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Aims: The aim of this study was to identify risk variants and haplotypes that impair
dihydropyrimidine dehydrogenase (DPD) activity and are, therefore, candidate risk
variants for severe toxicity to 5-fluorouracil (5-FU) chemotherapy.

Methods: Plasma dihydrouracil/uracil (UH,/U) ratios were measured as a population
marker for DPD activity in a total of 1382 subjects from 4 independent studies.
Genotype and haplotype correlations with UH,/U ratios were assessed.

Results: Significantly lower UH,/U ratios (Panova < 2 X 1071%) were observed in car-
riers of the 4 well-studied 5-FU toxicity risk variants with mean differences (MD) of
—43.7% for DPYD c.1905 + 1G > A (rs3918290), —46.0% for DPYD c.1679T > G
(rs55886062), —37.1%, for DPYD c.2846A > T (rs67376798), and —13.2% for DPYD
c.1129-5923C > G (rs75017182). An additional variant, DPYD c.496A > G
(rs2297595), was also associated with lower UH,/U ratios (P < .0001, MD: —12.6%).
A haplotype analysis was performed for variants in linkage disequilibrium with
c.496A > G, which consisted of the common variant ¢.85T > C (rs1801265) and the
risk variant ¢.1129-5923C > G. Both haplotypes carrying c.496A > G were associated
with decreased UH,/U ratios (H3, P = .003, MD: —9.6%; H5, P = .002, MD: —16.9%).
A haplotype carrying only the variant c.85T > C (H2) was associated with elevated
ratios (P = .004, MD: +8.6%).

Conclusions: Based on our data, DPYD-c.496A > G is a strong candidate risk allele for
5-FU toxicity. Our data suggest that DPYD-c.85T > C might be protective; however,
the deleterious impacts of the linked alleles c.496A > G and ¢c.1129-5923C > G likely
limit this effect in patients. The possible protective effect of c.85T > C and linkage
disequilibrium with c.496A > G and ¢.1129-5923C > G may have hampered prior
association studies and should be considered in future clinical studies.

Principal Investigator: We conducted an observational study; therefore, no interventions were performed and/or no substance were administered to human subjects/patients for this study. The
study was approved from the Swiss ethics committee: Req-2017-00033. Prof. Carlo Largiadér ensured that the necessary consents for the data and analysis of the samples were obtained.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | INTRODUCTION

The uracil catabolizing enzyme dihydropyrimidine dehydrogenase
(DPD), which is encoded by the DPYD gene, is crucial for the
catabolism of the fluoropyrimidine (FP) drug 5-fluorouracil (5-FU).
Cancer patients with impaired DPD activity are at higher risk of
developing severe 5-FU related toxicities compared to patients
with normal DPD function. Such impairment in DPD activity can
result from genetic variation in DPYD.! Currently, 4 DPYD risk vari-
ants (c.1905 + 1G > A, rs3918290; c.1679T > G, rs55886062;
c.2846A > T, rs67376798; and ¢.1129-5923C > G, rs75017182,
is tagged by ¢1236G > A/HapB3)
clinically relevant markers for predicting 5-FU-related toxicities

which are considered
pretherapy.2® While these 4 DPYD risk variants are clinically impor-
tant, they account for only a fraction of toxicity cases.? Other vari-
ants and haplotypes of the polymorphic DPYD gene remain to be
evaluated for their effect on the DPD phenotype, as well as their
clinical relevance.

The impact of certain additional DPYD variants is not as
straightforward and requires further investigation to reconcile dis-
parate results. For example, DPYD c.85T > C (rs1801265) and
c.496A > G (rs2297595) are both exonic single nucleotide polymor-
phisms (SNPs) that lead to amino acid changes in the DPD protein
(p.C29R and p.M166V, respectively). The ¢.85T > C variant was
described as deleterious upon discovery because it was initially
DPD deficient patients.* Recombinant p.C29R-

containing DPD showed impaired protein function when expressed

observed in

in Escherichia coli.* However, later studies failed to corroborate
those conclusions.® Clinical studies also report disparate results in
regard to the role of ¢.85T > C in 5-FU related toxicities. Two
recent studies suggest a protective effect for the c.85C allele,
which suggests that DPD activity might be higher in carriers of
c.85C.%7 However, other studies failed to show a protective
effect®1° or suggested association with increased toxicity risk,*%*?
which, could not be replicated.*? Similar discrepancies have been
reported for c.496A > G: Some studies suggest that c.496G is
linked to FP toxicitiy,>”"*® while others fail to demonstrate an asso-
ciation.*”** Another study has suggested a protective effect for
the variant.!® In vitro studies have similarly yielded inconclusive
on DPD
function.**"*® Guidelines from the Clinical Pharmacogenetics Imple-

data pertaining to the effect of these variants

mentation Consortium (CPIC) have graded both variants as normal-
function alleles due to the lack of clear evidence linking these
variants with 5-FU toxicity.? Our previous study suggested linkage
disequilibrium (LD) between ¢.85T > C and c.496A > G'?; however,
detailed multi-SNP analyses of these variants have not been

reported.

What is already known about this subject

e Rare enzyme impairing variants in the DPYD gene are
predictive biomarkers for 5-FU related toxicities.

e However, not all cases can be explained by these rare
variants.

e Two common DPYD variants (c.85T > C and c.496A > G)
are controversially discussed for their impact on DPD

phenotype and role in 5-FU toxicity.

What this study adds

e Our study found that the effects of ¢.85T > C and
c.496A > G depend on haplotype structure.

o We observed an enzyme activity enhancing effect for
c.85C, whereas c.496G was associated with impaired
activity.

e Multi-locus effects within DPYD may evolve as a marker
for prediction of 5-FU related toxicities.

In the present study, endogenous plasma dihydrouracil/uracil
(UH5/U) ratios were used as a surrogate marker for systemic DPD
activity. Previous studies have suggested that carriers of deleterious
DPYD variants display significantly reduced steady-state plasma
UH,/U ratios, consistent with lower systemic DPD activity.”?° How-
ever, high interindividual variability and small population sizes limited
the statistical power of these studies.”?° The goals of the present
study were to establish population-level reference values for UH,/U
ratios in carriers of deleterious DPYD variants and to identify correla-
tions between UH,/U ratios and multimarker DPYD haplotypes linked
to c.85T > C and c.496A > G variants within in a large population.

2 | METHODS

21 | Study populations

Four independent study cohorts were evaluated. For 2 cohorts, previ-
ously published UH,/U ratio data were used. These include data from
320 healthy blood donors, referred to herein as Sistonen et al.>° and
pretreatment data from 550 cancer patients, referred to as
Meulendijks et al.2! For the third cohort, plasma UH,/U ratios were
measured in 204 subjects from the Mayo Clinic Biobank. Details of
this cohort, which is referred to as Nie et al., have been previously

reported.?? For the fourth cohort, plasma samples from 308 healthy
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blood donors were collected in 2017 at the Regional Blood Transfu-
sion Service of the Swiss Red Cross, Bern, Switzerland. This previously
unpublished cohort is referred to herein as Hamzic et al. The Nie
et al.??2 cohort was enriched for carriers of DPYD risk variants
(c.1905 + 1G > A, ¢.1679T > G, c.2846A > T, and ¢.1129-5923C > G)
as previously detailed??; therefore, it is understood that any assess-
ments of allele frequency within this population would be biased in

1.2° and Hamzic et al.

that regard. Specimens from the Sistonen et a
cohorts were obtained without intentional enrichment for specific
genotypes and, therefore, can be considered representative of the
populations from which they were derived. The Meulendijks et al.
population?* was prescreened for ¢.1905 + 1G > A carriers, which
were excluded. Genotype data for ¢.85T > C and c.496A > G were not
available from the Meulendijks et al. cohort.2* All cohorts had infor-
mation on uracil and dihydrouracil levels, age, sex and DPYD risk vari-
ants. Information about ethnic background was only available for the
Meulendijks et al. study,?* in which ~95% of patients were of Cauca-
sian origin. The Sistonen et al.?° and Hamzic et al. cohorts were col-
lected from Swiss blood donors, which are expected to be
predominantly of Caucasian origin. The population in Nie et al.?? was
restricted to individuals that self-declared race as white (Figure S1).
For all contributing studies, authors stated that they obtained appro-
priate institutional review board approval or followed the principles
outlined in the Declaration of Helsinki for all human or animal experi-
mental investigations. In addition, for investigations involving human
subjects, informed consent has been obtained from the participants

involved.

2.1.1. Sample processing

The blood samples from Hamzic et al. were collected on ice and
processed within 2 hours of collection. Plasma was isolated from
whole blood collected in EDTA tubes and stored at —80°C. DNA was
extracted from buffy coat layers using the Qiagen DNA Blood Mini
Kit. DNA concentration and quality were measured using a NanoDrop
1000 spectrophotometer. DNA samples were stored at —20°C prior

1.22 were isolated

to genetic analyses. Plasma samples from Nie et a
within 2 hours of collection and stored as described above for Hamzic
et al. DNA from Nie et al. was prepared as previously detailed.?? For

20,21

the Sistonen et al. and Meulendijks et al. cohorts, only available

data were used; therefore, no additional sample processing was
required for these cohorts. However, for each of these cohorts,2>?!
the blood samples were processed within 1 hour of collection. An
overview of the sample processing for each individual cohort is avail-

able in Figure S1.

2.2 | Quantitation of metabolites in plasma

In the Hamzic et al. and Nie et al.?2

cohorts, endogenous plasma
uracil and dihydrouracil levels were measured using a liquid

chromatography-tandem mass spectrometry method previously

detailed by Biichel et al.>® The mass spectrometric analysis was per-
formed by multiple reaction monitoring on a Sciex QTrap 5500 mass

spectrometer.

2.3 | SNP genotyping

The Hamzic et al. cohort was genotyped for DPYD variants
(c.1905 + 1G > A, c.1679T > G, c.2846A > T, ¢.1129-5923C > G) using
previously validated TagMan assays (Thermo Fisher Scientific) on a
Quantstudio 6 in 384-well format. All DPYD risk variants were vali-
dated by Sanger sequencing. The DPYD variant c¢.85T > C (rs1801265)
was genotyped using custom-designed KASP genotyping assays
(KASP, Biosearch Technologies). Genotyping assays for ¢.85T > C and
c.496A > G were retrospectively validated with previously genotyped

samples from Sistonen et al.?°

and Sanger sequencing. Genotype
information on DPYD risk variants was previously reported for Nie
et al.??; c.85T > C and c.496A > G were newly genotyped for this
study using custom-designed rhAMP SNP Assays (Integrated DNA

Technologies) using a LightCycler 480 System.

24 | Data and statistical analysis
The data and statistical analysis comply with the recommendations on

experimental design and analysis in pharmacology.?*

2.5 | Model building and single marker analysis

All statistical analyses were performed using R version 3.6.1
(R Foundation for Statistical Computing, Vienna, Austria) on R Studio
v1.2.5001 (R-studio Inc., Boston, MA, USA). To analyse the association
of DPYD variants with UH,/U-ratios, a linear mixed model was used
to account for potential study cohort effects. UH,/U-ratios were log,-
transformed to account for non-normal distributions (Figure S1). Age
and sex were tested independently for association with UH,/U-ratios
and were included in models analyzing the effect of genetic variants if
P < .2.2% For genetic association testing, DPYD variants and sex were
treated as fixed effects, whereas the study cohort was coded as a
blocking factor and included as a random effect variable in the model.
Linear mixed modelling was performed using the ImerTest package?®
and the Imer function®” in R. In more detail, analysis of associations of
DPYD risk variants with UH,/U ratios included all 4 DPYD risk variants
(c.1905 + 1G > A, c.1679T > G, c.2846A > T, and ¢.1129-5923C > G)
in 1 linear mixed model with sex (female) as a fixed co-factor and
cohort as a random factor: Imer (log2ratio ~ risk_name + female +
(1|cohort), data=df). The model assessing associations of common
DPYD polymorphisms with UH,/U ratios was performed individually
for each variant (c.85T > C and c.496A > G) and adjusted for DPYD risk
variant carrier status (cofactor: risk): Imer (log2ratio ~ c.85T.C +
female + risk + (1|cohort), data=df) and Imer (log2ratio ~ c.496A.G +
female + risk + (1|cohort), data=df), respectively.
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2.6 | Haplotype analysis

LD between individual DPYD variants was calculated with the genetics
package in R.28 Variants, which were significantly linked consistently
in all investigated cohorts, were used for haplotype analysis. The sam-

ples from Meulendijks et al.?*

were excluded for this analysis because
c.85T > C and c.496A > G genotypes were not available. The haplo.
glm function of the haplo.stats package in R was used for haplotype
inference.??*° This method is permissive for ambiguous haplotypes
and allows multivariate analysis (model was adjusted to sex and DPYD
risk variant carrier status). To account for ambiguity in haplotype

inference, the posterior probabilities of the haplotypes were used as
TABLE 1 Study characteristics

Characteristics Sistonen et al.2° (n = 320)

Study cohort Healthy volunteers

Median age (y) 46 50
Male (%) 228 (71%) 204 (66%)
Female (%) 92 (29%) 104 (34%)
Median UH2/U ratio (ng/mL) 11.4 11.2

UH2/U, dihydrouracil/uracil

Sistonen et al. Hamzic et al.
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weights for the regression coefficient. To compare haplotype frequen-
cies in different populations, phase 3 data from the 1000 Genomes
Project, accessed through the API of LDLink (https://Idlink.nci.nih.
gov/), was assessed using the LDhap function.3? Circular bar plots

were generated using ggplot2 in R-Studio.*2

2.7 | Correction for multiple testing

We set the threshold for statistical significance in the linkage analysis
as P < .0083 (Bonferroni correction n = 6, a = .05). Consistent signifi-
cant LD was noted between 3 (c.85T > C, c496A > G, and

Nie et al.?? (n = 204)
Biobank samples

Meulendijks et al.?* (n = 550)
Cancer patients

59 61
232 (42%) 84 (41%)
318 (58%) 120 (59%)
11.2 8.7

Nie et al.

DPYD genotype

s ssoss

No ris|
¢.1129-5923C>
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Distribution of dihydrouracil/uracil (UH,/U) ratios according to DPYD risk genotype. Boxplots represent UH,/U ratios according

to study cohorts and DPYD risk variant carriers in different colours. From left to right, the populations carrying: none of the 4 risk variants (red),
€.1129-5923G (orange), c.2846 T (yellow), c.1679G (green), and c.1905 + 1A (blue). All DPYD risk variant carriers were heterozygous for the
mutation. The study from Meulendijks et al.?! excluded carriers of ¢.1905 + 1G > A in their study. The Nie et al.2? cohort was enriched for DPYD
risk variant carriers (c.1129-5923C > G, ¢.1679T > G, c.1905 + 1G > A, and c.2846A > T). Each variant was significantly associated with decreased
ratios (Table 2). The boxes represent the first and third quartile, and the black bar represents the median. The whiskers represent 1.5x of the

interquartile range
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€.1129-5923C > G) of the 6 investigated variants. To account for this
partial genetic correlation, we used a threshold of P < .0125 for the
single-marker analysis (Bonferroni correction n = 4, a = .05). A thresh-
old of P < .01 was used for haplotype analyses because 5 haplotypes
were tested for association with UH,/U ratios (Bonferroni correction
n=>5 a=.05).

2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, and
are permanently archived in the Concise Guide to PHARMACOLOGY
2019/20.33

3 | RESULTS

3.1 | Population characteristics

This study included data from 4 cohorts. Study characteristics are
summarized in Table 1. Data on DPYD variants c.85T > C, c.496A > G,
and ¢.1905 + 1G > A were available for 3 of the 4 cohorts (Table 2).
Notably, the distribution and levels of UH,/U ratios measured in
healthy volunteers (Sistonen et al.?® and Hamzic et al.) were compara-
ble to the pretherapeutic UH,/U levels measured in cancer patients

(Meulendijks et al.).?! The median UH,/U ratio was lower in Nie

et al.?? compared to the other 3 cohorts (Table 1, Figure S1), which
was accounted for in subsequent analyses by including study cohort
as factor in the multivariate regression. Differences in age and sex
distributions were noted among the cohorts, which was attributed to
differences in study design. In the univariate model, we observed a
P-value below the predefined model-inclusion threshold value of 0.2
for sex but not for age; therefore, sex was included as a factor in the

multivariate model.

3.2 | Theimpact of known toxicity-associated
DPYD variants on plasma UH,/U ratios

To determine the extent to which known toxicity-associated vari-
ants impact DPD function in vivo, we investigated the effects of
c1905 + 1G > A, cl1679T > G, c2846A > T, and
¢.1129-5923C > G on plasma UH,/U ratios. As expected, all 4 risk
variants were individually associated with lower UH,/U ratios
(Figure 1 and Table 2; Paova < 2.0 x 1072%), confirming impaired
enzyme activity for carriers of these variants. As expected, a stron-
ger mean decrease in UH,/U ratios was observed in individuals that
were heterozygous for a nonfunctional variant, c.1905 + 1G > A or
c.1679T > G, compared to heterozygous carriers of a decreased
function variant, c.2846A > T or ¢.1129-5923C > G (Figure 1 and
Table 2). No compound heterozygous or homozygous risk variant
carriers were observed in any of the 4 cohorts. At the level of indi-

vidual cohorts, we observed, in general, similar effect sizes (i.e. p-

TABLE 2 Variants in DPYD are associated with altered UH,/ dihydrouracil/uracil ratios

Allele frequencies

Log2 % change in Combined Sistonen Hamzic Meulendijks Nie dbSNP?

Genetic variant P-value® 2 ratios® cohort® et al.?® etal. etal?! etal?’** (EUR)

¢.1129-5923C > G .0003 -0.20 -13.2% 3.66% 1.56% 2.11% 2.00% 13.72% 2.39%
(rs75017182)

c.1679T > G 9.2x 1077 -0.89 —-46.0% 0.29% 0.32% 0.32% 0.18% 0.49% 0.06%
(rs55886062)

c.1905 +1G > A 15x107° -083 -437% 0.54% 0.16% 0.16%  O° 3.18% 0.50%
(rs3918290)

C.2846A>T 80x107*° _0.67 -37.1% 0.83% 0.31% 0.48% 0.54% 2.90% 0.42%
(rs67376798)

c.85T>C .067 +0.06 +2.4% 24.63%" 22.50% 23.00% NAP 30.10%  21.79%
(rs1801265)

c496A > G 8.7 x 10~¢ -0.20 -12.6% 10.81%" 12.50% 11.50% NAP 7.10%  11.93%
(rs2297595)

3P-values and B-coefficients were calculated in the complete cohort using a multivariate model with sex, study cohort, and DPYD risk variants as
independent variables; P-values < .01 are in bold, and % change in ratios is given per allele. DPYD risk variants have been included in the same linear mixed
model using an ANOVA-based approach (Panova = 2 X 1072%). For ¢.85T > C and c.496A > G, individual linear mixed models were performed including

DPYD risk status as a co-factor.

The study from Meulendijks et al.2* excluded carriers of c.1905 + 1G > A in their study and was not genotyped for ¢.85T > C and c.496A > G; the

complete study population size for c.85T > C and c.496A > Gis n = 832.

“The cohort of Nie et al.?? was enriched for DPYD risk variant carriers (c.1129-5923C > G,c.1679T > G, ¢.1905 + 1G > A, and c.2846A > T).

9European population (EUR), https://www.ncbi.nlm.nih.gov/snp.
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coefficients) for the associations of DPYD variants with UH,/U o £
ratios, indicating that our results were not likely to have been driven E ... %’
by a single study (Figure S3). a E M S o o & S :C\;»
2
&
o
3.3 | The effects of c.85T > C and c.496A > G on § E’
DPD activity depend on haplotype structure 2 E < IR s
B Y o 8
We previously reported LD between ¢.85T > C and c.496A > G.27 In 2 :E
the present study, we observed statistically significant LD between ;:; §
c.85T > C, c496A > G, and ¢.1129-5923C > G (Figure S2). Notably, £ . d>_ §
statistically significant linkage between ¢.85C/c.496G and between iEv g g E § o : : ?;' % 'é
c.85C/c.1129-5923G was consistently observed in all cohorts 8 &
(P < .0083). The linkage between c.496G and ¢.1129-5923G was only : :_.i é
significant in the combined cohort, probably due to a lack of statistical 8 % 8_ - N . § g
power in the other cohorts. The D’-values observed in the combined § g g Y g ¢+ oo :’-). %
cohort were comparable to the values reported for the European pop- % ? t
ulation in the LDLink database,®! i.e. 0.66 vs. 0.69 for c.85C/c.496G, ";h, = - g S
0.90 vs. 0.89 for ¢.85C/c.1129-5923G, and 0.99 vs. 1.0 for c.496G/ % % T § é § 8 g ~ § E
¢.1129-5923G (Figure S2). In contrast, the R%-values are slightly dif- E‘ § % § S g TIR S ;f E
ferent for c.85C/c.496G and c.85C/c.1129-5923G compared to the ‘g &
values reported in the LDLink database®: 0.16 vs. 0.24 and 0.12 vs. E E
0.07, respectively. This can be explained by the above-mentioned g .. T 2
enrichment of ¢.1129-5923G- and other DPYD-risk variant carriers in E i % E % § E £ ‘Ié
the Nie et al. cohort.?? In more detail, this enrichment led to allele fre- ) § £ E T % §
quency differences between the combined cohort and the reference é e %
European population, as shown in Table 2, affecting the R?-values. No % SE ol S é §
significant LD was detected between the 3 rare DPYD risk variants § E”m " S Slf % gl % E g
c.1679T > G, c.1905 + 1G > A and c.2846A > T and all other variants %_ % § ,% -
(Figure S2). 2 . TCQ;_ 3 3
At the single variant level, c.496A > G was significantly associated § é < 3 9 § 8 g § 'E
with lower UH,/U ratios (Table 2 and Figure S4). The ¢.85T > C vari- -g n.'> Eg e < ? B .%:‘; § E
ant did not show significant association with altered UH,/U ratios _gf g ; %
(Table 2 and Figure 54). 3 g 23
Because of the LD observed between c.85T > C, c.496A > G § . ga % é
and ¢.1129-5923C > G, as well as the discordant evidence in the lit- E\, a E “g —g
erature concerning potential contributions of ¢.85T > C and z o o _g ' 5
c496A > G to FP toxicity risk, we sought to perform expanded § S § S § §§
haplotype analyses on these 3 variants within our study cohorts. (/-\9 Quas U OO OO LI %Ei g%‘
Haplotype phasing for most samples could be directly observed % S E g
based on genotypes (n = 670, 81%). For the remaining samples & £ % 2
(h = 162, 19%), paired diplotypes were inferred computationally. }é a < g *é %
Posterior probabilities >94.5% were observed for 160 (99%) of the 8 z § O < :'3“ § é
162 inferred haplotype pairs. The 2 remaining haplotype pairs (1%) u,% QiciAl < < Ol VI < % TE 'g %
had posterior probabilities of 80.0%. The most frequent haplotype % § g § 3
was termed H1 and consisted of all wild-type alleles (Table 3). The 5 _g E g §
H1 haplotype was therefore considered the base haplotype to .§ e - _§ % . ‘é §
which other haplotypes were compared. The ¢.85T > C variant was '§ g % ';\’ L Ul Ul Ul = E Q'>_ % :: ﬁ
present in 3 haplotypes (H2-H4), and the c.496A > G variant was ﬁ ; g ] E §
present in haplotypes H3 and H5. The ¢.1129-5923C > G variant - g 5 *§ § g E
was present in 2 haplotypes, H4 and Hé. w g ;‘; é’ gb g %
Of the haplotypes containing ¢.85T > C, H3 and H4 were associ- : :‘l:% =l N R T E § é E g
ated with lower UH,/U ratios, whereas H2, which only contained = S ok
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c.85T > C, was associated with elevated UH,/U ratios (Table 3). Both
c.496A > G-containing haplotypes, H3 and H5, were associated with
significantly lower UH,/U ratios. A stronger effect size was observed
for H5, which only contained c.496A > G, compared to H3, which also
contained c¢.85T C. Haplotype H4, which contained both
¢.1129-5923C > G and ¢.85T > C, was associated with significantly
decreased UH,/U ratios. The rarest haplotype, H6, contained only
€.1129-5923C > G and was the only haplotype with UH,/U ratios

that were not significantly different from H1, which was probably due

>

to its low frequency. Overall, our results indicate that within haplo-
types, c.496A > G and ¢.1129-5923C > G impair DPD activity. In con-
trast, ¢.85T > C tends to increase DPD activity. Combinations of
offsetting variables tended to moderate the effects, particularly as
observed for haplotypes containing c.496A > G; the carrier frequency

of H6 was too low to directly investigate this phenomenon in

for single-variant analyses, our results do not appear to be driven by a
single study because p-coefficients were similar between populations
(Figure S3 C).

It is noted that the Nie et al. cohort??> was intentionally
enriched for carriers of ¢.1129-5923C > G to address the original
hypothesis of that study. Furthermore, the Sistonen et al.?° and
Hamzic et al. populations were both collected within Switzerland.
Therefore, to determine the relevance of these haplotypes in addi-
tional global populations, genotype data was retrieved from the
1000 Genomes Project34 (Figure 2). Estimated haplotype frequen-
cies varied greatly among 1000 Genomes populations. The most
common haplotype, H1, showed the highest frequency in East
Asians, whereas haplotype H2 was most frequent in Africans. Both
of these haplotypes were similarly distributed over sub-populations

within the East Asian and African superpopulations. The rarer

¢.1129-5923C > G-containing haplotypes. Similar to our observations haplotypes, H3, H4, H5 and Hé, showed comparably high
N
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FIGURE 2 Haplotype frequencies across different world populations (1000 Genomes Project). Populations are clustered in superpopulations
and visualized in different colours. Individual bars represent haplotype frequencies of populations with the corresponding population code. The
shaded bars represent the average haplotype frequency in the superpopulation. The haplotype code H1-Hé6 refers to the corresponding
haplotype, as defined in our study (Table 3). Haplotype data are based on the phase 3 analysis of the 1000 Genomes Project, including a total of
n = 2504 genomes.3* Superpopulation code: AFR: African; AMR: Ad Mixed American; EAS: East Asian; EUR: European; SAS: South Asian.
Population code: ACB: African Caribbeans in Barbados; ASW: Americans of African Ancestry in SW USA; BEB: Bengali from Bangladesh; GBR:
British in England and Scotland; CDX: Chinese Dai in Xishuangbanna, China; CLM: Colombians from Medellin, Colombia; ESN: Esan in Nigeria;
FIN: Finnish in Finland; GWD: Gambian in Western Divisions in the Gambia; GIH: Gujarati Indian from Houston, Texas; CHB: Han Chinese in
Beijing, China; IBS: Iberian Population in Spain; ITU: Indian Telugu from the UK; JPT: Japanese in Tokyo, Japan; KHV: Kinh in Ho Chi Minh City,
Vietnam; LWK: Luhya in Webuye, Kenya; MSL: Mende in Sierra Leone; MXL: Mexican Ancestry from Los Angeles, USA; PEL: Peruvians from
Lima, Peru; PUR: Puerto Ricans from Puerto Rico; PJL: Punjabi from Lahore, Pakistan; CHS: Southern Han Chinese; STU: Sri Lankan Tamil from
the UK; TSI: Toscani in Italia; CEU: Utah Residents (CEPH) with Northern and Western European Ancestry; YRI: Yoruba in Ibadan, Nigeria; AFR:
African; AMR: Ad Mixed American; EAS: East Asian; EUR: European; SAS: South Asian
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variability in frequency. Interestingly, haplotype H4 was only
detected in American, South Asian and European populations,
whereas haplotype H5 was more widely distributed globally. The
rarest haplotype, H6, was only observed in 4 subpopulations and

was completely absent from the East Asian population.

4 | DISCUSSION

Using plasma UH,/U ratios as a surrogate marker for systemic DPD
activity at a population level, we identified DPYD c.496A > G as a
strong candidate risk variant for 5-FU toxicity that correlated with
reduced UH,/U in both single marker and haplotype tests. The level
of change associated with c.496A > G was similar to that for the well-
characterized 5-FU toxicity risk variant ¢.1129-5923C > G. Our data
also suggest that c.85T > C increases DPD enzyme activity and, there-
fore, might be protective against 5-FU toxicity. LD between c.85T > C
and both c.496A > G and ¢.1129-5923C > G was also observed, which
could moderate the impact of individual SNPs depending on the spe-
cific haplotype structure, indicating that haplotype-based tests con-
sisting of these 3 variants could greatly improve predictive tests for
5-FU-associated adverse events.

In the present study, all 4 commonly tested 5-FU toxicity risk var-
iants in DPYD, c.1905 + 1G > A, c.1679T > G, c.2846A > T and
¢.1129-5923C > G, were strongly associated with decreased UH,/U
ratios in single variant tests (Table 2). Previous reports have shown
that DPD function is differentially impaired by each of the 4 variants,
with ¢.1905 + 1G > A completely ablating function and c.1679T > G
being strongly deleterious to function, whereas c.2846A > T and
€.1129-5923C > G are only partially deleterious to function.>822
Consistent with these previous reports, we noted larger effect sizes in
carriers of ¢.1905 + 1G > A and c.1679T > G compared to carriers of
2846A > T and ¢.1129-5923C > G (Table 2). These data indicate that,
although UH,/U has been shown to have limited utility as a predictive
biomarker of 5-FU toxicity at the individual patient level,”2%21:35
given a sufficiently large sample size, endogenous plasma UH,/U
ratios can be used as a surrogate marker for systemic DPD activity in
correlative studies.

Within our study cohort, we noted evidence for linkage between
the toxicity-associated variant ¢.1129-5923C > G and the variants
¢c.85T > C and c.496A > G. Previous studies have reported unclear
associations with 5-FU toxicity risk for ¢.85T > C and c.496A > G,
with various studies reporting contradictory results."> At the single
variant level, both c.496A > G and ¢.1129-5923C > G were signifi-
cantly associated with lower UH,/U ratios, and c.85T > C did not
show evidence for association (Table 2). The most common haplotype
containing c.496A > G (H3) displayed a modest but significant reduc-
tion in UH,/U ratios compared to the base haplotype (H1; —9.6%,
P = .003; Table 3). Notably, H3 also contained c.85T > C. Compared
to H3, the haplotype containing only ¢.85T > C (H2) showed a mark-
edly increased UH,/U ratio that was significantly higher than the base
haplotype (H1; +8.6%, P = .004). UH,/U ratios were 18.2% lower in
H3 compared to H2, which is similar to the 16.9% reduction observed

for the haplotype containing only c.496A > G compared to the base
haplotype (H5; P = .002). The similar effect size for H5 and the most
common ¢.1129-5923C > G-containing haplotype (H4) suggests that
H5 might be similarly predictive of 5-FU toxicity risk. Further investi-
gation of the clinical importance of haplotypes containing c.496A > G
in the clinical trial setting is needed to fully establish correlations with
5-FU toxicity risk.

While ¢.85T > C was not significantly associated with altered
UH,/U ratios at the single variant level (Table 2), haplotypes that con-
tain ¢.85T > C tended to have higher UH,/U levels than matched hap-
lotypes without the variant (Table 3). H2, which contains only
c.85T > C, showed significantly higher UH,/U than the base haplo-
type containing no variants (H1; 8.6% higher ratio; P = .004). As dis-
cussed above, a similar effect was noted in haplotypes containing
c.496A > G, with H3 showing a less severe reduction in UH,/U ratio
from the base haplotype than H5 (=9.6% compared to —16.9%). Given
this, we would expect ¢.85T > C to also modulate the effect of
¢.1129-5923C > G; however, there was an inadequate number of car-
riers of the recombinant haplotype (Hé) to test this hypothesis
(Table 3). Overall, these data indicate that c.85T > C might be associ-
ated with a modest increase in DPD activity. This conclusion is consis-
tent with a previous report in which recombinant DPD protein
containing p.C29R (the translated product of the c.85T > C variant)
had elevated enzyme activity compared to wild-type DPD.'” Collec-
tively, these data suggest that in single variant analyses, the increase
in UH,/U associated with ¢.85T > C was likely masked because of
linkage with c.496A > G and c.1129-5923C > G. This also suggests
that the deleterious effects of c.496A > G and c.1129-5923C > G
might be stronger than the enhancing effect of c.85T > C.

Consistent with our findings, similar effects were noted in a study
in which haplotypes containing c.496A > G, but not ¢.85T > C or
¢.1129-5923C > G, were enriched in patients with severe FP toxic-
ity.> Furthermore, carriers of the haplotype consisting of just
¢.85T > C, corresponding to haplotype H2 in the present study, were
enriched in the population that did not experience toxicity.*> Associa-
tion of c.496A > G with FP toxicity was also suggested in another
study, in which linkage between variants was assessed, but haplotype
association was not tested.” An additional study® provides suggestive
data that the H3 haplotype (Table 3) might contribute to reduced
DPD function. While a direct haplotype assessment was not per-
formed, individuals carrying both ¢.85T > C and c.496A > G, which
would presumably be enriched for H3 carriers based on haplotype fre-
quencies, exhibited significantly impaired DPD function.®®

While our results suggest an impact of ¢.85T > C and c.496A > G
on DPD activity, we cannot unambiguously conclude that the
observed changes in UH,/U ratios are due to altered protein activity
and not changes in gene expression. GTEx®’ data indicate that
c.85T > C is associated with higher DPYD gene expression in certain
tissues, suggesting that altered regulation might contribute to the
observed phenotype (Figure S5). We also note that GTEx®” data do
not link c.496A > G with expression. Given the relative commonality
of these variants and LD with the toxicity-associated variant

rs75017182 (discussed above), future studies are warranted to
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investigate the mechanism(s) through which these variants alter DPD
function.

High variability in haplotype frequencies was noted for global
populations in the 1000 Genomes Project®* data (Figure 2). Two
haplotypes that showed similar frequencies and effect sizes in our
study (H4 and H5; Table 3) showed varied global distributions. H4
was most common in European and South Asian populations, but
it was absent from African and East Asian populations. H5 was
present in all superpopulations, with higher frequencies than H4 in
African, American and East Asian populations (Figure 2). Based on
global frequencies, haplotype H5, which contains only c.496A > G,
could potentially be more important for the prediction of FP-
related toxicities on the global scale than H4, the primary haplo-
type containing the risk variant ¢.1129-5923C > G. Additionally,
the H2 haplotype (suggestive for higher DPD activity) showed the
highest frequency in African populations (Figure 2). It is noted that
the deleterious DPYD variant rs115232898% (c.557A > G, p.
Y186C) is in strong LD with ¢.85T > C (D’ = 1.00, data from 1000
Genomes Project). Additional studies are needed to evaluate the
effect of these and other haplotypes on FP toxicity risk in varied
racial/ethnic populations.

Collectively, our results highlight the importance of careful
multivariant haplotype assessments in pharmacogenomic studies,
even if evidence suggests that individual variants might only confer a
weak or non-significant effect. Given the potential multilocus impact
of ¢.85T > C and c.496A > G on DPD phenotype identified in this
study, the further evaluation of these variants and associated haplo-
types in the context of clinical outcomes using sufficiently sized

patient populations is urgently needed.
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