d
A
&
15,

Universiteit

*dlied) Leiden
'%‘Q,:y‘;\& The Netherlands

5
3
H oo
B
=
=)
@\
-3

o

Personalised medicine of fluoropyrimidines using DPYD

pharmacogenetics
Lunenburg, C.A.T.C.

Citation
Lunenburg, C. A. T. C. (2019, June 11). Personalised medicine of fluoropyrimidines using
DPYD pharmacogenetics. Retrieved from https://hdl.handle.net/1887/74404

Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/74404

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/74404

Cover Page

The following handle holds various files of this Leiden University dissertation:
http://hdl.handle.net/1887/74404

Author: Lunenburg, CA.T.C.

Title: Personalised medicine of fluoropyrimidines using DPYD pharmacogeneticsissue
Date: 2019-06-11


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/74404
https://openaccess.leidenuniv.nl/handle/1887/1�

CHAPTER 12
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Chapter 12

Abstract

Fluoropyrimidines are widely used anticancer drugs, but may lead to severe toxicity in up
to 30% of patients. Prospective DPYD genotyping is increasingly used in clinical practice
to predict and prevent severe toxicity, by means of initial dose reductions in DPYD variant
allele carriers. While this strategy successfully reduces the incidence of severe toxicity,
substantial toxicity remains that is not attributable to genetic variation in DPYD. A genome-
wide association study (GWAS) was initiated to discover novel genetic variants associated
with the onset of severe fluoropyrimidine-induced toxicity.

We conducted a GWAS in 1,146 patients treated with fluoropyrimidines who participated
in the Alpe DPD study. Patients were genotyped using the Illumina Global Screening
Array and data was imputed using the 1000 Genomes reference panel. The primary
outcome was severe (grade 23) fluoropyrimidine-induced toxicity, compared to grade 0
or 1 fluoropyrimidine-induced toxicity. Variants were tested for association with severe
fluoropyrimidine-induced toxicity using logistic, Cox, and ordinal regressions. A Polygenic
Risk Score (PRS) was constructed by extracting all variants with p<0.01 in the association
test.

1,101 patients passed the quality control (QC) analyses and 599 patients were included
in the primary analysis. After imputation, 4,650,899 variants were included in the analysis.
None of the genetic variants showed genome-wide significance (p<5x10?2). Six variants were
suggestive (p<5x10°) for the onset of severe fluoropyrimidine-induced toxicity. A PRS was
constructed including 5,055 variants and predicted 62% of severe toxicity by non-genetic
covariates alone and 96% by the combined analysis including covariates.

While no genome-wide significant variants could be identified, six variants were
suggestive for the onset of severe toxicity in merely Caucasian patients. These variants are
located outside of known fluoropyrimidine-pathway genes. Using a PRS consisting of 5,055
variants combined with clinical variables explained 96% of toxicity in this discovery cohort.
This GWAS is one of the first attempts to identify variants predictive for fluoropyrimidine-
induced toxicity and identified variants and the PRS require replication in an independent
cohort.
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Introduction

Fluoropyrimidines, including 5-fluorouracil (5-FU) and capecitabine, represent the backbone
of chemotherapeutic regimens used to treat solid tumours, such as colorectal and breast
cancer. Severe (grade 23) fluoropyrimidine-induced toxicity can occur in up to 30% of the
patients, depending on the treatment regimen and may even be lethal in up to 1% of the
patients experiencing toxicity.”? Common fluoropyrimidine-induced adverse events are
diarrhoea, mucositis, hand-foot syndrome and myelosuppression.’®* Dihydropyrimidine
dehydrogenase (DPD) plays a key role in the degradation of 5-FU into inactive metabolites*
and is encoded by the gene DPYD. Both DPD and genetic variants in DPYD have been widely
investigated to explain severe fluoropyrimidine-induced toxicity. Recently, we have shown
that prospective genotyping and dose reduction based on four variants in DPYD (DPYD*2A,
€.2846A>T, ¢.1679T>G and ¢.1236G>A) reduces severe fluoropyrimidine-induced toxicity in
these DPYD variant allele carriers.> These four variants were selected based on previous
studies and meta-analyses in which the association with fluoropyrimidine-induced toxicity
was reported.®® Nonetheless, severe toxicity did still occur in 23% of patients wild-type for
these four variants, showing that other genetic variants or non-genetic factors may play a
role in the onset of severe toxicity.”

Variants in genes other than DPYD could also play a role in the onset of severe
fluoropyrimidine-induced toxicity. Previously, research to identify genetic variants
has been conducted based on the pharmacological background of fluoropyrimidines,
for example in pathway analyses or candidate gene studies. Several variants in CDA
(cytidine deaminase), CES1 (carboxylesterase 1), TYMS (thymidylate synthase), MTHFR
(methylenetetrahydrofolate reductase), ENOSF1 (enolase superfamily, member 1), SLC22A7
(solute carrier family 22, member 7), UMPS (uridine monophosphate synthase) and TYMP
(thymidine phosphorylase) genes were previously identified and associated with severe
fluoropyrimidine-induced toxicity.»**?! However, genome-wide association studies (GWAS)
have the potential to identify novel variants without making assumptions based on a
pharmacological background. Previously, O’Donnell et al. executed a GWAS on 503 cell
lines to identify novel single nucleotide polymorphisms (SNPs) associated with capecitabine
sensitivity.?? Five variants showed genome-wide significance in this cell-line based GWAS,
but replication in 268 patients only showed an association with sensitivity for capecitabine
for ADCY2 rs4702484.2 Fernandez-Rodzilla et al. analysed data of 221 colorectal cancer
patients treated with 5-FU or FOLFOX (folinic acid, 5-FU and oxaliplatin).?* Seven SNPs were
associated with adverse drug reactions, yet none reached the genome-wide significance
level. Low et al. executed a GWAS on 13,220 patients in total, of which 1,460 patients
received 5-FU, focussing on neutropenic and leukopenic toxicities.?® For 5-fluorouracil,
they identified four SNPs associated to neutropenia and leukopenia, yet none reached the
genome-wide significance level. We conducted a GWAS to discover novel genetic variants
associated with the onset of severe fluoropyrimidine-induced toxicity.
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Materials and methods

Patients

Patients were recruited for the Alpe DPD study (clinicaltrial.gov identifier NCT02324452)°
betweenApril30,2015and December21,2017,andwerenewlytreated with fluoropyrimidines
and genotyped prospectively for four DPYD variants (DPYD*2A, rs3918290, c.1905+1G>A,
IVS14+1G>A; ¢.1679T>G, DPYD*13, rs55886062, 1560S; c.1236G>A/HapB3, rs56038477,
E412E; and c.2846A>T, rs67376798, D949V). Upon identification of one of these variants,
heterozygous variant allele carriers received an initial dose reduction (25 or 50%) based on
pharmacogenetic guidelines to prevent severe fluoropyrimidine-induced toxicity. Wild-type
patients for these four DPYD variants received standard fluoropyrimidine dosages. After the
second cycle the dose could be titrated upwards or downwards according to the occurrence
of toxicity. The study was reviewed and approved by the medical ethical committee of the
Netherlands Cancer Institute, Amsterdam, the Netherlands, and approval of the board of
directors of each individual hospital was obtained for all participating centres. All patients
signed informed consent prior to inclusion in the study, which included approval for the
use of clinical data and remaining DNA to perform the current GWAS. All patients of whom
sufficient DNA was available were genotyped. DPYD variant allele carriers (N=85) received
dose reductions based on the four variants mentioned and were therefore excluded in the
GWAS analyses.

Clinical data

Baseline characteristics, treatment type and toxicity data were collected for each patient.
Ethnicity of the patients was self-reported, merely Caucasian patients participated in the
Alpe DPD study. Toxicity was graded according to the National Cancer Institute common
terminology criteria for adverse events (CTC-AE; version 4.03) and severe toxicity was
defined as CTC-AE grade >3.%¢ Relation to the study drugs 5-FU and capecitabine was
recorded for each adverse event and only adverse events classified as possible, probable, or
definite were taken into account.

Genotyping and quality control

Patient DNA remaining from the Alpe DPD study was collected. For each patient 200 ng
of DNA was required and genotyping was executed at the Human Genotyping Facility
of the Erasmus Medical Center, using the lllumina Global Screening Array (GSA).?” The
array contains 692,842 SNPs and includes rare variants with allele frequencies <1%. 1000
Genomes reference phase 3 GRCh37.p13 was used to impute the data. Quality control
(QC) checks were performed using software R version 3.5.0%% and PLINK software, version
1.07.2°3% patients were excluded from analyses based on an individual genotype call rate
<97%, gender mismatch between reported and estimated sex based on genotypes of the
X-chromosome (using PLINK), or excess of heterozygous genotypes as measured by the
inbreeding coefficient. Aninbreeding statistic of F>0.1 was judged to be outlying and patients
were removed from the analysis. Genetic markers were excluded based on a SNP call rate
<97% and a p-value <107 for the Hardy-Weinberg equilibrium (HWE) goodness-of-fit test.
After exclusion of patients and markers in these marginal QCs, the remaining set was used
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for integrative QC assessment. In order to evaluate the possibility of population stratification
or outliers, multidimensional scaling (MDS) analysis was performed in PLINK. In addition,
pairwise identity by state (IBS)/identity by descent (IBD) statistics was calculated to assess
duplicates. MDS, IBS and IBD were computed using PLINK. Patients who were identified as
outliers based on IBS clustering were excluded from the analysis. MDS coordinates were
extracted and used as covariates in the association analysis. SNP imputation was performed
using the programs shapeit and impute2 with default parameters in which the reference
panel 1000Genomes build version 3 was used with total, ‘cosmopolitan’, set of individuals.3?
An MDS plot was created to compare self-reported ethnicity of patients.

Statistical analyses

Genetic variants were tested for an association with the onset of severe fluoropyrimidine-
induced toxicity. The primary outcome was severe (grade >3) fluoropyrimidine-induced
toxicity, compared to grade 0 or 1 fluoropyrimidine-induced toxicity. Grade 2 toxicity
was excluded from this analysis to maximize the contrast between toxicities. Gender,
age, baseline BSA and treatment type (grouped as previously published)® were used as
pre-specified covariates. Statistical analyses were performed in R statistics version 2.3.2.
Base packages stats, survival and MASS were used to evaluate logistic, Cox, and ordinal
regressions, respectively. Associations with a p-value <5x10® were considered statistically
genome-wide significant. Associations with a p-value between 5x10® and <5x10° were
considered suggestive. Post association QC was performed by visual inspection of Quantile-
Quantile (QQ) plots of p-values of association tests and computation of the inflation factor
given as: A=(median(T,...,T )/0.675)?>, where T ,...,T_are square roots of x> quantiles.

A Polygenic Risk Score (PRS) was constructed by extracting all SNPs with a p-value <0.01
in the association test. To avoid problems due to collinearity, in the list sorted according to
p-values, SNPs in a window of 100 kb were excluded after inclusion of a SNP. A penalized
regression model was fitted using R-package g/mnet. Included clinical parameters were
gender, age, baseline BSA and treatment schedule.

Results

Patients

Sufficient DNA was available for 1,146 out of 1,181 recruited patients (97%). These
patients entered the QC procedure prior to association analyses. The flowchart on
patient inclusion is shown in Figure 1. The observed individual genotype call rates varied
between 97% and 100% and therefore meet the quality criteria. Based on subsequent
QC steps, 45 patients (3.9%) were excluded from the analyses. Of these 45 patients, 30
patients (2.6%) were excluded due to missing genotypes, four (0.3%) patients were
excluded due to a gender mismatch with the clinical data, six patients (0.5%) were
excluded based on outlier removal of IBS plots. The inbreeding coefficient was 0.01
(-0.03—0.004), therefore, five (0.4%) patients were excluded. Of the 1,101 remaining
patients, screen failures (N=55), patients with missing BSA at baseline (N=24) and DPYD
variant allele carriers who received initially reduced dosages (N=80) were excluded (Figure
1). In addition, we chose to exclude patients who experienced grade 2 toxicity (N=343)
from the primary analysis to maximize contrast between severe and non-severe toxicity.
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Recruited in main study
N=1181

l

Sent for genotyping
N=1146

Excluded by QC analyses (N=45):
- Missing genotypes (N=30)
> - Incorrect gender (N=4)
- IBSrule (N=6)
- Inbreeding coefficient (N=5)

Evaluable patients
N=1101

Excluded patients (N=159)
- Screen failure (N=55)
- DPYD variant carrier (N=80)
- Baseline BSA missing (N=24)

Included patients

N=942
Included in primary analyses Toxicity grade 2
N=599 N=343

Figure 1. Flowchart of patients in the study

Patients who experienced toxicity grade 2 were excluded from the primary analyses to maximize
contrast between severe and non-severe toxicity.

Abbreviations: QC: quality control; IBS rule: identity by state rule; DPYD: gene encoding
dihydropyrimidine dehydrogenase; BSA: body surface area.

Association analysis

In the primary analysis, severe (grade >3) toxicity was compared to grade 0 and 1 toxicity
in 599 patients. Patient characteristics of patients included in the primary analysis of this
study and patients from the Alpe DPD study are shown in Table 1. There were no statistical
differences between the cohorts, except for the number of treatment cycles.

The number of patients varied per SNP due to genotype missingness, which was limited
to up to 3% as per QC. For the primary analysis, a MAF of 2% was used on imputed data to
ensure stable numeric evaluation of all logistic regression models. This resulted in a total of
4,650,899 markers for which an association test was performed.

The primary analysis association test for severe fluoropyrimidine-induced toxicity (grades
3—5) includes covariates gender, age, baseline BSA and treatment type. The corresponding
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Manhattan plot is shown in Figure 2. The corresponding QQ-plot of p-values is shown
in Figure 3. The inflation factor is 1.04. Table 2 shows the list of the top 30 identified
markers. No variants were identified to be statistically significant associated with severe
fluoropyrimidine-induced toxicity at the genome-wide level. However, six SNPs were found
to be suggestive. None of these SNPs have previously been reported in publications or in
the ClinVar database of the National Center for Biotechnology Information (NCBI).3? The
variants are reported in the SNP database of the NCBI.?® Three variants are stated on the
website as having ‘no gene consequence’, two were listed as an intron variant in RNA gene
LOC101927414 (rs114105116) and protein coding gene COL6A3 (rs12622722), and one was
listed as an 2KB upstream variant in LOC107984256 (rs10786179).

Genotyping and quality control

A set of 692,367 markers was genotyped. After several QC steps, 186,920 markers were
excluded. Of these, 18,114 markers (2.6%) were excluded based on a deviation from Hardy-
Weinberg equilibrium (HWE). Filtering for allele frequencies (threshold 0.5%) resulted in
the exclusion of 147,607 markers (21.3%). The missingness cut-off was set at 10%, 23,835
markers (3.4%) were excluded based on the missing data analysis. Of the abovementioned
excluded markers, 2,636 had multiple QC failures. In total, 505,447 markers met the QC
for statistical analyses. These markers were imputed using the 1000 Genomes dataset as
a reference panel. In total, 4,650,899 variants were available for statistical analyses. In the
integrative QC, individuals and markers from the marginal QC steps were excluded. An MDS
was executed in order to detect population stratification. No individuals were excluded. IBD/
IBS clustering was executed to assess duplicates. No individuals were excluded.

Polygenic risk score

To calculate the PRS all SNPs with a p-value <0.01 for their association with severe
fluoropyrimidine-induced toxicity were selected. To reduce linkage disequilibrium, SNPs
were pruned for a minimum distance of 10° bps. This resulted in a set of 5,055 SNPs. Finally,
an elastic net regression (R package glmnet, a=0.5) was performed and evaluated by cross-
validation. The receiver operating characteristic (ROC) curve is shown in Figure 4, where it
is compared to the model containing only clinical covariates. The two corresponding areas
under the curve (AUCs) were 96% and 62%, respectively.
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Table 1. Patient characteristics

Patient characteristics of patients included in the primary analysis of this GWAS (N=599) and patients
included in the Alpe DPD study (N=1,103). Data are N(%) or median(IQR). P-values comparing
patients from the primary analysis to the Alpe DPD study patients. We used a nonparametric test for
independent samples to compare medians of age, BSA, and number of treatment cycles; and a x? test
for gender, ethnic origin, tumour type, treatment regimen and WHO performance status.

Characteristic GWAS cohort Alpe DPD study P-value
(N=599) (N=1,103)

Gender 0.841
Male 319 (53.3%) 593 (53.8%)

Female 280 (46.7%) 510 (46.2%)

Age in years [IQR] 64 [57—71] 64 [56—71] 0.454

Ethnic origin 0.362
White 573(95.7%) 1048 (95%)

Black 14 (2.3%) 19 (1.7%)
Asian 9 (1.5%) 24 (2.2%)
Other* 3 (<1%) 12 (1.1%)

Tumour type 0.991

Non-metastatic colorectal cancer 265 (44.2%) 472 (42.8%)
Metastatic colorectal cancer 114 (19%) 232 (21%)
Breast cancer 75 (12.5%) 141 (12.8%)
Gastric cancer 32 (5.3%) 63 (5.7%)

Other® 113 (18.9%) 195 (17.7%)

Type of treatment regimen 0.234
Capecitabine monotherapy (+bevacizumab) 102 (17%) 205 (18.6%)
Capecitabine + radiotherapy (+mitomycin) 172 (28.7%) 264 (23.9%)
Capecitabine + oxaliplatin (+bevacizumab) 179 (29.9%) 374 (33.9%)
Capecitabine + other anticancer drugs 41 (6.8%) 72 (6.5%)

Fluorouracil monotherapy - 2 (<1%)

Fluorouracil + radiotherapy (*mitomycin) 43 (7.2%) 63 (5.7%)

Fluorouracil + oxaliplatin + folinic acid 18 (3%) 43 (3.9%)
(+bevacizumab)

Fluorouracil + other anticancer drugs 44 (7.3%) 80 (7.3%)

BSA [IQR] 19[1.8—2.1] 1.9[1.8—2.1] 0.503

WHO performance status 0.257
0 317 (52.9%) 554 (50.2%)

1 241 (40.2%) 448 (40.6%)
2 21 (3.5%) 42 (3.8%)

Not specified® - 59 (5.3%)

Number of treatment cycles [IQR] 3[1-7] 3[1-8] 0.010

DPYD status NA
Wild-type 599 (100%) 1018 (92.3%)
c.1236G>A heterozygous 51 (4.6%)
¢.2846A>T heterozygous 17 (1.5%)

DPYD*2A heterozygous 16 (1.5%)
DPYD*13 heterozygous 1(<1%)
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2 Other ethnic origins included Hispanic descent, mixed racial parentage, and unknown ethnic origin;

b Other tumour types included anal cancer, oesophageal cancer, head and neck cancer, pancreatic
cancer, bladder cancer, unknown primary tumour, vulva carcinoma, and several rare tumour types;

¢ WHO performance status was not specified for these patients, but was either 0, 1, or 2, as required
by the study inclusion criteria.

Abbreviations:|QR:interquartile range; BSA:body surfacearea; DPD: dihydropyrimidine dehydrogenase;
DPYD: gene encoding dihydropyrimidine dehydrogenase; WHO: world health organisation; NA: not
applicable.

ogulp

Figure 2. Manhattan plot

Manhattan plot for association with severe fluoropyrimidine-induced toxicity (grades 3—5), including
de covariates gender, age, baseline BSA and treatment type. Genome-wide significance of the
association with the onset of severe fluoropyrimidine-induced toxicity is indicated by the upper dark
red line (<p-value of 5x10%). Suggestive association is indicated by the lower red line (p-value of <5x10°
%). No SNPs were found to be associated with severe fluoropyrimidine-induced toxicity. Six SNPs were
found to be suggestive for association with severe fluoropyrimidine-induced toxicity, shown in Table 2.
Abbreviations: BSA: body surface area; SNPs: single nucleotide polymorphisms.
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0

2

theoretical

Figure 3. QQ-plot of p-values
The Quantile-Quantile (QQ)-plot shows the extent to which the observed distribution of the test
statistic follows the theoretical null distribution. The inflation factor was A=1.04.

4

Table 2. Thirty SNPs with lowest p-values
Variants are selected on allele frequency >0.01, B within -5 to 5, and are separated from another
variant with more than 10 bps. Variants suggestive for the onset of severe toxicity are marked with

an *.
Nr. Marker Chr  Position A0 Al AF B P-value
1 rs17114875 * 14 29999987 G A 0,409 1,554562193 9,73E-07
2 rs114105116 * 4 138539880 T A 0,02 1,213779485 1,1E-06
3 rs12622722 * 2 238269120 G A 0,484 0,657789872 1,77E-06
4 rs10786179 * 10 96759531 T G 0,889 -0,345506543 2,03E-06
5 rs367239 * 3 21421935 T C 0,546 1,719787858 3,16E-06
6 rs11630087 * 15 75261673 G T 0,456 0,757448146 4,71E-06
7 rs77579689 8 137130325 G A 0,021 1,286849892  5,18E-06
8 rs11187969 10 96231169 G A 0,129 1,381495967  5,59E-06
9 rs11187974 10 96239326 G A 0,181 1,527446065  6,25E-06
10 rs12414693 10 97228795 C T 0,259 0,713658584 6,87E-06
11 rs482061 182485749 T C 0,847 -0,737925221 6,96E-06
12 chr4:164083322:D 4 164083322 TG T 0,051 1,218271821  7,11E-06
13 chr16:78157332:I 16 78157332 GTT 0,065 1,023072586  7,63E-06
14 rs1838947 11 119691200 T C 0,297 0,928423057  7,7E-06
15 rs495426 12 31021833 A G 0,689 0,073481654 7,77E-06
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Nr. Marker Chr  Position A0 Al AF B P-value

16 rs56338926 15 75259335 C A 0,448 0,772401797  7,94E-06
17 rs449973 21425977 C G 0,548 1,69493935 7,97E-06
18 rs1722291 56238936 G A 0,198 1,553925389 8,02E-06
19 rs2344989 17 70924851 T C 0,04 1,54932572 8,33E-06
20 rs2512155 11 117889448 C T 0,179  1,449722565 8,45E-06
21 rs8076418 17 70921917 T C 0,042 1,608309687 8,5E-06

22 rs2738545 16 78629320 G A 0,673 0,420462271 9,13E-06
23 rs10851447 15 47411086 T A 0,059 1,464774341 9,21E-06
24 rs722910 5 52781597 A T 0,496 0,35577388 9,36E-06
25 rs8070810 17 70921851 G A 0,042 1,61395951 9,42E-06
26 rs8067883 17 70921731 C T 0,042 1,612564569  9,43E-06
27 rs6501582 17 70921801 T C 0,042 1,613613576  9,44E-06
28 rs113309475 1 11430624 A T 0,023  1,200617555 9,49E-06
29 rs9911437 17 70922305 T C 0,042 1,614540275  9,49E-06
30 chr17:70923098:D 17 70923098 AC A 0,042 1,614669511  9,65E-06

Abbreviations: Nr: number; Chr: chromosome; AO: nucleotide on allele 0; Al: nucleotide on allele 1;

AF: allele frequency.

1.0

0.8

0.84

Sensifivity

0.4-

0.0

Figure 4. PRS-plot

The PRS-plot shows the predictive power of a covariate model (Clinical, blue line) and a covariate
model plus 5,055 SNPs (PRS, red line). Included clinical parameters were gender, age, baseline BSA
and treatment schedule. The AUC for the covariate model is 0.620 (95%Cl: 0.577-0.663, p=1.34"%),
compared to the AUC for the combined model (prs) 0.956 (95%Cl: 0.939-0.973, p=3.9814).

Abbreviations: PRS: polygenic risk score; AUC: area under the curve; 95%Cl: 95% confidence interval.

— PRS
== Clinical
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Discussion

It is well recognized that DPYD genotyping is useful in preventing severe fluoropyrimidine-
induced toxicity by applying initial dose reductions in patients who carry a specific DPYD
variant.®> However, not all toxicity can be predicted and prevented by the current four DPYD
variants. Indeed, still ~20% of the patients experience toxicity, thus the search for genetic
variants predictive for severe fluoropyrimidine-induced toxicity continues. We executed a
GWAS in order to identify novel genetic variants possibly associated with the onset of severe
fluoropyrimidine-induced toxicity.

To performthis GWAS on toxicity of fluoropyrimidines, over 1,100 patients were genotyped.
Severe toxicity includes the National Cancer Institute CTC-AE grades 3—5. Scoring clinical
toxicities can be difficult sometimes, as it can be open to interpretation. As severe toxicity
has the most clinical impact, we chose to maximize contrast to the toxicity endpoint, and we
excluded patients with grade 2 toxicity in the primary analysis. We were unable to identify
genome-wide significant SNPs, yet we identified six SNPs suggestive (p-value of 5x10°%) of
association with severe fluoropyrimidine-induced toxicity. Possibly the number of patients
in our study is too small to reach genome-wide significance. However, we repeated the
analysis including the patients with grade 2 toxicity, increasing the number of patients while
reducing the contrast between toxicities. Yet, this did not result in a different outcome. The
suggestive variants need to be re-tested in an independent cohort of patients who were
treated with a fluoropyrimidine drug.

This GWAS was executed using DNA from patients participating in the Alpe DPD study.
A formal comparison of GWAS analysed patients with the entire Alpe DPD cohort shows
the cohorts were comparable. The range of number of treatment cycles was statistically
different, with fewer cycles in the GWAS cohort. Possibly this is due to the exclusion of
patients with grade 2 toxicity in the GWAS cohort, as grade 2 toxicity, if not developing into
severe toxicity, may possibly arise from longer periods of fluoropyrimidine-treatment. We
have no reason to believe that selection bias was introduced by leaving out patients with
grade 2 toxicity. We believe the GWAS cohort is representative for patients in daily clinical
care, as in the Alpe DPD study there were only limited restrictions on the inclusion criteria
and the burden for patients to participate was very low.

With a large amount of genotyping data, we were able to compare ethnicity strings in the
MDS plots to self-reported ethnicity from the Alpe DPD study. When adding two principal
components, including ethnicity, to the statistical analysis, no differences were visible.
Therefore, ethnicity was not of influence on the outcome of this GWAS and no patients
were excluded based on self-reported ethnic origin.

Data on the functionality of the six SNPs suggestive of association with severe
fluoropyrimidine-induced toxicity is limited. To the best of our knowledge, these six SNPs
were not previously identified by other GWAS or other studies, or previously described
in relation to the fluoropyrimidine pathway. Genome-wide significant SNPs (rs4702484,
rs8101143, rs576523, rs361433) and suggestive SNPs (rs16857540, rs2465403, rs10876844,
rs10784749, rs17626122, rs7325568, rs4243761, rs10488226, rs6740660, rs1567482 and
rs6706693) identified in previously executed GWAS,?>?*?> were not identified in this GWAS,
possibly due to the differences in the design or endpoints of the study. For example, the
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GWAS of Low et al. focused only on neutropenia and leukopenia as toxicity endpoint.?® In
the current GWAS we chose to include all types of fluoropyrimidine-induced toxicity, as we
aim to improve fluoropyrimidine treatment by reducing all types of toxicity. Compared to
the GWAS of O’Donnell et al. 22, we offer a cohort with clinical patient data representative of
daily clinical care, in order to identify variants which could be clinically relevant. Compared
to the GWAS of Fernandez-Rodezilla et al. our cohort is much larger.?*

When applying prospective DPYD genotyping, still 23% of patients treated with
fluoropyrimidines experience severe toxicity.® In order to further reduce this number, other
genetic variants predictive for severe toxicity need to be identified. Options are to screen
for rare variants in DPYD, investigate epigenetics, or look outside of the DPYD gene as
was performed in this GWAS. The onset of severe toxicity might not only be linked to the
start of fluoropyrimidines, but can be multifactorial and linked to patient characteristics or
co-medication. In line of that thought, the onset of toxicity might be better predicted by
multiple genetic variants. For this reason, we executed the PRS analysis. In addition, the
future of genotyping is quickly evolving, with less single SNP-based assays and more assays
with a panel of SNPs in genes or assays sequencing entire regions of genes, leading to future
possibilities to apply a PRS in patients in clinical care. Our PRS analysis showed that a panel
of 5,055 SNPs combined with clinical covariates outperforms clinical parameters alone, and
can predict 96% of severe fluoropyrimidine-induced toxicity. Our PRS analysis possibly shows
too optimistic results due to the pre-selection of significant SNPs into the score. Although
we used cross-validation to verify the score, this step did not include the SNP selection as
this would have been computationally prohibitive. We see this as an exploratory analysis
that needs validation, but still suggests that low penetrance variants exist which are difficult
to prove in a single-variant association test. The PRS analysis shows the possibility of future
research with a multifactorial research approach. The panel of SNPs needs replication in a
validation cohort and additional research is needed to be able to link the result to a dose
adjustment advice in order to prevent toxicity.

In conclusion, while no genome-wide significant SNPs could be identified in our unique
dataset of patients, six variants were suggestive for the onset of severe toxicity. These
variants are located outside of known fluoropyrimidine-pathway genes. Using a PRS
consisting of 5,055 SNPs combined with clinical variables explained 96% of toxicity in an
optimistic analysis, suggesting highly polygenic nature of toxicity predisposition. This GWAS
is one of the first attempts to identify variants predictive for fluoropyrimidine-induced
toxicity. The identified variants and the PRS require replication in an independent cohort.
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