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Abstract

We compared whole exome sequencing (WES, n = 176 patients) and whole genome sequencing 

(WGS, n = 68) and clinical genotyping (DMET array-based approach) for interrogating 13 genes 

with Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines. We focused on 

127 CPIC important variants: 103 single nucleotide variations (SNV), 21 insertion/deletions 

(Indel), HLA-B alleles, and two CYP2D6 structural variations. WES and WGS provided 

interrogation of nonoverlapping sets of 115 SNV/Indels with call rate >98%. Among 68 loci 

interrogated by both WES and DMET, 64 loci (94.1%, confidence interval [CI]: 85.6–98.4%) 

showed no discrepant genotyping calls. Among 66 loci interrogated by both WGS and DMET, 63 

loci (95.5%, CI: 87.2–99.0%) showed no discrepant genotyping calls. In conclusion, even without 

optimization to interrogate pharmacogenetic variants, WES and WGS displayed potential to 

provide reliable interrogation of most pharmacogenes and further validation of genome sequencing 

in a clinical lab setting is warranted.

Pharmacogenetics is being widely adopted in clinical practice to provide personalized drug 

dosing with the goal of reducing toxicity and improving efficacy. We have implemented 

TPMT genetically guided therapy in treating acute lymphoblastic leukemia (ALL) since the 
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early 1990s.1 Recently, we moved from testing single genes to pharmacogene-directed 

arrays such as the Affymetrix DMET array. We have been among the first to implement 

preemptive genomic testing to incorporate pharmacogenetic results in the medical record to 

assist in patient care.2–5 DMET arrays have been shown to accurately interrogate 

pharmacogenes and to be able to infer genetic ancestry.6, 7

Recent advances in genomic sequencing technology have made it feasible to interrogate the 

whole genome (WGS) or exome (WES) of an individual. The cost of genome sequencing is 

decreasing, and the turnaround time and accuracy have improved.8, 9 Thus, many 

hypothesize that genome sequencing, possibly done for other clinical purposes, might 

generate pharmacogenetic data that can be useful in the clinic.10–12 However, the utility of 

genome sequencing to interrogate important pharmacogenomic genes has not been 

comprehensively examined, and the accuracy of genotyping has not been tested or compared 

to clinical pharmacogenetic testing.

In research laboratories at St. Jude Children’s Research Hospital, we have performed whole 

genome sequencing for children with cancer as part of the Pediatric Cancer Genome 

Project13, 14 and generated whole exome sequencing data for hundreds of patients. We have 

also enrolled a subset of patients on a protocol to facilitate clinical pharmacogenetics 

implementation, PG4KDS,3, 4 in which pharmacogenes were typed with clinical 

pharmacogenetic testing in clinical genetic laboratories. We have two main goals herein: to 

compare clinical pharmacogenetic testing to results from genome sequencing for actionable 

pharmacogenes, and to compare the concordance of our clinical genotyping array-based 

results with those generated by genome sequencing.

RESULTS

Genes and variants

We focused on 13 genes with Clinical Pharmacogenetics Implementation Consortium 

(CPIC) guidelines (Table 1),15–28 which include the pharmacogenes tested for in a directed 

platform, PGRNseq.29 CPIC guidelines specifically address 127 variants that can affect 

clinical decision making (termed “CPIC important variants” herein, Supplemental Table 1). 

These CPIC important variants include 103 single nucleotide variations (SNVs) (95 in 

exonic region), 21 indels (20 in exonic region), two structural variations (CYP2D6 copy 

number, i.e., CYP2D6 whole gene deletion (CN = 0 or 1) or duplication (CN>2) and 

CYP2D6/CYP2D7 hybrid structure variation), and specific alleles in the HLA-B locus 

(Supplemental Table 1).

Clinical pharmacogenetic testing

All clinical testing was performed in a Clinical Laboratory Improvement Amendments 

(CLIA)-compliant laboratory, and many of the results were posted in patients’ medical 

records.4 We genotyped 2,656 patients using the Affymetrix DMET array (Figure 1). The 

DMET array interrogated a total of 185 variants in 10 of the 13 CPIC genes, including 75 of 

the 127 CPIC important variants. CFTR, HLA-B, IFNL3 were not represented on the DMET 

array. DMET achieved a call rate of >98% in 73 of the 75 CPIC important variants; 
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exceptions were UGT1A1*28 and CYP2D6*29(V136I) for which the call rates were 90.3% 

and 94.1%, respectively (Figure 2, Supplemental Table 2).

CYP2D6 copy number was interrogated in 2,450 patients using separate real-time 

quantitative polymerase chain reaction (qPCR)-based assays based on three probes.4 

Possible CYP2D6/CYP2D7 hybrids could also be inferred from the above qPCR assay when 

the three probes indicated different copy number estimates. However, these possible hybrid 

results were not clinically validated and released into the medical record.

We compared the genotyping results derived from clinical pharmacogenetic testing via 

Affymetrix DMET array or qPCR vs. those obtained from genome sequencing via the 

Illumina platforms (Supplemental Figures 1, 2).

Whole exome sequencing (WES)

WES data in a total of 636 patients were analyzed through the standard GATK pipeline 

(Figure 1). The median exome-wide coverage was 75× (range: 35× to 169×). Currently, 

standard WES analysis pipelines do not address CYP2D6/CYP2D7 hybrids; seven CPIC 

important nonexonic variants were not interrogated by WES, including VKORC1 promoter 

−163 9G>A, CYP2C19 promoter −806C>T, three intronic SNVs including CYP2D6*59 
(2291G>A), CYP3A5*3 (6986A>G), SLCO1B1*17 (−11187G>A), and two IFNL3 
upstream SNVs. For the remaining 117 CPIC important coding SNV/indels, we observed 

good call rates (>98% in 636 patients) in 115 out of 117 variants (Figure 3, Supplemental 

Table 2, Supplemental Figure 1). The variants with low call rates included CYP2D6*57 
(R62W) and CYP2D6*11 (883G>C), both of which had low WES coverage (median 

coverage 18.5×). Both CYP2D6*57 and CYP2D6*11 are rare in the general population 

(MAF < 1% in ExAC dataset),28 and neither variant genotype was detected among called 

genotypes by WES. WES also provided genotyping results for two nonexonic variants even 

though they are not directly targeted by the exome capture. These included CYP2D6*41 
(2988G>A) and UGT1A1*28, both of which are close to targeted exons (35 bps and 52 bps 

away, respectively).

Among the 115 variants with call rates >98%, 51 variants were polymorphic within our 

study population. All polymorphic variants passed the Hardy–Weinberg equilibrium test (P 
> 0.016) in 396 patients of European genetic ancestry, 95 patients of African ancestry, and 

86 Hispanic patients. All of the observed allele frequencies of the variants are consistent 

with those reported in the ExAC population of European ancestry (Supplemental Figure 

3A).

Among the 636 patients with WES, 176 patients also had DMET data available. In all, 53 

SNVs and 15 indels of the 124 CPIC important SNVs/indels were interrogated with >98% 

call rate by both platforms (Figure 2, Supplemental Table 2). Among a total of 11,935 

genotypes compared between WES and DMET, only seven genotypes in four variants 

showed discrepancies (Table 2A, Figure 3, Supplemental Table 2). The discordant variants 

were all within CYP2D6, including: CYP2D6*40 (1863_1864ins, n = 2), *20 (1973insG, n 
= 2), *4 (1846G>A, n = 2), and *2 (R296C, n = 1). Five discordant genotypes were called 

heterozygous by WES; all showed biased minor allele fractions (MAFrac <16%) even 
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though all passed GATK’s default quality control. In contrast, all the concordant 

heterozygous genotypes by WES exhibited MAFrac >20% (Supplemental Figure 4A). 

Additional orthogonal genotyping methods would be needed to resolve the discrepancies 

between clinical genotyping and WES.

We generated 4-digit HLA-B allele types from WES using Polysolver.30 HLA-B was not 

interrogated on the DMET array; but among those samples with WES, we determined their 

HLA diplotypes using clinical molecular methods for 66 patients.6 The concordance was 

95.5% (126 out of 132 haplotypes) at 4-digit resolution. Four of the mismatches were 

consistent at the 2-digit resolution, while the other two mismatches involved the relatively 

rare alleles *78 and *81. CPIC important HLA-B alleles include *57:01 and *58:01. There 

were two patients with HLA-B*57:01 and two patients with HLA-B*58:01, all of whom had 

concordant HLA-B results by WES and conventional clinical assays (Supplemental Figure 

5A).

We applied XHMM to infer copy number for CYP2D6 based on WES.31 There were 105 

patients with CYP2D6 copy number determined by a validated clinical qPCR assay.4 WES 

generated concordant copy number results for 98 of 105 (93.3%, confidence interval [CI]: 

86.7–97.2%) patients (Figure 4A). One patient was called as CYP2D6 gain by clinical qPCR 

but not by WES, while two patients were called as CYP2D6 gain by WES but not called as 

such by qPCR. One patient was called as single copy CYP2D6 by qPCR, but was called 

diploid by WES. Two additional patients were called CY2D6 gain by WES, but called as 

possible 2D6/2D7 hybrid by qPCR. Excluding the two patients with possible CYP2D6/2D7 
hybrids by qPCR, five patients (5.9%) were called CYP2D6 gain by WES among 85 patients 

of European ancestry, a frequency that is not statistically different from previously reported 

(4.7% in Caucasians, P = 0.60).32 One benefit of WES is that for patients with CYP2D6 
duplications, one may deduce which CYP2D6 allele was duplicated by examining the ratio 

of read counts between reference and alternative genotypes (Supplemental Material, 

Supplemental Table 3, Supplemental Figure 6). There are software tools that can be used to 

enhance the performance of genome sequencing for CYP2D6.33 Additional standard 

samples with known allele compositions would be needed to validate genome sequencing as 

a method to assess CYP2D6 copy number.34

For UGT1A1*28, the DMET call rate was low (90.3%) for 2,656 patients, and thus we did 

not compare DMET results to WES or WGS. However, we had ancillary genotyping results 

for 240 patients by a locus-specific PCR assay.35, 36 Three results were discordant between 

WES and the locus-specific PCR method (concordance rate 98.8%, CI: 96.3–99.7%), and in 

all cases, patients with (TA)7/7 by PCR were called (TA)6/7 by WES. The WES allele 

fractions for (TA)6 vs. (TA)7 in these cases were <0.14, whereas in the patients with 

concordant (TA)6/7 genotypes the minimum MAFrac was 0.29. This suggests that by 

applying a more stringent quality control criterion than the defaults provided by GATK, one 

could eliminate all the erroneous UGT1A1*28 calls by WES, similar to the situation 

described for CYP2D6.

The average read depth of the coding regions of the 13 genes interrogated by WES was 66× 

(Supplemental Table 4, Supplemental Figure 7). We defined well-interrogated regions as 
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those having ≥10 reads in more than 95% of patients. Note that the four exons shared by the 

genes of the UGT1A family were not considered herein, since a capture probe for this region 

is not included in the exome library kit (TruSeq from Illumina) we used in the majority of 

our WES. Other genes with less well-interrogated regions include VKORC1 (77.6%), G6PD 
(90.3%), and SLCO1B1 (93.1%); all the other genes had greater than 95% of their coding 

regions well interrogated (Supplemental Table 4, Supplemental Table 5).

Whole genome sequencing (WGS)

For WGS, we tested concordance for the 68 patients who also had DMET data available 

(Figure 1). The median genomewide coverage was 33× (range: 23× to 53×). We observed 

call rates >98% in 115 of 124 CPIC important coding SNVs and indels (Figure 2B, 

Supplemental Table 2). Among those 115 variants, 40 were polymorphic in the 68 patients 

examined. All the allele frequencies of the variants in 44 patients of European ancestry were 

consistent with those reported in ExAC (Supplemental Figure 3B).

The nine CPIC important SNV/indels with low call rates by WGS included four CYP2D6 
variants and five G6PD variants. G6PD is located on chromosome X and males have only 

one copy of the gene. All of the no-call genotypes were from males who had lower coverage 

(average read depth of G6PD: 13.5× in males vs. 28× in females). Based on clinical qPCR, 

CYP2D6 also had copy number variation: one of the 68 patients had a homozygous 

CYP2D6 deletion (CN = 0) and four patients had only one copy of CYP2D6 (CN = 1). 

Among the remaining 63 patients with two or more copies of CYP2D6 gene, only two 

CYP2D6 variants, CYP2D6*11 (883G>C) and CYP2D6*14 (G169R), had call rates <98%.

There were 52 SNVs and 14 indel genotypes that were interrogated with >98% call rate by 

both WGS and DMET. Among 4,479 genotypes compared (among a total of 68 patients), 

only four genotypes were discordant: one TPMT*3B (A154T, rs1800460) genotype, one 

CYP2D6*20, and two CYP2D6*40 genotypes (Table 2). We performed orthogonal PCR-

RFLP based assays for C>T at rs1800460 and T>C at rs1142345,37 and the results indicated 

heterozygosity for both single nucleotide polymorphisms (SNPs), consistent with the 

TPMT*3A result obtained with WES, but not with the DMET result. The minor allele 

fraction for the CYP2D6*20 variant in the WGS patient was 12.5%, and it was the only 

heterozygous call generated by WGS whose MAFrac was <20% across all variants 

(Supplemental Figure 4B).

We inferred HLA-B allele types from WGS based on the Optitype program at 4-digit 

resolution for all 68 patients. There was no clinical HLA typing available for comparison for 

these patients assessed by WGS. It has been shown that the accuracy of HLA class I typing 

using Optitype is over 98% at 4-digit resolution based on 1,000 genome samples.38 In the 16 

patients with both WGS and WES data, we observed a concordance of 91% at 4-digit 

resolution (29 out of 32 haplotypes, CI: 74.9–98.0%) and 100% (CI: 89.1–100%) 

concordance at the 2-digit resolution (Supplemental Figure 5B). The concordant haplotypes 

included one patient with HLA-B*5801 and one patient with HLA-B*5701, both of which 

are clinically actionable.18, 19, 21, 25
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We inferred CYP2D6 copy number based on the average read depth in the CYP2D6 region 

normalized to the whole genome coverage. There were 60 patients with CYP2D6 copy 

number determined by clinical qPCR using three probes. Comparing the WGS inferred 

CYP2D6 copy number with clinical qPCR determined CYP2D6 copy number, we observed 

concordant results in 57 of 60 patients (95%, CI: 86.1–98.9%) (Figure 4B). As in the case of 

the WES data, one could theoretically infer which allele was gained for patients with 

CYP2D6 duplications, based on the read count ratio. However, due to the lower read depth 

by WGS, there was larger variation in the read count ratio, precluding estimation of the 

duplicated allele (data not shown).

For UGT1A1*28, there were only six patients available with genotypes based on locus-

specific PCR, and the concordance with the WGS inferred genotype was 100% (CI: 54.1–

100%). We also compared the UGT1A1 genotypes among the 16 patients with both WES 

and WGS genotypes and again observed 100% concordance (CI: 79.4–100%).

There were only 16 patients that had both WES and WGS data available. We compared the 

genotype concordance between WES and WGS at 107 of 127 CPIC important variants 

(84.2%, CI: 76.7–90.1%) with passing call rates >98%. Of these 107 loci, no discordant 

genotyping calls were observed among the 16 patients.

The median read depth of the coding region for the 13 important CPIC genes by WGS was 

34×, similar to the genomewide average read depth (Supplemental Table 4, Supplemental 

Figure 8). The genes with less well-interrogated regions by WGS, as defined by the 

percentage of the gene with read depth <10×, included G6PD (41.5%), VKORC1 (64.8%), 

CYP2D6 (75.2%), and IFNL3 (92%); all the other genes had greater than 95% of their 

coding regions well interrogated (Supplemental Table 4, Supplemental Table 5).

Observed coding variants not included among CPIC important variants

In 636 patients with WES, we observed a total of 153 coding variants that are not included 

among CPIC important variants, including four stop gain variants and five frameshift indels 

(Table 3). All of these variants are rare except for rs200579169 (CYP3A5), which was 

observed 12 times in the cohort of 636 patients, and all are reported in the ExAC database 

except for the SLCO1B1 chr12:21391951 CATCA/− frameshift deletion. Among the 144 

missense variants, 12 were not observed in either the ExAC database or dbSNP 

(Supplemental Table 6A).

In 68 patients with WGS, we observed a total of 66 missense variants and two frameshift 

variants that were not included in CPIC important variants. The two frameshift variants were 

observed in CYP2C9 and CYP3A5 (rs547253411) (Table 3B). Among the 66 missense 

variants, six were not observed in ExAC database or in dbSNP (Supplemental Table 6B). 

These novel variants were not confirmed by any additional genotyping method, and 

additional clinical or laboratory data would be needed to establish their importance.
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DISCUSSION

With the advance of genome sequencing technology, more whole genome sequencing and 

whole exome sequencing data are being generated in both research and in clinical settings. 

In the clinic, genome sequencing is being used primarily to assist in diagnosis of inherited 

diseases or to assess tumor genomic variation,10–12 in which case assessments of 

pharmacogenetic variation might be considered as secondary findings that are worthy of 

return to individual patients. Given that there are a tractable number of actionable 

pharmacogenetic variants,29, 39 and the inherited pharmacogenetic variants may be of use 

throughout a patient’s lifetime, the question of whether genome sequencing-generated data 

can serve “double duty” as clinically actionable pharmacogenomic data is relevant. Herein, 

we describe for the first time the performance of clinically valid pharmacogenes assessed by 

arrays and WES/WGS data generated in a research lab. Comparing clinical genotyping with 

WGS/WES data from the same patients, we only observed discordant genotyping calls in a 

few samples at select loci (Table 2). These discordant calls would need to be resolved using 

orthogonal genotyping methods. In some of the conflicting genotypes, the unusually low 

minor allele fraction by genome sequencing suggested the genotyping calls were suspect 

despite the fact the calls passed GATK’s default quality control. In addition, manually 

inspecting genome sequencing reads can also help correct suspect genotypes. For example, 

the reads carrying CYP2D6*20 variant allele by WGS are likely due to paralogous mapping 

and genotyping calls could be corrected accordingly (Supplemental Figure 9).

Compared with genome sequencing technology as it exists today, the current DMET array 

provides an affordable method for most CPIC genes and variants. On the other hand, it does 

not include some of the important CPIC genes, and within some CPIC genes it does not 

include some of the important variants, e.g., G6PD. Also, DMET generates genotyping calls 

based on clustering of reference genotypes. Due to the limited number of reference samples 

with variant genotypes, DMET may be less reliable for some rare variants.

One major shortcoming of WES is that several very important noncoding regions are not 

interrogated, including VKORC1 promoter variants and CYP3A5*5, although we found that 

nontargeted WES/WGS reads yielded accurate genotypes for the promoter variant 

UGT1A1*28, even though it was not in the targeted capture region. To improve next-

generation coverage of pharmacogenes, efforts such as PGRNseq,40 include a customized 

sequencing capture method to interrogate important noncoding regions associated with 

pharmacogenes.

Compared with WES, WGS provides increased coverage of all SNV/indel variants. 

However, in some situations that involve genes with copy number variation, such as 

CYP2D6 and G6PD, standard analytic pipelines of WGS generated lower call rates due to 

gene deletions. It should be noted that the WGS and WES strategies we used herein were not 

optimized in a clinical laboratory, nor were they modified to target known pharmacogenes. It 

is possible that pipelines could be customized to take into consideration copy number status, 

and to increase coverage of challenging loci, and such loci (e.g., CYP2D6, G6PD) were 

identified in our analysis.
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Several CPIC important genes are known to have complex genomic architecture. Some 

exhibit high homology within family members and also often have pseudogenes that must be 

distinguished for accurate genotyping (e.g., the CYP2D6 and CYP3A5 loci).41, 42 Here we 

showed that both WES and WGS provided excellent variant calling for CYP2C9, CYP2C19, 

and CYP3A5. It is especially encouraging that the current state of the art algorithms, e.g., 

XHMM, could provide reasonably accurate copy number estimation for CYP2D6. However, 

standard default algorithms cannot infer CYP2D6/CYP2D7 hybrids, and this will require 

specially designed algorithms that are specific to CYP2D6 by incorporating knowledge from 

domain experts.33, 43 Genome sequencing provides an additional advantage of clarifying 

which haplotype is amplified in patients with CYP2D6 copy number gains, which can be 

useful because duplication of a functional vs. duplication of a nonfunctional allele can lead 

to clinically significant differences in phenotype assignments, and thus in prescribing 

decisions.44 HLA-B typing via sequencing is a good example of applying this strategy. 

Building on the advances of analytic methods and improvement in HLA allele databases, 

HLA-B typing using WES or WGS should provide excellent results.

Compared with a customized array platform like DMET, genome sequencing provided 

interrogation of more variants in the CPIC important genes. This may be a real advantage for 

genes such as G6PD or DPYD, which have a large number of important rare variants. In our 

study population, we did not observe many novel coding variants or loss-of-function variants 

that have not already been reported in public databases such as ExAC (Supplemental Table 

7). We observed many missense variants in our cohorts, each with a low minor allele 

frequency; however, their functional consequences are not clear. Systematically analyzing 

these rare variants using functional assays will be challenging but needed to elucidate their 

potential importance.45

In conclusion, WGS provides reliable interrogation of most clinically important 

pharmacogenetic variants. While WES produced similar results for coding variants, 

functionally significant noncoding variants are missed with current exome capture assays. 

With relatively modest changes to data processing and by including customized capture 

probes targeting these important noncoding regions, use of genome sequencing data could 

provide a cost-effective way to advance the clinical implementation of pharmacogenomics in 

the clinic.40 In order for genome sequencing to be used in the clinical setting, additional 

evaluation on its reproducibility, specificity, and sensitivity is needed.

METHODS

Patients and samples

Patients in the study include St. Jude Children’s Research Hospital patients enrolled in the 

Pediatric Cancer Genome Project (Whole Genome sequencing, n = 68), PGEN5 and 

PG4KDS protocols (Affymetrix DMET Plus array, n = 2656), and Total XV/XVI studies 

(whole exome sequencing, n = 636). The study was approved by the Institutional Review 

Board at St. Jude Children’s Research Hospital. Informed consent from the parents or 

guardians and assent from the patients as appropriate were obtained according to 

Institutional Review Board guidelines for treatment and for genomic research.
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Germline DNA was extracted from normal peripheral blood leukocytes. Patient genetic 

ancestry was inferred using principal component analysis (PCA) applied to corresponding 

genotyping platforms.

Clinical genotyping

All clinical testing was performed in a CLIA-compliant laboratory.3, 4

Affymetrix Drug Metabolizing Enzymes and Transporters (DMET) Plus array version1 

(Affymetrix, Santa Clara, CA) assays were performed at the Medical College of 

Wisconsin.4, 6

CYP2D6 copy number was determined using a supplemental assay based on quantitative 

PCR as previously described.4 This is a clinical test run in a clinical, CLIA-certified 

laboratory. The test has been validated as required by CLIA for laboratory-developed tests 

(42 CFR 493.1253 – Standard: Establishment and verification of performance 

specifications). This assay utilized three probes; when concordant in copy number estimates, 

they indicate likely CYP2D6 duplication or deletion, and when discordant (e.g., 2/3/3N, 

2/3/2N, etc), signal a possible CYP2D6/2D7 hybrid. Such possible hybrids were not 

assigned a final diplotype for clinical purposes, as further testing is needed to confirm 

complex CYP2D6 hybrid structures.41

Whole exome sequencing and genotyping

Exome capture and enrichment were performed using TruSeq Exome Enrichment and 

Nextera Exome Enrichment kits according to standard protocols. Paired-end whole-exome 

sequencing was performed using Illumina HiSeq2500 instruments. The sequence reads were 

aligned to the human reference genome hg19 using the BWA. All whole exome sequencing 

assays were performed in the Hartwell Center at St. Jude Children’s Research Hospital.

Genotypes were generated using Genome Analysis Toolkit v. 3.2 according to the best 

practice research laboratory workflow (https://www.broadinstitute.org/gatk/guide/best-

practices). Genotypes with quality scores lower than 20 were considered as no calls.

For the purposes of this analysis, additional workflows were applied to the WES data: 

CYP2D6 copy number was inferred using XHMM based on WES data,31 and HLA-B alleles 

were inferred using PolySolver software.30 Clinical HLA-typing was performed using 

clinical molecular methods as described.6

Whole genome sequencing and genotyping

Whole genome data were generated in research laboratories as part of the St. Jude–

Washington University Pediatric Cancer Genome Project as previously described.14 Variant 

calls were generated using GATK as described above.

Germline CNVs for WGS were identified using “CONSERTING.”46 The segmentation files 

were then mapped to genes with the R package “cghMCR,” which provides the copy 

number status of CYP2D6. The average read depth in the CYP2D6 gene region was 

normalized against the average whole genome coverage for each patient. For purposes of 
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this analysis, the additional workflow applied to the WGS data was that HLA-B alleles were 

inferred using OptiType.38

Additional genotyping

UGT1A1 genotyping was performed based on a locus-specific PCR assay as a research test 

as described previously.35, 36

Additional TPMT*3B genotyping was performed based on PCR-restriction fragment length 

polymorphism (RFLP)-based analysis.39

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

☑ Pharmacogenetics is being widely adopted in clinical practice to provide 

personalized drug dosing. Most pharmacogenetics tests performed today are 

based on pharmacogene-directed assays.

WHAT QUESTION DID THIS STUDY ADDRESS?

☑ This study addressed the question of whether genome sequencing could be 

effectively used to provide good interrogation of pharmacogenes.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

☑ By comparing clinical genotyping (here, primarily Affymetrix DMET array) 

vs. genome sequencing for their coverage of all CPIC genes, this study 

provides benchmarks for genome sequencing in the interrogation of 

pharmacogenes.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE

☑ The results of this study provided support for the adoption of genome 

sequencing in clinical practice of pharmacogenetics and will encourage more 

rigorous evaluation of genome sequencing in clinical labs to evaluate its 

sensitivity and specificity.
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Figure 1. 
Number of patients interrogated using different platforms.
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Figure 2. 
Numbers of CPIC clinically important variants interrogated by DMET, WES, and WGS. (a) 

All 124 interrogated SNV/indels are included; excludes CYP2D6 copy number variation, 

CYP2D6/2D7 hybrids, and HLA-B (n = 3). (b) SNV/indels (n = 124 variants) with call rate 

greater than 98% in any platform are included; excludes CYP2D6 copy number variation, 

CYP2D6/2D7 hybrids, or HLA-B (n = 3 variants).
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Figure 3. 
Genotyping call rates, minor allele frequencies, and concordance among platforms for CPIC 

important SNVs (n = 124). Each row is a genomic variant; the order of the variants (top to 

bottom) is the same as in Supplemental Table 2.
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Figure 4. 
Comparison of CYP2D6 copy number determined by (a) WES or (b) WGS vs. clinical 

qPCR. Plotted are normalized signals generated by XHMM for WES or normalized read 

depth in CYP2D6 gene region for WGS. Patients were grouped according to their combined 

copy number estimates determined by WES or WGS and qPCR (x-axis). For example, in 

(a), “3N,2N” indicates the patient was genotyped as “CN = 3” by WES but “CN = 2” by 

qPCR. Discordance in the three probes as ascertained by qPCR, e.g., 2/3/3N vs. 2/3/2N, etc., 

indicates possible CYP2D6/2D7 hybrids. Red dots in this figure represent patients who are 

homozygous for the reference allele or homozygous for the same variant alleles, having 

identical reads in all positions interrogated by WES or WGS. This would be consistent with 

the situation in which a person either has a single copy of the gene or has multiple copies of 

CYP2D6, each with identical sequence. Blue dots indicate patients with any heterozygous 
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call at any interrogated CYP2D6 SNV/indel loci. The table insets depict the concordance 

between clinical qPCR and WES/WGS.
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