supplemental Table 4).

CYP2C9*71 (n=1, race/ethnicity unknown) has two nonsynonymous variants,
(NM_000771.4:¢.815A>G, p.Glu272Gly, rs9332130 and NM_000771.4:¢c.1464C>T
p.Pro489Ser, rs9332239), which are the defining variants for CYP2C9*12and CYP2C9*10,
respectively (Figure 2). This haplotype, identified in NA15245, caused inconsistent
genotype calls among the tools (Table 3, note #3). Since this allele does not have a single
unique variant, its frequency is estimated to be under 0.004% based on the rarer of the

two variants in this haplotype. Ambiguous calls for NA15245 Table 3 (note #3) were
resolved with 10X Genomics data showing that the CYP2C9*10and *12 core variants are
indeed in c¢/s as predicted by Stargazer (this novel haplotype was designated CYP2C9*71 by
PharmVar).

One of the two novel CYP2C9*8suballeles, CYP2CI*8.004, was found in

NA19226 (Yoruban). This allele has an additional variant in the upstream region,
NM_000771.4:c.-643G>C (rs185008625) (Figure 3). The second novel CYP2C9*8
suballele, CYP2C9%8.005, was found in NA12815. Of note, this is the first CYP2C9*8
allele identified in a Caucasian subject. This allele not only lacks variants in exon 9, but
also lacks NM_000771.4:¢c.-1766T>C (rs9332094). The designation of this haplotype caused
the PharmVar CYP2C9 expert panel to reverse the core variant status for c.-1766T>C,
which allowed this haplotype to be categorized as a novel CYP2C9*8 suballele instead
of designating it as a novel ‘major’ allele. There is evidence suggesting that c.-1766T>C
decreases expression levels, but the data were deemed inconclusive upon re-review.28
Finally, of the novel CYP2C9*1 suballeles, all but *7.009 have multiple variants in

the upstream region and each of CYP2C9*1.007, CYP2C9*1.009, CYP2C9*1.011 and
CYP2C9*1.013 also contain one synonymous variant.

NA17290 (Caucasian) has two novel CYP2C9 variants that are on the same allele,
NM_000771.4:c.295A>C (rs750662900) and NM_000771.4:¢.296 T>A (rs763302345).
These two variants are adjacent to each other and were found on the same NGS

reads indicating that they are in cis. The presence of this variant combination
(NM_000771.4:¢.295_296CAdelins) causes a p.11e99His amino acid change while each
variant on its own would cause p.l1le99Leu and p.l1le99Asn changes, respectively. However,
since the sample also has the CYP2C9*3-defining variant NM_000771.4:¢.1075A>C (as
well as several variants in the upstream region), it remains unknown whether this haplotype
is a novel CYP2C9* 3 suballele or rather represents a novel haplotype. Unfortunately, no
10X Genomics Linked-Read or pedigree data were available for this sample.

Lastly, a single variant, NM_000771.4:¢c.1147A>T, p.Lys383Ter, was found in sample
NA18966 (Japanese). This nonsense variant was observed by all sequencing platforms
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including confirmatory Sanger sequencing; however, there was consistent allele imbalance
(4.8%, PGRN-seq v1; 11%, WGS-2; 17.1%, WGS-Illumina; 18%, ADMEseq) (Figure 4,
Table 3 note #5). This variant was first described (in the same sample) by Lee et al. and
termed as *SZ in Stargazer.1® This allele was not submitted to PharmVar for naming due to
concerns that the variant may be a cell line-specific mutation.

CYP2C19: NGS consensus calls for CYP2C19 are shown in Supplemental Table 3
(Columns E and F). One novel star allele, CYP2C19*39, and 14 novel CYP2C19sub

alleles were identified (Supplemental Table 4). This novel CYP2C19%39allele, found in
two Yoruban samples (NA19143 and NA19213), is characterized by three nonsynonymous
variants (NM_000769.1:¢.55A>C, p.lle19Leu (rs17882687); NM_000769.1:¢c.365A>C,
p.Glul22Ala (rs17885179), and NM_000769.1:c.991A>G, p.lle331Val (rs3758581). Of
particular interest is ¢.55A>C (p.lle331Val), which is part of two other star allele definitions:
CYP2C19*%15and CYP2C19*28. The CYP2C19*39allele is rare at a global frequency of
0.062% but varies across populations.

As illustrated in Figure 2 for sample NA19122 (Yoruban), the novel CYP2C19*35.002
suballele includes the shared variant with CYP2C19%*2, but also contains ¢.55A>C, which
is part of three other haplotypes, CYP2C19%15, CYP2C19*28 and the novel CYP2C19%39
allele. Due to the presence of ¢.55A>C and ¢.332-23A>G, phasing data were required

to call this haplotype. NA19122 (Yoruban) also possessed a novel CYP2C19%*2suballele,
CYP2C19%2.011, Supplemental Table 4.

Finally, CYP2C19#*38is an allele that was designated by PharmVar while this investigation
was underway.2? This allele was called by the tools as CYP2C19*1, but unlike

CYP2C19*1, CYP2C19*38 lacks NM_000769.1:c.991A>G, p.lle331Val, (rs3758581). Two
novel CYP2C19*38 suballeles (*38.002 and *38.003) were identified in study samples
(Supplemental Table 4). Sequence information showed that 13 (8.4%) of the 155 alleles
initially called as CYP2C19*1 are in fact CYP2C19%*38. The CYP2C19*38 allele was found
in Caucasians (n=7), Han Chinese (n=2), Japanese (n=2), Mexican/American (n=1) and
unknown (n=1).

Aldy, Astrolabe, and Stargazer (“Tool”) Diplotype calls

Alleles called by the tools (Supplemental Table 3) correspond to those described by
PharmVar at the outset of the study (see Supplemental Table 2 for alleles covered by

each tool). Therefore, the tool generated diplotype calls did not include any of the novel
haplotypes discovered in this investigation. Table 2 (CYP2C8), Table 3 (CYP2C9) and Table
4 (CYP2C19) are derived from Supplemental Table 3 and highlight ambiguous calls or calls
which were inconsistent among the tools. Brief explanations are provided for each observed
inconsistency within the respective tables.

Overall, as shown in Supplemental Table 3, diplotype calls were consistent among the tools
for the vast majority of samples. Many of the inconsistent and ambiguous calls could be
explained by the presence of novel alleles or suballeles. It is important to note, that the
presence of novel alleles did not necessarily lead to call inconsistencies and that several
novel alleles were found in samples that were consistently called as *1/*1 by all tools for all
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sequencing methods. One example is NA07048, which was called as CYP2C8*1/*1 by all
tools even though this sample harbors the novel CYP2C8*18allele.

NGS consensus calls vs previous GeT-RM calls and impact on phenotype prediction

NGS-based consensus calls (Supplemental Table 3) include the novel alleles identified in
this study; these calls may differ from the tool calls. Phenotype predictions for CYP2C9
and CYP2C19are according to those provided by the PharmGKB reference tables for
genotype to phenotype translation (https://www.pharmgkb.org/page/pgxGeneRef, accessed
04/06/2021); there is no genotype to phenotype translation table for CYP2C8.

CYP2C8—NGS consensus calls differed from the previous GeT-RM consensus calls3 for
five samples. All were called as CYP2C8*1/*1 in the previous study and were re-assigned
as CYP2C8*1/%15 (n=1), CYP2C8*1/*16 (n=1), CYP2C8*1/*17 (n=2) and CYP2CE*1/*18
(n=1) (highlighted in red, Supplemental Table 3, Column D). The function of the novel
alleles is unknown and therefore it is impossible to predict the impact on phenotype.

CYP2C9—Twelve samples were assigned an ambiguous CYP2C9*3 (*18) genotype

in the previous GeT-RM study.1® CYP2C9*18has an additional variant
(NM_000771.4:¢.1190A>C, p.Asp397Ala, (rs72558193)) which was not interrogated by
the methods used in that study and thus, CYP2C9*3and CYP2C9*18 could not be
differentiated. CYP2C9*18was not found in any of the samples using NGS. This revision
did not impact phenotype prediction.

NA17102 was initially called CYP2C9*1/*5and revised to CYP2C9*5/%36, which
changes the phenotype prediction from Intermediate Metabolizer (IM) to indeterminate
(Supplemental Table 3, CYP2C9 column F). This NGS consensus call assumes that
NM_000771.4:¢.1080C>G, p.Asp360Glu and NM_000771.4:c.1A>G, p.Met1Val are in
trans per current allele definitions. Stargazer, as detailed in Table 3 (note #4), suggests that
these variants may occur in ¢isin this sample. Unfortunately, this could not be substantiated
as 10X Genomics data were not available for NA17102.

The diplotype for HG01190 was revised from CYP2C9*1/*2to CYP2CI*2/*61; the
CYP2C9*61 allele was not tested in the previous study. The presence of the CYP2C9*61
allele did not impact the IM phenotype prediction.

Finally, NA15245 was revised from CYP2C9*10/*12to CYP2C9*1/*71 which left
phenotype prediction as indeterminate.

There was also one sample, NA17290, for which the diplotype could not be resolved as

no 10X Genomics Linked-Read data were available. Depending on the phase of the novel
variation (NM_000771.4:¢c.295_296CAdelins), the p.1le99His change may be located on the
CYP2C9*3allele giving rise to a novel suballele or represent a novel haplotype. NA17290
was reported as CYP2C9*1/#*3 (*18) in the previous study.

CYP2C19—Two samples, NA19143 and NA19213 were found to have a novel CYP2C19
allele. Both samples were reported as CYP2C19*1/*15in the previous study and were
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revised to CYP2C19*1/#%39, which changes their phenotype assignment from Normal
Metabolizer (NM) to indeterminate (Supplemental Table 3, CYP2C19column G).

Five samples had ambiguous calls in the previous Get-RM study.13 Sequencing confirmed
the presence of a CYP2C19*12allele in NA17074, which allowed us to update the genotype
from CYP2C19*1(*12)/*17 (Rapid Metabolizer (RM) or indeterminate phenotype) to
CYP2C19%12/%17 (indeterminate). NA19122 had a CYP2C19*1 (*15)/*2 assignment in

the previous study which was revised to CYP2C19%*2/*35, changing the predicted phenotype
from IM or indeterminate to Poor Metabolizer (PM). NA19700 was initially reported as
CYP2C19%1/*12 (indeterminate phenotype); since NGS did not detect a CYP2C19*12
allele in this sample its genotype was revised to CYP2C19%1/*1 changing the phenotype
prediction from indeterminate to normal. NA19917 was reported as CYP2C19%*1 (*15;
*28)/*%2in the previous study. This ambiguous call was revised to CYP2C19*2/%15, which
changed the phenotype prediction from IM or indeterminate to IM. Lastly, NA23878

was previously described as CYP2C19*1/*4B with a possible alternate diplotype of
CYP2C19*4/*1730 Since no 10X Genomics data were available we were not able to
determine the sample’s diplotype with certainty. However, the predicted phenotype is the
same for both possible diplotypes.

NA17074 (Puerto Rican) was previously reported as CYP2C19*1(*12)/*17, suggesting the
possible presence of a rare CYP2C19*12allele. While the presence of the CYP2C19*12-
identifying variant NM_000769.1:¢.1473A>C, p.Ter491Cys, (rs55640102) was confirmed
by NGS, the ambiguous Stargazer call (CYP2C19*1/*2 [*17]) raised concerns regarding the
phase of the variants. Unfortunately, since no 10X Genomics data were available for this
sample, the sample’s diplotype could not be determined with certainty.

Although the NGS consensus call matches that of the previous study for NA07439 (African
American), the Stargazer call also raises concerns regarding variant phasing for this sample.
Unfortunately, no 10X Genomics data were available for this sample.

Alleles reported as CYP2C19*27in the previous GeT-RM study3 were changed to
CYP2C19*1 to reflect changes in star allele definitions2? which were made while this
investigation was underway. In addition, CYP2C19*1 allele calls for 13 samples were
revised to CYP2C19*38 (Supplemental Table 3, CYP2C19column F). Since CYP2C9*1
and *38are considered normal function alleles, this change does not affect phenotype
prediction.

Discussion

The previous GeT-RM study?3 utilized a variety of commercial and laboratory-developed
genotyping platforms to characterize the 137 samples that were reexamined in the current
study. The genotyping platforms were designed to distinguish the presence or absence of
specific variants defining a limited set of star alleles. As genotyping assays typically include
the more commonly found variants, rare or novel variants that may also affect protein
structure, function, and phenotype prediction would not be detected. The goal of this study
was to recharacterize CYP2C8, CYP2C9and CYP2C19in the 137 samples using WGS and
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targeted NGS gene panels to assess the differences between sequence-based genotyping and
to provide a more robust characterization of these previously studied samples.

For this study, the authors examined CYP2C8, CYP2C9and CYP2C19. CYP2C9and
CYP2C19are well-characterized, widely tested, and have guidelines to support clinical
utility (https://cpicpgx.org/guidelines/, accessed 6/1/2021). Although several drugs are
metabolized by CYP2C8, there are currently no clinical guidelines and genotyping is not
routinely performed. Since CYP2C8has not been as well characterized as the other two
genes, this study offered the opportunity to assess the extent of variation and close this
knowledge gap.

The use of sequence-based data generated with different NGS technologies allowed
detection of novel alleles, resolution of ambiguous genotypes, and reaffirmation or
modification of phenotype assignment for several samples. The changes in predicted
phenotype, such as from CYP2C9 IM to indeterminate (NA17102, Supplemental Table 3),
or CYP2C19 IM (or indeterminate) to PM (NA19122, Supplemental Table 3) would have
an impact on clinical management based on CPIC and/or DPWG recommendations. As with
any clinical testing scheme, if there is a strong clinical suspicion that a patient may have
rare no function variants that were not interrogated by a targeted panel test, additional testing
such as WGS or targeted NGS may be indicated. In such cases, the clinician must balance
identifying variants of unknown or uncertain clinical significance in NGS assays versus
testing a panel of known variants.

Overall, NGS-based genotype calls correlated well with variant-based genotyping for
CYP2C8, CYP2C9, and CYP2C19except for the identification of novel alleles. In other
words, the original GeT-RM calls were correct considering the constraints of limited testing
and the catalog of defined star alleles available at that time. However, it was not surprising
that the current study revealed several rare and novel variants not detected by genotype
approaches (Supplemental Table 3).

Although only a relatively small number of samples (n=137) were examined, several rare

or novel haplotypes were identified (CYP2C8, n=4, CYP2C9 n=1, and CYP2C19 n=1)

for all three genes as well as numerous novel suballeles (Supplemental Table 4). Finding
novel haplotypes was not surprising given that variation in human CY#genes is extensive.3!
This highlights the need to identify and fully characterize novel alleles and submit them

to PharmVar. A more complete inventory of genetic variation of these genes allows better
understanding of whether sequence-based or targeted variant-based genotyping approaches
adequately predict a patient’s phenotype, regardless of race or ethnicity.

One novel variant, NM_000771.4:¢c.1147A>T (annotated as *SZ by Stargazer), was detected
in a single sample, NA18966. Of concern, this variant consistently presented with severe
allele imbalance across all NGS-based data and even Sanger sequencing (Figure 4). In

fact, the extreme allele imbalance in both PGx-seq and PGRNseq data sets caused the
variant to be filtered out during variant calling. The variant is a stop gain mutation that

has no rsID but is reported in gnomAD (10-94981368-A-T, gnomAD v3.1.1 (gnomAD
https://gnomad.broadinstitute.org accessed 9/20/2021) as a singleton in 152,116 counts.
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This sample is part of the 1000 Genomes Project (1KP) database and shows an imbalance
similar to the one described here. One can speculate that this is not a germline variant but
rather the result of a cell line-specific variant or mosaicism in the donor. The possibility
of DNA contamination was excluded as allele fractions of other variants in the vicinity

of NM_000771.4:¢.1147A>T were within expected ratios. Additionally, NA18966 was
previously shown to contain a duplication in chromosome Y that is most likely to be a
cell line artifact.32 33 Because it remains uncertain whether this variant is a mutation that
arose in the cell line, this haplotype was not submitted to PharmVar for allele designation.

Novel variants or haplotypes are often defaulted to a *7 allele assignment, which is common
practice if none of the tested variants are identified. This was the case for NA19143,

which was called CYP2C19*1/*15by all three tools despite the presence of the novel
CYP2C19%39allele, defined by NM_000769.1:¢.365A>C, p.Glul22Ala (Supplemental
Tables 3 and 4). Since CYP2C19*39was novel and not defined in the calling algorithm,
this haplotype was not called by the tools used in the study. In addition, calling algorithms
may not always be completely up to date with the most recent version of alleles available

in PharmVar, and thus can miss calling recently added alleles. This is exemplified by
CYP2C9*61 which was accurately called in HG01190 by Aldy and Astrolabe but defaulted
to CYP2C9*1/*2by the Stargazer version utilized for this study. Also, depending on specific
reporting features of each tool, the presence of novel variant(s) may be reported separately
from the diplotype call and would require manual follow-up by the user.

As shown in Table 3 (note #3) some novel alleles were identified indirectly by the tools.

For example, a novel CYP2C9*71 haplotype in sample NA15245 did not default to a

*7 assignment, but caused inconsistent calls among the tools (Aldy, CYP2C19*10/*12,
Astrolabe, CYP2C19*1/*100r *1/*12and Stargazer, *1/*12 [*10]). The ambiguous and
differing calls made by the tools were caused by the novel haplotype having variants
including those that were otherwise found on CYP2C9*10and CYP2CI9*12, respectively. In
this case, a tool’s variant output (list of variants present) would not signal the presence of

a novel haplotype because all variants are part of other allele definitions. It remains to be
seen if expanding the allele inventory of these tools to include CYP2C9*71 would indeed
produce an accurate CYP2C9*1/*71 genotype call for this sample.

One limitation of the current sequencing by synthesis approach is that haplotype phasing
may be uncertain; however, once the presence of a novel variant is identified, the full
haplotype may be resolved using a variety of approaches. In this study long read NGS data
were used to determine or validate the phase of variants. This information was invaluable
to fully characterize novel alleles (i.e., determine which variants are on each chromosome)
and confirm existing allele definitions. The utility of such data is well illustrated by sample
NA15245 (described in the preceding paragraph and shown in Figure 2) which conclusively
showed that the two core variants defining CYP2C9*10and *12are not /n trans in this
sample, but in ¢/s, forming a novel haplotype (Table 3). This finding does, however, raise
some concerns regarding the accuracy of the current definitions of CYP2C9*10and *12
which were first described in a subject having a CYP2C9*10/%12 genotype34; to the best
of our knowledge there have been no other reports validating these allele definitions. As
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also illustrated in Figure 2, a complex CYP2C19diplotype was also resolved with long read
NGS data for sample NA19122 which would have otherwise remained ambiguous.

Samples for which pedigree information from the 1000 Genomes Project was available to
infer the phase of variants are also presented (Figures 1 and 3, Supplemental Table 4). If
neither data are available, one may also search for other samples within the 1000 Genomes
Projects or other databases that have the variants corresponding to those found in the
proband. This approach was taken to complement the characterization of novel CYP2C8*1
and CYP2C9*1 suballeles. The predicted CYP2C8*1.005 haplotype in sample NA23878
was found to be homozygous in HG03740 which was not part of this study, and the
predicted CYP2C9*1.010haplotype found in NA18861 matched that of a trio in the CMH
data warehouse (data accessible to A.G., E.C.B and N.A.M.). In the absence of long-read
(phased) data for a patient of interest, variant phases (haplotypes) may be determined using
pedigree analysis.

Despite the relatively small sample size, this follow-up investigation demonstrates the
importance of accurate and complete star allele definitions so that calling tools produce
accurate diplotype calls. It also underscores that efforts need to continue to discover and
catalog star alleles, and that tools need to be updated as the catalog of star alleles continues
to grow.1® Clinical laboratories will need to validate any updates made to software or calling
tools in accordance with accrediting agencies, and prescribed by their process or policy for
updating tools; equivalency can be documented by reanalyzing files with the updated tool(s).
Updating the tools used in this study was beyond its scope, as this requires each tool to be
independently revised by their respective developers.

PharmVar does not currently include intronic variants in allele definitions unless they have
been demonstrated to cause aberrant splicing or cause altered activity through different
mechanisms. NM_000769.1:c.332-23A>G found in CYP2C9*2and *35is a prime example
of a variant causing a splice defect. Alleles with synonymous variants are cataloged by
PharmVar as suballeles assuming they do not impact activity (e.g., several CYP2C8*1 and
CYP2C9*1 suballeles have synonymous variants) but may be assigned their own star allele
if evidence arises that a synonymous variant alters activity).

Overall, calls made from NGS (both WGS and targeted panels) data provided accuracy

on par with, or superior to, the results from genotyping methods. Furthermore, given that
remaining errors in star allele calling from both NGS and genotyping data were more often
a consequence of incomplete catalogs of star alleles and suballeles than errors in variant
detection, it is significant that the ability of NGS data to accurately detect novel star alleles
and suballeles was demonstrated. Also, the use of WGS offers the advantage of examining
sequence in non-coding genomic regions and provides better performance of structural
variant characterization when compared to targeted NGS. Targeted NGS represents a more
cost-effective approach that can still discover novel and rare coding variants as a “halfway
step” between genotyping and WGS especially for genes that do not require routine testing
for gene copy number variation (CNVSs) such as CYP2C8, CYP2C9and CYP2C19for
which CNVs are rarely observed.?8 29 The accuracy of WGS for complex gene loci

such as CYPZD6, needs to be more systematically evaluated (side-by-side comparisons
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of tools on datasets that include a variety of reference materials with gene copy number
variation). While emerging data on CYP2D6 are promising,1® 35-37 CYP2D6 analysis
remains challenging owing to its highly polymorphic nature and the presence of gene
deletions, duplications and multiplications, and rearrangements with pseudogenes that give
rise to hybrid genes in various configurations.38

The results of this and other studies demonstrate that there are many novel alleles

that are yet to be discovered, even in highly characterized genes such as CYP2C9and
CYP2C19. This highlights the need for continued development of reference materials

for pharmacogenetic testing, particularly in under-represented populations, that can be

used to develop and validate allele calling algorithms, develop and validate new assays,
provide quality control, and enable further research. Information about these and other
reference materials is available on the GeT-RM website (https://www.cdc.gov/labquality/get-
rm/index.html, last accessed 3/26/2021).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CYP2C8 haplotype not recognized by the calling tools
NGS revealed NM_000770.3:¢.992T>A (rs146806199) in NA19917 (bold outline

in pedigree). This missense variant causes an 11e331Thr change in exon 7. The

haplotype has two additional variants in the 5’UTR (NM_000770.3:¢.-6G>A and
NM_000770.3:¢c.-86A>G). The function of this allele is unknown. As shown in the pedigree,
the novel allele was inherited by the offspring (NA19918). The phase of the CYP2C8*16
allele in NA19917 was further corroborated by 10x Linked-Read technology. Since this
allele is not part of any of the allele calling tools, it was called as CYP2C8*1/*1. The
CYP2C8*2.002 suballele in NA19916 was also only recently designated by PharmVar.
Variants inherited together from mother to the child are shown in red while those present on
the father (shown in blue) were not passed to the child.
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10X Genomics Linked-Read data were utilized to phase observed sequence variants across
respective genes. A depicts a Loupe screenshot showing that the core variants are in ¢isand
thus form a novel CYP2C9%1.001/%71 haplotype in NA15245. B depicts a Loupe screenshot
showing two haplotypes, one corresponding to the CYP2C19*2.011 suballele while the
second allele represents the novel CYP2C19%*35.002 suballele in NA19122. Panels C and

D show all variants found on respective CYP2C9and CYP2C19haplotypes of samples

NA15245 and NA19122, respectively.
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Figure 3. Discovery of novel CYP2C9*8 suballeles
The top three lines represent the CYP2C9#*8.001, CYP2C9*8.002 and CYP2C9*8.003

suballeles that were defined by PharmVar before the start of the investigation. Of those,
only CYP2C9%8.003 was found among the study samples (the presence of CYP2CE*8.003
was inferred; no 10X Genomics data were available to confirm this allele call). Two novel
CYP2C9*8 suballeles, designated CYP2C9*8.004 and CYP2C9*8.005, were identified.
The latter was discovered in NA12815 and the phase of the two variants informed by
inheritance in a trio for which data were obtained from the 1000 Genomes Project;

the subject in question is a member of a large pedigree. While this novel allele has
NM_000771.4:c.449G>A, p.Arg150His, it lacked NM_000771.4:¢.-1766T>C (rs9332094).
The core variant of the CYP2C9*8allele is highlighted in red.
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2020-10-D2+NA18966_47818R+ED2 Fragment base #47,711. Base 150 of 210 2020-10-02+NA18564_47802R+F01 Fragment base #47,711. Base 152 of 189
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d TAA 4 4 4 W T I 3T AT T 1 d TAA & 4 8T T 1T 1T AT T 1
2020-10-02+NA18966_47802R+F02 Fragment base #47,711. Base 148 of 192 2020-10-02+NAT8564_47818R+E01 Fragment base #47,711. Base 150 of 208
C A T T C C C ﬂ A G G T A A L C AT T C C C A G G T A A G
d TAA d 4 a4 WT T T AT T d TAA d d T T 1 1 AT T 1

Z020-10-02+NAI3356_47561F+C0Z Fragment base A47,711. Base 102 of 737 2020-10-0Z+NAI13564_47561F+C01 Fragment base A47.711. Base 102 of 708
T C A J T CCC A G G T A A G br ca 1 17 CC ﬂ 4 G G T &4 & G T
CRA T TCCCWAGTG G TRAG T CRARTTCCCRRAGS G TARAGT

VAN AN ] AW ann,

96,741,120 bp 96,741,130 bp
1 | | I |

A: 34 (83%)
Lot T2 7 (17%)

PGRN-sea L

A: 237 (95%)
T: 12 (5%)

Figure 4. CYP2C9 missense variant NM_000771.4:¢c.1147A>T
A missense variant was discovered in NA18966 at NM_000771.4:¢.1147A>T, which

introduces a stop codon (p.Lys383Ter). Panel A shows a ‘forward’ Sanger sequence trace
for NA18966 with the reference ‘c.1147A’ being the dominant peak. The trace for a
CYP2C9*1/#1 control sample, NA18564, is shown for comparison. Panel B shows selected
WGS and PGRN-seq read alignments with most reads having the reference ‘c.1147A’. Read
distributions for the variant ‘T’ were 4.8% (PGRN-seq v1, shown), 11% (WGS-2), 17.1%
(WGS, shown) and 18% (ADMEseq) reads. The variant is visualized by red horizontal bars
and % reads shown in red font.
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Table 1

Overview of investigator groups, data sets and bioinformatic tools
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Group 1

Group 2

Group 3

Group 4

Institutions

Children’s Mercy
Research Institute

Baylor College of
Medicine, Human
Genome Sequencing
Center

University of Washington,
Genome Sciences and
Macrogen Inc., Precision
Medicine Institute

University of Victoria,
Department of Computer
Science and National
Cancer Institute (NIH)

Investigators

A Gaedigk, NA Miller,
EC Boone, WY Wang,
EG Farrow

S Scherer, X Qin

D Nickerson, JD Smith, S

McGee, A Radhakrishnan, SB

Lee

I Numanagi¢, C Sahinalp

Targeted NGS
gene panel
(sample number)

ADMEseq (n=137)
PGX—seqi(n:137)

PGx—seq’f(n:137)

PGRNseq v1§(n:134)

PGx-seq (n=137)

WGS

WGS-1 " “HiSegX PGx
Cohort” (n=70+26)

WGS-1*“HiSegqX PGx
Cohort” (n=70)

waes-27 (n=137)

WGS-1 " “HiSegX PGx
Cohort” (n=70)

Analysis tools

Astrolabe v0.8.7.2

Stargazer v1.08

Stargazer v1.08

Aldy v3.0

*
WGS-1 (n=70) data available at https://github.com/Illumina/Polaris/wiki/HiSeqX-PGx-Cohort accessed 3-21-2021

#

WGS-2 (n=137) data generated by group 3

t

PGx-seq (n=137) data generated by group 2

§PGRN-seq v1 (n=134) data generated by group 3
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