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Abstract
The DPYD gene encodes dihydropyrimidine dehydrogenase, the rate-limiting en-
zyme for the metabolism of fluoropyrimidines 5-fluorouracil and capecitabine. 
Genetic variants in DPYD have been associated with altered enzyme activity, there-
fore accurate detection and interpretation is critical to predict metabolizer status 
for individualized fluoropyrimidine therapy. The most commonly observed del-
eterious variation is the causal variant linked to the previously described HapB3 
haplotype, c.1129-5923C>G (rs75017182) in intron 10, which introduces a cryptic 
splice site. A benign synonymous variant in exon 11, c.1236G>A (rs56038477) is 
also linked to HapB3 and is commonly used for testing. Previously, these single-
nucleotide polymorphisms (SNPs) have been reported to be in perfect linkage 
disequilibrium (LD); therefore, c.1236G>A is often utilized as a proxy for the 
function-altering intronic variant. Clinical genotyping of DPYD identified a pa-
tient who had c.1236G>A, but not c.1129-5923C>G, suggesting that these two 
SNPs may not be in perfect LD, as previously assumed. Additional individuals 
with c.1236G>A, but not c.1129-5923C>G, were identified in the Children's 
Mercy Data Warehouse and the All of Us Research Program version 7 cohort sub-
stantiating incomplete SNP linkage. Consequently, testing only c.1236G>A can 
generate false-positive results in some cases and lead to suboptimal dosing that 
may negatively impact patient therapy and prospect of survival. Our data show 
that DPYD genotyping should include the functional variant c.1129-5923C>G, 
and not the c.1236G>A proxy, to accurately predict DPD activity.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THIS TOPIC?
Previous research indicated that the two variants linked to the HapB3 haplo-
type, c.1129-5923C>G and c.1236G>A, are in perfect linkage disequilibrium 
(LD). Thus, the benign c.1236G>A (p.Glu412=) variant was considered a reliable 
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INTRODUCTION

Dihydropyrimidine dehydrogenase (DPD) is the initial 
and rate-limiting enzyme in uracil and thymidine catabo-
lism. Because some genetic variants in the DPYD gene have 
been shown to reduce or ablate enzyme function, patients 
who are DPD intermediate or poor metabolizers are at an 
elevated risk of toxicity when treated with anticancer regi-
mens containing fluoropyrimidines, such as intravenous 
5-fluorouracil (5-FU) or its oral prodrug capecitabine. 
These medications have a narrow therapeutic window 
and can cause fatal toxicities due to compromised pyrimi-
dine metabolism and reduced drug clearance.1 Common 
adverse effects (AEs) can include leukopenia, neutropenic 
fever, anemia, thrombocytopenia, oral/intestinal mucosi-
tis, stomatitis, diarrhea, nausea, vomiting, hand-foot syn-
drome, hair loss, and dry skin. Numerous DPYD variants 
have been associated with altered DPD enzyme activity,2 
therefore individualized fluoropyrimidine therapy using 
pre-emptive testing is critical to identify patients at risk 
of developing AEs.1–4 The Clinical Pharmacogenetics 
Implementation Consortium 2018 guideline update for 
DPYD genotype and fluoropyrimidine dosing recom-
mends up to a 50% dose reduction for DPD intermediate 
metabolizers, that is, patients who are heterozygous for 
variants causing decreased function.2,4

The DPYD HapB3 haplotype is the most prevalent 
decreased function DPYD haplotype in European popu-
lations. Approximately 4% of people with European an-
cestry carry this allele; it is less frequent in African, East 

Asian, Latino, and Ashkenazim populations.2,4,5 The 
HapB3 haplotype was initially described to include three 
intronic variants, one synonymous variant, and a deep 
intronic variant that impairs DPD function by disrupting 
pre-mRNA splicing. Due to incomplete linkage for some of 
the variants, PharmVar6 more narrowly defines the HapB3 
haplotype using two variants, NM_000110.4:c.1129-
5923C>G (rs75017182, intron 10) that introduces a cryptic 
splice site and causes a splice defect, and NM_000110.4: 
c.1236G>A (rs56038477, p.Glu412=), a benign variant in 
exon 11.1,5 A study investigating DNA samples from 3950 
individuals from the Mayo Clinic Biobank demonstrated 
that the intronic c.1129-5923C>G variant is the causal 
HapB3 variant.7 Levels of correctly spliced mRNA were 
reduced by 30% in carriers of c.1129-5923C>G strongly 
suggesting that this variant is causing alternative splicing. 
Furthermore, DPD enzyme function was decreased by 
35% in heterozygous carriers, corroborating that this vari-
ant is the underlying cause of fluoropyrimidine toxicity.7

Previous literature implied that c.1129-5923C>G and 
c.1236G>A are in perfect linkage disequilibrium (LD),8 
which is also supported by data of the 1000 Genomes 
Projects per the LDpair Tool.9 Therefore, the benign exon 
variant is often utilized as a surrogate tag single-nucleotide 
polymorphism (or tagSNP) to infer the presence of the 
function-altering intronic variant. Clinical genotyping of 
DPYD identified a patient with c.1236G>A but not c.1129-
5923C>G. Analysis of next-generation sequencing (NGS) 
data from the Children's Mercy Hospital (CMH) Data 
Warehouse identified an additional case. Furthermore, 

surrogate tag single-nucleotide polymorphism (tagSNP) to detect the function-
altering intronic variant c.1129-5923C>G.
WHAT QUESTION DID THIS STUDY ADDRESS?
The study aimed to assess LD between c.1129-5923C>G and c.1236G>A. Our re-
sults demonstrate that some patients carry c.1236G>A but not the causal variant 
c.1129-5923C>G. This raises the question whether testing only c.1236G>A is ap-
propriate to accurately predict DPD activity, and whether clinical DPYD testing 
platforms should include the function altering variant c.1129-5923C>G, instead 
of c.1236G>A.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The current testing strategies that only interrogate c.1236G>A may predict a 
false-positive decreased function DPD phenotype that could prompt inappropri-
ate recommendations for dosing adjustments to prevent toxicity.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
DPYD testing strategies should be revised and/or updated to include the function-
ally relevant variant c.1129-5923C>G rather than rely on the c.1236G>A tagSNP. 
This will ensure DPD activity is accurately predicted while minimizing the risk 
of adverse events.
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data from the All of Us Research Program (All of Us) ver-
sion 7 cohort substantiated the existence of rare cases in 
which these SNPs are not linked and provides estimates of 
population frequencies.

METHODS

The clinical sample found to carry c.1129-5923C>G without 
c.1236G>A was submitted by St. Jude Children's Research 
Hospital to Right Patient Right Drug Diagnostics for phar-
macogenomic testing. Genomic DNA was extracted from 
whole blood using the Maxwell RSC Whole Blood DNA 
Kit (Promega) on the Maxwell RSC Instrument (Promega) 
following the manufacturer's recommendations. Clinical 
genotyping was performed using the PharmacoScan Assay 
Kit and analyzed with the Axiom Analysis Suite 5.1.1.1 
(Thermo Fisher Scientific) as previously described.10 The 
assay interrogates 53 DPYD variants, including c.1129-
5923C>G and c.1236G>A. DPYD genotype calls were 
made using the commercially released allele translation 
table (r9; Thermo Fisher Scientific; Table S1).

The patient's genotype was confirmed using whole ge-
nome sequencing (WGS). The library for WGS was con-
structed using germline DNA from peripheral blood and 
an Illumina TruSeq DNA LT PCR-Free Sample Kit and 
was sequenced using a paired end 2 × 125 bp cycle proto-
col and SBS technology on Illumina NovaSeq Instrument. 
Sequence data was aligned using BWA version 0.7.15 
against hg19 human genome and 98.9% of the genome 
achieved greater than 30× coverage. Reads covering DPYD 
c.1129-5923C>G and c.1236G>A were manually reviewed 
using Integrated Genome Viewer.11 The patient was en-
rolled in, and consented to, the Clinical Implementation 
of Pharmacogenetics study at St. Jude Children's 
Research Hospital (Pharmacogenetic Determinants of 
Treatment Response in Children with Cancer; PGEN5; 
NCT00730678) and the PG4KDS: Clinical Implementation 
of Pharmacogenetics protocol.12,13

The Center for Pediatric Medicine “CMH Variant 
Warehouse,” hosted by the Children's Mercy Research 
Institute, contains NGS data that were generated using a 
variety of methods and data analysis pipelines, including, 
but not limited, to WGS, whole exome sequencing (WES) 
and targeted exome sequencing. Because the warehouse 
contains a variety of data sets, the database was queried 
for samples that are homozygous for c.1236G>A and het-
erozygous for c.1129-5923C>G to assure accurate detec-
tion of incomplete LD. A single sample was identified; 
further queries revealed the sample to be part of a trio 
which has been enrolled into the Genomic Answers for 
Kids program. All variants within the DPYD coding re-
gions were retrieved for the trio from WGS using bcftools 

(version 1.16), GATK (version 4.3) and Variant Effect 
Predictor (version 109) tools for analysis. To confirm ab-
sence/presence of c.1236G>A and c.1129-5923C>G, the 
trio was genotyped using commercially available TaqMan 
assays, C_104846637_10 and C__25596099_30, as recom-
mended (Thermo Fisher Scientific). Genomic DNA for 
the trio was available through the CMH Pediatric Genome 
Center Repository. The use of the samples for follow-up 
was approved by the Children's Mercy Institutional 
Review Board.

Short-read WGS data (n = 245,394) from the All of Us 
Researcher Workbench was utilized to identify partic-
ipants who carried at least one copy of the c.1236G>A 
variant without a copy of the c.1129-5923C>G variant.14,15 
Genotype calls were filtered for GQ ≥ 20. Genotypes from 
identified participants for the two variants were subse-
quently confirmed orthogonally with genotype calls 
from the All of Us genotyping array data (n = 312,945). 
Genotype call comparisons were attempted with avail-
able PacBio long-read sequencing data (n = 1027) but no 
identified participant overlaps were found in the cur-
rent release. Genetic ancestry was computed by the All 
of Us Data and Research Center using gnomAD super 
populations.16,17 Variant call rate and Hardy-Weinburg 
equilibrium (HWE) by genetic ancestry were computed 
for the All of Us WGS and array data with cutoffs of 0.98 
and 0.001, respectively, along with LD using hail version 
0.2.107.18

RESULTS

Clinical DPYD genotyping revealed a case which had 
only one of the two HapB3-defining variants. WGS data 
confirmed the presence of c.1236G>A without c.1129-
5923C>G in an independent blood sample from the same 
patient. The read depth at c.1129-5923C>G was 74× with 
all reads having the G allele. Read depth at c.1236G>A was 
62× with 33 (53%) reads having the A allele and 29 (47%) 
having the reference G allele. The patient self-reported as 
being of mixed race of White and East Asian.

The CMH warehouse data revealed a trio of which two 
individuals had the c.1236G>A tagSNP but lacked c.1129-
5923C>G. As shown in Figure 1, the father does not have 
any variants whereas the mother is homozygous for the 
c.1236G>A variant and heterozygous for c.1129-5923C>G; 
the child is heterozygous for c.1236G>A and does not 
have the c.1129-5923C>G variant. The mother also car-
ries c.85T>C (p.Cys29Arg). Because the child did not in-
herit c.85T>C this variant can be inferred to be in cis with 
c.1129-5923C>G, which is consistent with a previous re-
port.19 Genotypes for c.1236G>A and c.1129-5923C>G of 
all three trio members were confirmed with commercially 

https://www.thermofisher.com/order/genome-database/details/genotyping/C_104846637_10?CID=&ICID=&subtype=
https://www.thermofisher.com/order/genome-database/details/genotyping/C__25596099_30?CID=&ICID=&subtype=


4 of 7  |      TURNER et al.

available TaqMan assays. The family self-reported eth-
nicity as “White.” Due to limited data warehouse query 
options, the frequency of the allele with c.1236G>A but 
lacking c.1129-5923C>G could not be determined.

Analysis of the All of Us WGS cohort corroborated our 
findings by identifying 14 cases with c.1236G>A whereas 
lacking c.1129-5923C>G (Table 1). Variant LD was 0.9985 
in this data set. The 14 participants had 100% concordance 
with their matched array data for the two variants. Of the 
identified participants, 13 of 14 were of European genetic 
ancestry and one identified as “Other” genetic ancestry 
group. Among the interrogated WGS cohort, 6265 (2.55%) 
participants were heterozygous or homozygous for both 
variants. Both variants had a call rate of ≥0.99 and HWE 
p values by genetic ancestry ≥ 0.04 in both the array and 
WGS data.

DISCUSSION

This study unequivocally demonstrated that c.1236G>A 
and c.1129-5923G>A are not in perfect LD, as implied by 

the literature, that is, no cases have been described to the 
contrary. We describe several individuals possessing only 
one of the two variants composing the DPYD HapB3 hap-
lotype. The first such case was observed through clinical 
genotyping using the PharmacoScan array and confirmed 
with WGS. Subsequently, a trio was discovered in the 
CMH data warehouse of which both the mother and child 
have c.1236G>A but lack c.1129-5923G>A. This demon-
strates that the observed haplotype is heritable/germline 
in nature, rather than a de novo or somatic mutation.

Analysis of the All of Us data not only identified addi-
tional cases but also demonstrates that c.1236G>A is not 
a reliable marker – 0.223% of subjects with c.1236G>A 
lack c.1129-5923G>A – and should therefore not be uti-
lized as a tagSNP to predict DPD function in lieu of c.1129-
5923G>A. Although previous studies have been performed 
primarily in European cohorts,8,19–21 not all interrogated 
both SNPs, which may explain why the rare allele with 
only c.1236G>A has just now been discovered. Additional 
analysis in other cohorts interrogating both variants may 
provide further information on population-specific LD 
and generate more accurate population census.

F I G U R E  1   Pedigree of a trio demonstrating that c.1236G>A can occur by itself and is not in complete linkage with the causal variant, 
c.1129-5923C>G. As shown, the father does not have any variants while the mother is homozygous for c.1236G>A and heterozygous for 
c.1129-5923C>G; the child revealed only one variant, c.1236G>A, which was inherited from the mother. Inheritance also revealed that, in 
this case, c.85T>C (p.Cys29Arg) is in cis with c.1129-5923C>G and c.1236G>A. The common c.85T>C variant (gnomAD global frequency of 
~28%) is classified as “normal function” by the Clinical Pharmacogenetics Implementation Consortium.

c85T>C
p.Cys29Arg 

Father Mother

Child

c.1236G>A
p.Glu412=

c.1236G>A
p.Glu412=

c.1236G>A
p.Glu412=

c.1129-5923C>G

T A B L E  1   All of Us variant frequencies computed from WGS data (n = 245,394).

Variant
Frequency 
overall Afr Amr Eas Eur Mid Oth Sas

c.1236G>A 0.01294 0.00278 0.00555 0.00056 0.02091 0.00852 0.00920 0.01687

c.1129-5923C>G 0.01290 0.00278 0.00555 0.00056 0.02085 0.00852 0.00915 0.01687

Note: Genetic ancestry groups represent gnomAD superpopulations of African/African American (Afr), American Admixed/Latino (Amr), East Asian (Eas), 
European (Eur), Middle Eastern (Mid), South Asian (Sas), and Other (Oth).
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The current US Food and Drug Administration drug 
label for fluorouracil in the United States warns that 
DPD deficiency could lead to increased risk of serious 
or fatal adverse reactions – it is stated that fluorouracil 
and capecitabine should be withheld in individuals with 
“acute early-onset or unusual severe toxicity,”22 and the 
European Union drug label states that capecitabine is 
contraindicated in patients with known complete ab-
sence of DPD activity. However, neither the United 
States nor the European Union have universal require-
ments or obligations for precautionary DPD deficiency 
testing. Additionally, neither provides specific recom-
mendations for dose reduction in patients with a DPD 
intermediate metabolizer phenotype. More recently, 
the European Medicines Agency published a direct 
health professional communication in 2020 stating that 
DPD deficiency testing is recommended prior to 5-FU 
treatment. Their recommendation for genotyping in-
cludes four DPYD variants, c.1905+1G>A, c.1679T>G, 
c.2846A>T, and c.1236G>A/HapB3; these variants have 
been shown to cause decreased or complete absence of 
DPD enzymatic activity.23 However, this statement rec-
ommends testing c.1236G>A to identify the decreased 
function HapB3 haplotype, and not the causal variant 
c.1129–5923C>G. One reason for using c.1236G>A is 
that the two variants have been assumed to be in per-
fect or near-perfect LD. Furthermore, WES only covers 
the exonic c.1236G>A variant, but not the deep intronic 
c.1129-5923G>A, and additional testing would be re-
quired to obtain results for the latter.

Given the severity of toxicity, pre-emptive testing 
is a powerful tool to identify DPD deficiency before 
treatment initiation8,23 and, thus, future considerations 
should include universal recommendations for DPD de-
ficiency testing.3,24,25 Additionally, current guidelines 
need to be updated to reflect that c.1236G>A may not 
be a reliable variant to detect decreased DPD activity. 
Tests predicting DPD activity using only c.1236G>A 
should contain explicitly clear language stating that this 
tagSNP is not in complete LD with the underlying causal 
variant, which in rare cases may lead to a false-positive 
prediction of decreased DPD activity, which may trig-
ger an inappropriate dose reduction. Reducing dose by 
25% has recently been shown to lower systemic expo-
sure and reduce efficacy.20 Therefore, to enhance patient 
safety, guidelines should be updated to recommend use 
of c.1129-5923C>G, and not c.1236G>A for pharma-
cogenomic testing. The inclusion of c.1129-5923C>G 
in clinical testing does not impose an unsurmountable 
burden or challenge considering that many platforms 
and commercial laboratories already test both variants 
(for test information see the Genetic Testing Registry26). 
As platforms, instruments, and workflows, and local 

requirements greatly differ among laboratories, direc-
tors need to evaluate their best options on an individ-
ual basis to incorporate c.1129-5923C>G testing moving 
forward.

CONCLUSION

The independent discovery of multiple individuals 
with only one of the two HapB3 variants unequivo-
cally demonstrates that these variants are not in perfect 
LD. Consequently, testing that only includes the be-
nign variant (c.1236G>A) and not the causative variant 
(c.1129-5923C>G) may produce false-positive results 
for some patients and lead to suboptimal dosing that 
may negatively impact a patient's therapy and prospect 
of survival.

AUTHOR CONTRIBUTIONS
A.G. and A.J.T. designed the research, analyzed the 
data, and wrote the manuscript. E.C.B., A.H., P.E.E., and 
C.E.H. performed the research, analyzed the data, and 
wrote the manuscript. G.S., S.T., and W.Y. performed the 
research, analyzed the data, and U.B. and S.M.O. wrote 
the manuscript.

ACKNOWLEDGMENTS
The authors thank the families for participating in the 
GA4K, PG4KDS, and PGEN5 studies. This work was made 
possible by the generous gifts to Children's Mercy Research 
Institute and Genomic Answers for Kids program at the 
Children's Mercy Research Institute, Kansas City. The All of 
Us Research Program is supported by the National Institutes 
of Health, Office of the Director: Regional Medical Centers: 
1 OT2 OD026549; 1 OT2 OD026554; 1 OT2 OD026557; 1 
OT2 OD026556; 1 OT2 OD026550; 1 OT2 OD 026552; 1 
OT2 OD026553; 1 OT2 OD026548; 1 OT2 OD026551; 1 OT2 
OD026555; IAA #: AOD 16037; Federally Qualified Health 
Centers: HHSN 263201600085U; Data and Research 
Center: 5 U2C OD023196; Biobank: 1 U24 OD023121; The 
Participant Center: U24 OD023176; Participant Technology 
Systems Center: 1 U24 OD023163; Communications and 
Engagement: 3 OT2 OD023205; 3 OT2 OD023206; and 
Community Partners: 1 OT2 OD025277; 3 OT2 OD025315; 
1 OT2 OD025337; 1 OT2 OD025276. In addition, the All of 
Us Research Program would not be possible without the 
partnership of its participants.

FUNDING INFORMATION
P.E.E. is supported by OT2 OD026554 and OT2 OD002748. 
A.H. is supported by TL1 TR001858-08. S.M.O. is sup-
ported by the National Cancer Institute of the National 
Institutes of Health under award number R01CA251065 



6 of 7  |      TURNER et al.

(S.M.O. and P.I.). C.E.H. and W.Y. are supported by 
American Lebanese Syrian Associated Charities (ALSAC) 
and NIH Grant CA21765.

CONFLICT OF INTEREST STATEMENT
A.J.T., U.B., and G.S. are supported in part and/or hold eq-
uity in RPRD Diagnostics LLC. All other authors declared 
no competing interests for this work.

ORCID
Amy J. Turner   https://orcid.org/0000-0003-0867-7545 
Cyrine E. Haidar   https://orcid.org/0000-0002-8998-2551 
Wenjian Yang   https://orcid.org/0000-0002-7305-5649 
Erin C. Boone   https://orcid.org/0000-0003-3044-5521 
Philip E. Empey   https://orcid.org/0000-0001-7474-2339 
Andrew Haddad   https://orcid.org/0009-0003-4279-9367 
Gunter Scharer   https://orcid.org/0000-0002-2214-7981 
Andrea Gaedigk   https://orcid.org/0000-0001-6968-1893 

REFERENCES
	 1.	 Innocenti F, Mills SC, Sanoff H, Ciccolini J, Lenz HJ, Milano G. All 

you need to know about DPYD genetic testing for patients treated 
with fluorouracil and Capecitabine: a practitioner-friendly guide. 
JCO Oncol Pract. 2020;16(12):793-798. doi:10.1200/OP.20.00553

	 2.	 Clinical Pharmacogenetics Implementation Consortium (CPIC®). 
CPIC® Guideline for Fluoropyrimidines and DPYD Webpage. 
DPYD Allele Frequency table. Accessed September 11, 2023. 
https://​cpicp​gx.​org/​guide​lines/​​guide​line-​for-​fluor​opyri​midin​
es-​and-​dpyd/​

	 3.	 Baker SD, Bates SE, Brooks GA, et  al. DPYD testing: time to 
put patient safety first. J Clin Oncol. 2023;41(15):2701-2705. 
doi:10.1200/JCO.22.02364

	 4.	 Amstutz U, Henricks LM, Offer SM, et  al. Clinical 
Pharmacogenetics implementation consortium (CPIC) guide-
line for Dihydropyrimidine dehydrogenase genotype and 
Fluoropyrimidine dosing: 2017 update. Clin Pharmacol Ther. 
2018;103(2):210-216. doi:10.1002/cpt.911

	 5.	 Zhou Y, Lauschke VM. Population pharmacogenomics: an 
update on Ethnogeographic differences and opportunities for 
precision public health. Hum Genet. 2022;141(6):1113-1136. 
doi:10.1007/s00439-021-02385-x

	 6.	 Gaedigk A, Casey ST, Whirl-Carrillo M, Miller NA, Klein TE. 
Pharmacogene variation consortium: a global resource and 
repository for Pharmacogene variation. Clin Pharmacol Ther. 
2021;110(3):542-545. doi:10.1002/cpt.2321

	 7.	 Nie Q, Shrestha S, Tapper EE, et al. Quantitative contribution of 
rs75017182 to Dihydropyrimidine dehydrogenase mRNA splic-
ing and enzyme activity. Clin Pharmacol Ther. 2017;102(4):662-
670. doi:10.1002/cpt.685

	 8.	 Froehlich TK, Amstutz U, Aebi S, Joerger M, Largiadèr CR. Clinical 
importance of risk variants in the Dihydropyrimidine dehydroge-
nase gene for the prediction of early-onset Fluoropyrimidine tox-
icity. Int J Cancer. 2015;136(3):730-739. doi:10.1002/ijc.29025

	 9.	 Machiela MJ, Chanock SJ. LDlink: a web-based application for 
exploring population-specific haplotype structure and linking 
correlated alleles of possible functional variants. Bioinformatics. 
2015;31(21):3555-3557. doi:10.1093/bioinformatics/btv402

	10.	 Gaedigk A, Boone EC, Turner AJ, et al. Characterization of ref-
erence materials for CYP3A4 and CYP3A5: a (GeT-RM) collab-
orative project. J Mol Diagn. 2023;25(9):655-664. doi:10.1016/j.
jmoldx.2023.06.005

	11.	 Robinson JT, Thorvaldsdóttir H, Winckler W, et al. Integrative 
genomics viewer. Nat Biotechnol. 2011;29(1):24-26. doi:10.1038/
nbt.1754

	12.	 Hoffman JM, Haidar CE, Wilkinson MR, et al. PG4KDS: a model 
for the clinical implementation of pre-emptive pharmacogenet-
ics. Am J Med Genet C Semin Med Genet. 2014;166C(1):45-55. 
doi:10.1002/ajmg.c.31391

	13.	 Yang W, Wu G, Broeckel U, et al. Comparison of genome se-
quencing and clinical genotyping for pharmacogenes. Clin 
Pharmacol Ther. 2016;100(4):380-388. doi:10.1002/cpt.411

	14.	 All of Us Research Program Investigators, Denny JC, Rutter 
JL, et  al. The "all of us" research program. N Engl J Med. 
2019;381(7):668-676. doi:10.1056/NEJMsr1809937

	15.	 Venner E, Muzny D, Smith JD, et al. Whole-genome sequenc-
ing as an investigational device for return of hereditary dis-
ease risk and pharmacogenomic results as part of the all of us 
research program. Genome Med. 2022;14(1):34. doi:10.1186/
s13073-022-01031-z

	16.	 Karczewski KJ, Francioli LC, Tiao G, et al. The mutational con-
straint spectrum quantified from variation in 141,456 humans. 
Nature. 2020;581(7809):434-443. doi:10.1038/s41586-020-2308-7

	17.	 All of Us Research Program. All of Us Genomic Quality Report 
webpage. Accessed September 11, 2023. https://​suppo​rt.​resea​
rchal​lofus.​org/​hc/​en-​us/​artic​les/​46178​99955​092-​All-​of-​Us-​
Genom​ic-​Quali​ty-​Repor​t-​

	18.	 Hail. Hail-Powered Science webpage. Accessed September 11, 
2023. https://​hail.​is/​refer​ences.​html

	19.	 Hamzic S, Schärer D, Offer SM, et al. Haplotype structure de-
fines effects of common DPYD variants c.85T>C (rs1801265) 
and c.496A>G (rs2297595) on dihydropyrimidine dehydroge-
nase activity: implication for 5-fluorouracil toxicity. Br J Clin 
Pharmacol. 2021;87(8):3234-3243. doi:10.1111/bcp.14742

	20.	 Knikman JE, Wilting TA, Lopez-Yurda M, et  al. Survival of 
patients with cancer with DPYD variant alleles and dose-
individualized Fluoropyrimidine therapy-a matched-pair anal-
ysis. J Clin Oncol. 2023;41:5411-5421. doi:10.1200/JCO.22.02780

	21.	 van Kuilenburg AB, Meijer J, Mul AN, et  al. Intragenic dele-
tions and a deep intronic mutation affecting pre-mRNA splic-
ing in the dihydropyrimidine dehydrogenase gene as novel 
mechanisms causing 5-fluorouracil toxicity. Hum Genet. 
2010;128(5):529-538. doi:10.1007/s00439-010-0879-3

	22.	 National Library of Medicine, National Center for Biotechnology 
Information. Medical Genetics Summaries [Internet] webpage. 
Accessed September 11, 2023. https://​www.​ncbi.​nlm.​nih.​gov/​
books/​​NBK39​5610/​table/​​fluor​ourac​il.T.​the_​fda_​drug_​label_​for_​fl/​

	23.	 5-fluorouracil (I.V.), Capecitabine and tegafur containing prod-
ucts: pre-treatment testing to identify DPD-deficient patients at in-
creased risk of severe toxicity. European Medicines Agency; 2021.

	24.	 Henricks LM, Opdam FL, Beijnen JH, Cats A, Schellens JHM. 
DPYD genotype-guided dose individualization to improve patient 
safety of fluoropyrimidine therapy: call for a drug label update. 
Ann Oncol. 2017;28(12):2915-2922. doi:10.1093/annonc/mdx411

	25.	 Hertz DL, Smith DM, Scott SA, Patel JN, Hicks JK. Response to the 
FDA decision regarding DPYD testing prior to Fluoropyrimidine 
chemotherapy. Clin Pharmacol Ther. 2023;114(4):768-779. 
doi:10.1002/cpt.2978

https://orcid.org/0000-0003-0867-7545
https://orcid.org/0000-0003-0867-7545
https://orcid.org/0000-0002-8998-2551
https://orcid.org/0000-0002-8998-2551
https://orcid.org/0000-0002-7305-5649
https://orcid.org/0000-0002-7305-5649
https://orcid.org/0000-0003-3044-5521
https://orcid.org/0000-0003-3044-5521
https://orcid.org/0000-0001-7474-2339
https://orcid.org/0000-0001-7474-2339
https://orcid.org/0009-0003-4279-9367
https://orcid.org/0009-0003-4279-9367
https://orcid.org/0000-0002-2214-7981
https://orcid.org/0000-0002-2214-7981
https://orcid.org/0000-0001-6968-1893
https://orcid.org/0000-0001-6968-1893
https://doi.org//10.1200/OP.20.00553
https://cpicpgx.org/guidelines/guideline-for-fluoropyrimidines-and-dpyd/
https://cpicpgx.org/guidelines/guideline-for-fluoropyrimidines-and-dpyd/
https://doi.org//10.1200/JCO.22.02364
https://doi.org//10.1002/cpt.911
https://doi.org//10.1007/s00439-021-02385-x
https://doi.org//10.1002/cpt.2321
https://doi.org//10.1002/cpt.685
https://doi.org//10.1002/ijc.29025
https://doi.org//10.1093/bioinformatics/btv402
https://doi.org//10.1016/j.jmoldx.2023.06.005
https://doi.org//10.1016/j.jmoldx.2023.06.005
https://doi.org//10.1038/nbt.1754
https://doi.org//10.1038/nbt.1754
https://doi.org//10.1002/ajmg.c.31391
https://doi.org//10.1002/cpt.411
https://doi.org//10.1056/NEJMsr1809937
https://doi.org//10.1186/s13073-022-01031-z
https://doi.org//10.1186/s13073-022-01031-z
https://doi.org//10.1038/s41586-020-2308-7
https://support.researchallofus.org/hc/en-us/articles/4617899955092-All-of-Us-Genomic-Quality-Report-
https://support.researchallofus.org/hc/en-us/articles/4617899955092-All-of-Us-Genomic-Quality-Report-
https://support.researchallofus.org/hc/en-us/articles/4617899955092-All-of-Us-Genomic-Quality-Report-
https://hail.is/references.html
https://doi.org//10.1111/bcp.14742
https://doi.org//10.1200/JCO.22.02780
https://doi.org//10.1007/s00439-010-0879-3
https://www.ncbi.nlm.nih.gov/books/NBK395610/table/fluorouracil.T.the_fda_drug_label_for_fl/
https://www.ncbi.nlm.nih.gov/books/NBK395610/table/fluorouracil.T.the_fda_drug_label_for_fl/
https://doi.org//10.1093/annonc/mdx411
https://doi.org//10.1002/cpt.2978


      |  7 of 7UPDATED DPYD HAPB3 HAPLOTYPE STRUCTURE

	26.	 National Library of Medicine, National Center for Biotechnology 
Information. GTR:Genetic Testing Registry. Accessed November 
22, 2023. https://​www.​ncbi.​nlm.​nih.​gov/​gtr/​

SUPPORTING INFORMATION
Additional supporting information can be found online in 
the Supporting Information section at the end of this article.

How to cite this article: Turner AJ, Haidar CE, 
Yang W, et al. Updated DPYD HapB3 haplotype 
structure and implications for pharmacogenomic 
testing. Clin Transl Sci. 2024;17:e13699. 
doi:10.1111/cts.13699

https://www.ncbi.nlm.nih.gov/gtr/
https://doi.org/10.1111/cts.13699

	Updated DPYD HapB3 haplotype structure and implications for pharmacogenomic testing
	Abstract
	INTRODUCTION
	METHODS
	RESULTS
	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


