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BACKGROUND: Pre-treatment DPYD screening is mandated in the UK and EU to reduce the risk of severe and potentially fatal
fluoropyrimidine-related toxicity. Four DPYD gene variants which are more prominently found in Europeans are tested.
METHODS: Our systematic review in patients of non-European ancestry followed PRISMA guidelines to identify relevant articles up
to April 2023. Published in silico functional predictions and in vitro functional data were also extracted. We also undertook in silico

prediction for all DPYD variants identified.

RESULTS: In 32 studies, published between 1998 and 2022, 53 DPYD variants were evaluated in patients from 12 countries
encompassing 5 ethnic groups: African American, East Asian, Latin American, Middle Eastern, and South Asian. One of the 4
common European DPYD variants, c.1905+1G>A, is also present in South Asian, East Asian and Middle Eastern patients with severe
fluoropyrimidine-related toxicity. There seems to be relatively strong evidence for the c.557A>G variant, which is found in
individuals of African ancestry, but is not currently included in the UK genotyping panel.

CONCLUSION: Extending UK pre-treatment DPYD screening to include variants that are present in some non-European ancestry
groups will improve patient safety and reduce race and health inequalities in ethnically diverse societies.

British Journal of Cancer (2024) 131:498-514; https://doi.org/10.1038/541416-024-02754-z

INTRODUCTION

Fluoropyrimidines are antimetabolite chemotherapy drugs com-
prising the parenterally administered 5-fluorouracil (5-FU) and its
prodrugs, capecitabine and tegafur. They are commonly used
either as monotherapy or in combination with other antineoplas-
tic agents in neo-adjuvant, adjuvant and palliative settings for a
variety of solid tumour types including colorectal, breast,
oesophago-gastric and head and neck cancers [1, 2]. 5-FU and
capecitabine have been on the World Health Organisation (WHO)
Essential Medicines List (EML) since 1977 and 2015, respectively
[3, 4]. Annually, over two million patients worldwide and
approximately 600,000 patients in Europe receive treatment with
fluoropyrimidines [5-7]. Due to a narrow therapeutic index,
10-30% of patients who receive standard fluoropyrimidine doses
develop severe toxicity including bone marrow suppression,
diarrhoea, mucositis and hand-foot syndrome, usually within the
first 1-2 cycles of treatment [8-11]. Severe fluoropyrimidine-
related toxicity leads to mortality in approximately 0.5-1% of
patients (with up to 5% lethal toxicity reported in elderly patients)
[12-16].

Development of toxicity is in part due to inter-individual
variability in dihydropyrimidine dehydrogenase (DPD) activity. The
first case report of a patient presenting with 5-FU-related severe
toxicity due to DPD deficiency was in 1985 [17]. DPD is the primary

enzyme responsible for the catabolism and elimination of >80% of
the administered 5-FU to the inactive metabolite dihydrofluor-
ouracil (DHFU) [1, 15, 18, 19]. Deficiency of the DPD enzyme, either
complete or partial, leads to inadequate clearance of 5-FU which
increases drug exposure and accumulation, increasing the risk of
severe and sometimes fatal toxicity [20-22]. DPD deficiency can
be detected in 39-61% of patients with severe fluoropyrimidine-
related toxicity [23]. In individuals of European ancestry, the
frequency of partial DPD enzyme deficiency ranges from 3 to 5%
while complete DPD enzyme deficiency is less frequent, with an
estimated prevalence of 0.1-0.2% [24, 25].

The DPD gene (DPYD) is expressed in a wide variety of human
tissues; high levels are observed in the liver and peripheral blood
mononuclear cells (PBMCs) [26, 27]. Located on chromosome
1p21.3, DPYD is a large pharmacogene spanning ~920kb in
length, with 23 relatively small exons (69-961 bp) surrounded by
large intronic regions [28, 29]. The coding sequence totals ~3 kb in
length and encodes a polypeptide comprising 1,025 amino acid
residues [28, 29]. DPYD is highly polymorphic: the Genome
Aggregation Database (gnomAD v2.1.1) includes 204 synonymous
variants and 569 missense variants, 40 of which are predicted to
lead to loss of enzymatic function [30].

The latest version of the Clinical Pharmacogenetics Implementa-
tion Consortium (CPIC) guideline includes 82 known DPYD variants,
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among which, 21 are considered to have no DPD function and 6 to
have diminished DPD function [6]. Prospective genotyping of
DPYD can identify patients with DPD enzyme deficiency and allow
for prophylactic fluoropyrimidine dose adjustments, thereby
reducing the likelihood of fluoropyrimidine-related toxicity without
compromising the cancer treatment effect [31-35].

In June 2020, the European Medicines Agency (EMA) recom-
mended DPD testing either by phenotyping or genotyping prior
to treatment with fluoropyrimidines [36]. In November 2020, the
National Health Service (NHS) commissioned DPYD genetic testing
making this one of the first pharmacogenomic tests to be applied
nationally in the UK [37]. A variety of genotyping methods are
used by the labs but they all test for the four pathological DPYD
variants commonly described in Europeans:

® C.1905+1G>A (IVS14+1G>A, rs3918290, DPYD*2A), a splice-
site variant causing exon 14 skipping which results in the
production of an inactive protein [38, 39];

® (.2846A>T (p.Asp949Val, rs67376798, DPYD*9B), a non-
synonymous variant that leads to reduced DPD activity;

® .1236G>A/HapB3 (p.Glu412Glu, rs56038477), a synonymous
variant which tags for ¢.1129-5923C>G (rs75017182), a deep-
intronic splice-site variant causing significant loss of DPD
activity, which is in near perfect linkage disequilibrium (LD)
with the DPYD haplotype HapB3 encompassing three intronic
variants (rs56276561, rs6668296, rs115349832); and

® .1679T>G (p.lle560Ser, rs55886062, DPYD*13), a missense
variant causing decreased DPD activity.

This is because the three key clinical studies which provided
evidence for the clinical utility of DPYD testing to reduce the
incidence of severe fluoropyrimidine-related toxicity were all
undertaken in European populations [11, 31, 32]. The minor allele
frequencies (MAF) of these four prominent European DPYD
variants across non-European population groups from the 1000
Genomes Project Phase 3 [40] and gnomAD v3.1.2 and v4.0.0 [41]
databases are shown in Supplementary Table 1.

It is known that there are inter-ethnic differences in DPYD
variant frequency. In fact, several studies have reported the
absence of the European DPYD variants in populations from East
and Southern Africa, namely Somalia, Kenya [42] Zimbabwe [43]
and East Asia including China [44] and Japan [45-48]. In addition,
variants that are not present in Europeans can have a profound
impact in non-European populations, and vice versa [49]. Hence,
the testing being undertaken by EU countries and the UK NHS wiill
not identify genetic variants in some non-European populations,
who will be treated as wild-type, and given conventional doses of
the fluoropyrimidine drugs, with the likelihood of toxicity, and in
the worst-case scenario, death. This has the potential to
exacerbate health and race inequalities in ethnically diverse
societies. Furthermore, it does not help countries where the
population is predominantly of non-European ancestry, as DPYD
genetic testing will not be implemented because of a lack of
evidence. It is crucial that all global populations benefit equally
from this important genetic test. We have therefore undertaken a
systematic review to evaluate DPYD genetic variants which have
been reported in patients of non-European ancestry who
developed severe fluoropyrimidine-related toxicity.

METHODS

Design and registration

A systematic review was conducted in accordance to the Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) 2020
guideline [50]. The review protocol was registered in the PROSPERO
repository of systematic reviews (registration number CRD42023385227).
The EndNote™ X9 software was used to manage all articles (both included
and excluded records) throughout the research process.
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Search strategy

A literature search was performed using the MEDLINE (PubMed), Web of
Science, Embase (OVID) and Scopus electronic databases to identify
relevant articles published prior to 04 April 2023. The search strategy
employed a combination of MeSH terms and keywords using the Boolean
operators “AND” and “OR”. In addition, syntax adjustments were made
appropriate to each database. The search terms used in the MEDLINE
(PubMed) search are described in Supplementary Table 2; similar terms
were used in the Web of Science, Embase (OVID), and Scopus searches.

Eligibility criteria
We limited our search to clinical research studies, case series and case
reports that genotyped for DPYD genetic variants in patients of non-
European ancestry who had developed severe (including fatal)
fluoropyrimidine-related toxicity after chemotherapy treatment containing
5-FU, capecitabine or tegafur. We accepted the definition of severe
toxicities as (1) grade =3 severe adverse events according to the Common
Terminology Criteria for Adverse Event (CTCAE) [51], (2) grade =3 severe
adverse events in accordance with the World Health Organization (WHO)
[52], and (3) dose-limiting toxicity (DLT) which is defined as pre-specified
severe adverse events of grade >3 based on the CTCAE classification. To
maximise the number of included studies, we also accepted author-
defined severity grading of fluoropyrimidine-related toxicities where terms
‘grade >3’ or ‘severe’ were used but no classification tool was specified.
Only publications with full-text availability were included. Publications in
all languages were assessed with non-English articles translated either via
Google Translate or with assistance from colleagues who were native
speakers of the foreign language. Authors and titles of conference meeting
abstracts were used to check whether full-text articles had been published.
Editorials, opinion letters, and unrefereed preprints were not considered.

Screening process and study selection

After study duplications were removed, T.H.C screened the titles and
abstracts of all articles in accordance with the above eligibility criteria to
identify the relevant studies for first phase inclusion; irrelevant studies
were excluded. In the second phase of the review process, full-text articles
of the relevant studies were retrieved, and in-depth full-text screening was
carried out. Detailed full-text screening also included the inspection of all
cited references. In addition, the reference lists of clinical guidelines, policy
statements from regulatory agencies, pertinent narrative and systematic
reviews were also screened to check for additional eligible studies. In the
situation of any uncertainty during the selection process, the full text was
checked and resolved by consensus with J.E.Z.

Quality assessment

T.H.C and J.E.Z independently assessed the methodological quality of each
included study and relied on peer-review to ensure included studies were
methodologically sound. The parameters used for assessing clinical
research studies, case series and case reports are described in
the Supplementary Methods. A formal assessment of the risk of bias was
not undertaken.

Data extraction

Relevant summary and patient-level data from published manuscripts and
supplementary materials therein of included studies were independently
extracted by T.H.C and J.E.Z. A data extraction form was compiled and data
items collected are detailed in the Supplementary Methods. For studies
which included patients of European and non-European ancestries, only
data reported for non-Europeans were extracted. In instances where
information provided in the published manuscript was unclear, we
contacted the study authors by email for clarification but amongst
the six emails sent out, no response was received, and therefore these
6 articles were excluded. If the exact number for a data item could not be
extracted, meticulous estimation was undertaken where possible. All
extracted data were presented and compared between T.H.C and JE.Z,
with any disagreements resolved by discussion to reach consensus.

Data synthesis

Due to the heterogeneity of articles included in this systematic review and
the small number of studies conducted in each ethnicity, it was impossible
to perform a quantitative analysis, and so the findings are described in a
narrative way and data extracted from each article presented in tables,
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with odds ratios and p-values quoted from the original articles. No meta-
analysis was undertaken.

In silico prediction

In silico prediction was undertaken for all DPYD genetic variants evaluated
in this systematic review and is described in the Supplementary Methods.
The scoring thresholds and software weblinks of the in silico prediction
tools used are summarised in Supplementary Table 3.

Published in silico functional predictions and in vitro
functional data

To acquire a more nuanced understanding of the DPYD variants identified
in our systematic review, published data from previously developed in
silico functional prediction models with high accuracy, the DPYD-Varifier
[53] and the ADME-optimised Prediction Framework (APF) [54, 55], were
extracted (described in Supplementary Methods). In addition, functional
data on DPD enzyme activity from in vitro experiments where HEK293T/
c17, HEK293-Flp-In and 293FT cells were transiently expressed with DPYD
variants and treated with either 5-FU or thymine were extracted
[42, 45, 56-59].

RESULTS

Identification and selection of articles

A detailed flow diagram showing the identification and selection
process for study inclusion, according to the PRISMA statement, is
depicted in Fig. 1. All articles included were in English; none of the
non-English articles met the criteria for inclusion.

Characteristics of included articles

Table 1 details the 32 included articles and a summary breakdown
of the characteristics is provided in Supplementary Table 4. All
articles were published between December 1998 and December
2022. Two studies were case series, 10 studies were case reports
and 20 were cohort studies with an equal split between

prospective and retrospective study designs. Patients were from
12 countries encompassing 5 ethnic groups: African American
(United States), East Asian (China, Japan, Korea, Thailand), Latin
American (Chile), Middle Eastern (Jordan, Lebanon, Saudi Arabia,
Tunisia), and South Asian (Bangladesh, India, United States).

Heterogeneity was present across the 32 articles included.
Various classification tools and different versions of the same
classification tool were used to define the severity of
fluoropyrimidine-related toxicity; 15 used CTCAE (one used
version 2.0, four used version 3.0, one used version 3.0 and 4.0,
five used version 4.0, two used version 5.0, two did not specify the
version used), 4 used WHO, 1 used DLT with grade 4 specified.
Twelve publications did not report the classification tool used but
used the terms ‘grade 3’ (n=1), ‘grade =3’ (n=15), ‘grade 4
(n=4), and ‘severe’ (n = 2); results of laboratory blood tests were
reported in 6 of these publications (see Supplementary Table 5)
which will be classified as grade >3 toxicity based on CTCAE
version 5.0. Multiple DPYD genetic testing methods were
employed across the studies ranging from candidate genotyping
(n=10), targeted variant sequencing (n=9), targeted variant
genotyping and sequencing (n=2), DPYD exome sequencing
(n = 4), sequencing of DPYD exome and flanking introns (n = 5), to
whole exome/genome sequencing (n=2). Of the 20 cohort
studies included, 18 conducted statistical tests for association but
a variety of comparisons were made including grade >3 versus
grade <2 toxicity (n = 10), all grades of toxicity versus no toxicity
(n=4), grade =3 toxicity versus healthy (n=1), standard
fluoropyrimidine dose versus reduced fluoropyrimidine dose
(hn=2), and change in absolute neutrophil count, haematocrit,
platelet and percentage of neutrophil (n=1).

Patient characteristics
A summary of the patient characteristics is presented in Table 2. A
total of 1313 patients were included across the 32 studies. Their

Records identified from:

Scopus (n=5316)

MEDLINE (PubMed) (n = 447)
Web of Science (n = 1355)
Embase (OVID) (n=3192)

|| Identification |

A\ 4

:I 2178 duplicate records removed

and abstract

3 non-English articles)

8132 records screened on basis of title

(Includes 18 conference abstracts and

\4

:I 8052 records excluded (eligibility criteria not met)

Screening

80 full-text articles screened

49 full-text articles excluded
Non-clinical research articles (n =9)
> No DPYD genotyping undertaken (n = 26)

1 additional record
identified through >
reference list

v

Severity of FP-related toxicity not assessed (n = 5)
Overlapping data from same patient cohort (n = 1)
Unable to extract data (n = 8)

systematic review

32 studies included in

| Included | |

Fig. 1

PRISMA flow diagram of study selection. Our search of four electronic databases identified a total of 10310 records, 447 from

MEDLINE (PubMed), 1355 from Web of Science, 3192 from Embase (OVID), 5316 from Scopus. After removing 2178 duplicates, 8132 unique
records remained which included 18 conference abstracts and 3 non-English articles. Following the title and abstract screening phase, 8052
records that did not meet the inclusion criteria were excluded. Full-text inspection of the remaining 80 articles identified 31 articles that met
the eligibility criteria for inclusion. Screening the reference lists of these 31 articles identified one more relevant article, and so 32 articles were

finally included in the present systematic review.
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Table 2. Patient characteristics.

Patients (n)?
Age range (years)
Gender (% Male)
Cancer type (n)
Gastrointestinal
Colorectal
Stomach
Other®
Breast
Head and neck

Squamous cell carcinoma and other
unspecified cancers

Chemotherapy regimen (n)
5-FU based
5-FU monotherapy
With platinum

Carboplatin®
Cisplatin®
Oxaliplatin®
With irinotecan’
Other?
Unreported
Capecitabine based
Capecitabine monotherapy
With cisplatin®
With oxaliplatin’
With irinotecan (CAPIRI)
With radiotherapy
Unreported
Tegafur based™
Combination”

Severe toxicity manifestations events (n)
Haematological®
Gastrointestinal
Dermatological®
Neurotoxicity"
Hepatotoxicity"

Renal toxicity”
Other"
Unspecified
Fatality (n)
Fluoropyrimidine dose modification (n)
Fluoropyrimidine discontinuation (n)
DPYD variants (n)
DPYD haplotypes (n)
DPD activity (n)
PBMCs
Plasma UH2/U ratio

All

1313
15-90
56

1240
1138
59
13
41
22

868
45
579

39
538
95
84
65
392

301

46

29

40

16

928
715

2

African
American

25
21-90
48

w oo

©O O N O O O O O N = O O WwWwWOoOOoOo wo =

—_
—_

0
0

East Asian

1017
22-81
54

961
921
12

40

660

484

17
465
44
81
50
314

246

45

22

40

705
438
147

13

30
17

3
1

Latin American

32
28-77
59

32

o O O o

N O N
(o)} N

oo

O O O O O 1 O ©O 1 o = O = W O

0 = =
w N

A W O O O O O O oN

0
0

Middle
Eastern

70
25-79
46

NOO—'O\IOOCOON\IWOOOOﬁO\
=5

N O
o

N = N = O O W = O 00 =

o

South
Asian

169
15-82
65

152
130
14

13

102

127
202

w
=

u N = b O N N O ON

0
0

5-FU 5-fluorouracil, DPYD Dihydropyrimidine dehydrogenase gene, DPD Dihydropyrimidine dehydrogenase, PBMCs peripheral blood mononuclear cells, UH2/U

dihydrouracil/uracil plasma ratio.

Number of patients who developed fluoropyrimidine-related severe toxicity (grade >3).
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POther gastrointestinal cancers include oesophageal cancer, gastro-oesophageal cancer, pancreatic cancer, gall bladder cancer, jejunal cancer, small bowel
cancer, appendix carcinoma.

Includes: 5-FU + carboplatin; 5-FU + carboplatin + docetaxel.

9Includes: CF 5-FU + cisplatin; 5-FU + cisplatin + cetuximab; 5-FU + cisplatin + docetaxel; 5-FU + cisplatin + epirubicin; 5-FU + cisplatin + etoposide.
®Includes: 5-FU + oxaliplatin; FOLFOX/FOLFOX4/mFOLFOX/mFOLFOX6 5-FU + oxaliplatin + leucovorin; FLOT 5-FU + oxaliplatin + leucovorin + docetaxel;
FOLFIRINOX/FOLFOXIRI/FOLFOXIRI 4+ a 5-FU + oxaliplatin + leucovorin + irinotecan; FOLFOX + panitumumab.

fincludes: 5-FU + irinotecan; FOLFIRI/IFL 5-FU + irinotecan + leucovorin.

9Includes: 5-FU + leucovorin; 5-FU + leucovorin + radiation; 5-FU + docetaxel + gemcitabine; CMF 5-FU + cyclophosphamide + methotrexate; FAC 5-FU +
cyclophosphamide + adriamycin.

PIncludes: Capecitabine + cisplatin + trastuzumab.

JIncludes: CAPEOX/CAPOX/XELOX Capecitabine + oxaliplatin; XELOX + bevacizumab; DOX Capecitabine + oxaliplatin + docetaxel; EOX Capecitabine +
oxaliplatin + epirubicin.

"Includes: Tegafur + irinotecan; Tegafur + irinotecan + gimeracil 4 oteracil.

"Includes: (1) Capecitabine, (2) 5-FU; (1) XELOX, (2) FOLFOX6; (1) CAPOX, (2) FOLFOX; (1) Capecitabine + oxaliplatin + bevacizumab, (2) mFOLFOX; (1) CAPOX,
(2) Tegafur + uracil + oxaliplatin; (1) CAPOX, (2) Capecitabine monotherapy; (1) CEF 5-FU + cyclophosphamide + epi-adriamycin, (2) 5DFUR + TOR 5'deoxy-5-
fluoro-uridine + toremifene citrate.

9Haematological toxicity includes myelosuppression/bone marrow toxicity, neutropenia, febrile neutropenia, leukopenia, thrombocytopenia, pancytopenia,
anaemia, haemorrhage, and thrombosis.

"Gastrointestinal toxicity includes diarrhoea, mucositis, vomiting, and nausea.

*Dermatological toxicity includes hand-foot syndrome, stomatitis/oral mucositis/mucosal damage, skin ulceration, and alopecia.

‘Neurotoxicity includes peripheral neuropathy and encephalopathy.
“Hepatoxicity includes liver function damage.

YRenal toxicity includes renal dysfunction and proteinuria.

“Other toxicities include fatigue and fever.

*Fatality potentially due to severe 5-FU-related toxicity.

YFatality due to cancer progression following discontinuation of chemotherapy at patient’s discretion.

age ranged between 15 and 90 years, and slightly more men than
women were enroled in most studies. The most common type of
tumour was colorectal cancer and most patients received either
5-FU or capecitabine based combination chemotherapy treatment
that included oxaliplatin. All patients were reported to have
experienced grade 3 or higher fluoropyrimidine-related toxicities
(as defined above). Clinical manifestations included haematologi-
cal, gastrointestinal, dermatological, neurological, hepatic, and
renal toxicities, with many with myelosuppression, neutropenia,
diarrhoea, mucositis and hand-foot syndrome. Two fatalities were
reported, one potentially due to severe fluoropyrimidine-related
toxicity [60] and the other due to cancer progression following
discontinuation of chemotherapy [61].

DPYD genetic variants, haplotypes and in silico predictions
Across the 32 included studies, a total of 53 DPYD genetic variants
were reported, of which 20 have been reported in the CPIC
guideline [6] (Fig. 2). Genotype counts of variants reported in
patients with severe fluoropyrimidine-related toxicity across the 5
ethnicities with details of all extracted data items are presented in
Supplementary Table 5. Our in silico prediction results for all 53
DPYD variants identified are summarised in Table 3 with scores
obtained from each in silico prediction tool detailed in Supple-
mentary Table 6. In addition, 13 studies reported a combination of
DPYD genetic variants at individual patient-level and we were able
to identify 28 haplotype combinations as presented in Supple-
mentary Table 7. Subsequent paragraphs in this section will focus
on variants which were reported in more than 1 individual in each
ethnicity with either: (1) CPIC-reported decreased or loss of DPD
enzyme function or (2) unreported DPD enzyme function in the
CPIC guideline but predicted to be deleterious by > 60% of the in
silico tools we utilised. Variants which were excluded due to this
filtering process and haplotype combinations are described in
the Supplementary Results.

African American. 19 DPYD variants (2 missense, 2 frameshift, 11
intronic, one 5’-upstream, one 3'UTR, two 3’-downstream) were
reported across 3 case studies [60, 62, 63] and 1 cohort study [64]
conducted in patients of African American ancestry in the United
States (Supplementary Table 5).

Heterozygous carriage of the missense variant c557A>G
(Tyr186Cys) was reported in all 3 case studies [60, 62, 63]. This

variant has a mean prevalence of ~2% in reference populations of
African descent (Supplementary Table 1) [40, 41] and the presence
of either 1 or 2 copies of the ¢.557A>G variant allele is considered
to cause a decrease in DPD enzyme function (intermediate
metaboliser) by the CPIC guideline with moderate strength of
evidence. Up to 75% of the in silico prediction tools we utilised
predicted this variant to be deleterious and this variant was
classified as deleterious by APF (Table 3, Supplementary Table 6).
In vitro functional analysis containing the Tyr186Cys amino acid
substitution showed between ~15% to 29% reduction in DPD
enzyme activity relative to the wild-type (Table 3, Supplementary
Table 6) [57, 65]. In addition, in a healthy cohort of African
Americans, DPD enzyme activity in PBMCs was found to be 46%
lower in heterozygous carriers compared to non-variant carriers
[66]. Maharjan and colleagues (2019) did not include c.557A>G
genetic testing in their cohort of African American patients [64].

East Asian. A total of 30 DPYD variants (2 nonsense, 15 missense,
3 synonymous, 2 splice donor, and 8 intronic) were reported in
patients of East Asian ancestry which included 5 cohort studies
[67-71] and 2 case reports from China [72, 73], 2 cohort studies
[46, 48] and 3 case reports from Japan [61, 74, 75], 1 cohort study
from Korea [76], and 1 cohort study from Thailand [77]
(Supplementary Table 5).

Amongst the 30 variants identified, 15 have been reported in
the CPIC guideline including 3 loss of function variants, c.1156G>T
(Glu386Ter), c.1774C>T (Arg592Trp) and c¢.1905+1G>A, with
moderate, weak, and high strength of evidence respectively.
Heterozygous carriers of 1 of these 3 variants lead to decreased
enzyme function and are classified as intermediate metabolisers
by CPIC; while homozygous carriers of either of these 3 variants
lead to loss of enzyme function and are classified by CPIC as poor
metabolisers. In reference populations of East Asian descent, these
3 variants are rare with zero MAF observed for ¢.1156G>T and
¢.19054+1G>A, and a MAF of 0.1% for c.1774C>T (Supplementary
Table 1) [40, 41].

Heterozygous carriage of the truncating c.1156G>T variant was
reported in three Japanese patients, two from case reports who
both exhibited >10 fold decrease in PBMC DPD enzyme activity in
comparison to normal/healthy individuals [74, 75], and one from a
cohort study where heterozygous carriage of 1 of the 7 rare
pathogenic DPYD variants, c.596G>A, ¢.733A>G, c.914C>A,
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¢.1156G>T (p.E386X, 578060119, *12)
.1236G>A (p.E412E, rs56038477)

€.967G>A (p.A323T, rs201018345)
¢.1003G>T (p.V335L, rs72549306, *11)

¢.704G>A (p.R235Q, 1s755416212)
.733A>G (p.1245V, rs767836989)
C.496A>G (p.M166V, rs2297595)

¢.557A>G (p.Y186C, rs115232898)
.596G>A (p.S199N, rs776973423)

¢.451A>G (p.N151D, rs200562975)
C.464T>A (p.L155X, rs2101026231)

©.257C>T (p.P86L, 1s568132506)
©.299_302del or ¢.295_298deITCAT®
(p.F100fs, rs72549309, *7)

¢.62G>A (p.R21Q, rs80081766)
¢.85T>C (p.C29R, rs1801265,"9A)
T

[ n.688+20004C>T (1s7281745) |

C.40-3123T>A (rs4970722)
€.321+2T>C (rs1193078195)

€.680+139G>A (rs6668296)
€.681-29G>T (rs376597772)
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c.1601G>A (p.S534N, rs1801158, *4)
¢.1615G>C (p.G539R, rs142619737)
¢.1627A>G (p.1543V, rs1801159, *5)
¢.1679T>G (p.1560S, rs55886062, *13)
¢.1712C>A (p.A571D, rs1195493601)
¢.1737T>C (p.D579D)
9.97515583_97515584insA

cA774C>T
c.1863G>T
c.1896T>C
c.1898delC

p.R592W, rs59086055)
p.W621C, rs1057516388)
p.F632F, 1s17376848)

p.P633fs, 1572549303, *3)

[ c2194G>A (p.v7321, 11801160, °6) |

[ c:2303C>A (p.T768K, rs56005131) |

[ 02434G>A (p.v812I, rs371313778) |

[ c-2846A>T (p.D949V, rs67376798, *9B)° |

22 23 3'UTR '7—

¢.*5132C>T (rs76387818)
©."21528C>T (rs12132152)

©.1974+75T>C (rs72728438)

€.1905+1G>A (rs3918290, *2A)
€.1906-28506C>G (rs4492658)
©.1906-123C>A (rs56279424)

C.*768G>A (1s291592)

IVS23-69A>G

€.1740+40A>G (rs2811178)

€.1740+39C>T (rs2786783)

¢.763-118A>G (rs3790387)

C.851-18271AG (1s2811196) |

©.1340-11501T>C (rs2811219)
€.1525-11G>A (rs55699321)
¢.1525-9A>G (rs56056384)

1VS22+585C>T

©.2908-69C>T (rs290855) |

I ©.2766+37T>C (rs199712715) |

©.1129-15T>C (rs56293913)

Fig.2 53 DPYD variants identified in our systematic review. Variants listed in the CPIC guideline are highlighted in blue. The four prominent
European DPYD variants are in bold blue font. ®c.2846A>T was not identified in our systematic review. 5c.299_302del is also known as

€.295_298delTCAT (PharmGKB).

c.1156G>T, c.1666A>C, c.1712C>A, or c.1863G>T was significantly
associated with grade 3-4 toxicity in comparison to patients
without the 7 rare variants (OR = unreported; p=0.0271;
Supplementary Table 5) [48]. 100% of the in silico prediction
tools we utilised predicted c.1156G>T to be deleterious and
published in vitro expression analysis reported complete loss of
DPD enzyme activity (Table 3, Supplementary Table 6) [57, 78].

Two patients, one from a Korean cohort study and one from a
Thai cohort study, were heterozygous for the nonsynonymous
variant ¢.1774C>T [76, 77]. 100% of the in silico prediction tools
we utilised predicted c.1774C>T to be deleterious and the APF
classified this variant as deleterious (Table 3, Supplementary
Table 6). Previously published in vitro functional characterisation
of c.1774C>T reported >90% reduction in DPD catalytic activity
compared to the wild-type (Table 3, Supplementary Table 6)
[45, 57, 59, 78].

Heterozygous carriers of the intron 14 splice donor variant
¢.1905+1G>A were reported in one Thai cohort patient [77] and
14 Chinese cohort patients in which significantly higher inci-
dences of grade 3-4 myelosuppression, hand-foot syndrome,
diarrhoea, gastrointestinal reactions and mucositis were observed
(OR = unreported; p < 0.001 for each severe side effect) compared
to wild-type carriers [70]. 100% of the in silico prediction tools we
utilised predicted this variant to be deleterious and published
in vitro expression analysis reported ¢.1905+1G>A to be
catalytically inactive (Table 3, Supplementary Table 6) [56, 78].

Two Chinese patients from a cohort study, one with grade 4
bone marrow inhibition (BMI) and one with grade 4 BMI and grade
4 gastrointestinal toxicity, were reported to be heterozygous
carriers for the nonsense variant, c464T>A (Leul155Ter). This
variant is not reported in the CPIC guideline. The DPD enzyme
activity in PBMCs from both patients was ~45% lower than that in
non-carriers with Grade 1-2 toxicity (Supplementary Table 5) [71].
In addition, when c464T>A was analysed in composite with
¢.85T>C and ¢.2194G>A, the carriage of either c.464T>A, c.85T>C,
and/or c.2194G>A was associated with an increased incidence of
bone marrow toxicity (OR=24; p=0.0001) and gastrointestinal
toxicity (OR=8; p =0.0019) in comparison to non-variant carriers
(Supplementary Table 5) [71]. Over 80% of the in silico prediction
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tools we used predicted the c.464T>A to be deleterious (Table 3,
Supplementary Table 6). No allele frequency information in
reference populations of East Asian descent and other ancestries
has been reported for this variant (Supplementary Table 1) [40, 41].

Latin American. Only 1 cohort study from Chile was identified in
the Latin American population [79] and the authors detected 3
missense DPYD polymorphisms considered to have normal DPD
enzyme function by the CPIC guideline, c.85T>C, c496A>G, and
c.1627A>G (Supplementary Table 5, Supplementary Results).

Middle Eastern. 13 DPYD variants (1 splice donor, 8 missense, 4
intronic) were reported in patients of Middle Eastern ancestry.
There were 2 cohort studies from Tunisia [80, 81], 1 cohort study
from Jordan [82], 1 case report from Lebanon [83], and 1 case
series from Saudi Arabia [84] (Supplementary Table 5). None of the
variants passed our filtering process (Supplementary Results).

South Asian. 7 DPYD variants (6 missense, 1 splice donor) were
reported in patients of South Asian ancestry across 5 cohort
studies from India [85-89], one Indian case series [90], one case
study of an Indian patient in the USA [91], and 1 cohort study from
Bangladesh [92] (Supplementary Table 5).

With a prevalence of 0.3-1.5% in reference populations of South
Asian descent (Supplementary Table 1) [40, 41], the splice donor
variant ¢.1905+1G>A was reported in patients from Bangladesh
and India [85, 86, 88-90, 92]. The Bangladeshi cohort study
reported a significant association with anaemia (OR=4.7,
p =0.042), neutropenia (OR=6.47, p=10.018), thrombocytopae-
nia (OR=28.08, p=0.05), nausea (OR=10.06, p=0.012), and
diarrhoea (OR=5.76, p =0.026) when patients with grade 3-4
toxicities were compared to patients with grade <2 toxicities [92].
The Bangladeshi cohort study genotyped for only the
c.1905+1G>A variant, and the occurrence of other mutations
was not investigated. One of the four Indian cohort studies
reported a decreased incidence of mucositis (p=0.016) and
diarrhoea (p = 0.006) in DPYD variant carriers of either ¢.85T>C,
c496A>G, c.1627A>G, c.1905+1G>A and/or ¢.2194G>A after 50%
capecitabine dose reduction in cycle 2 of chemotherapy [88].

507



T.H. Chan et al.

[£8] 401

[£8] AN

[£8] AN

[S9 ‘28] T %6T-SL

[85] T %€ET

[6S ‘st] T %8€-LTT [£5] | %0z
[6S] T 9%€€E

[t | %L [£8] AN

[£8] 401

[ev] 1 %L6

[85] T %LT

[6S] T %6°€9 [95] | %€l

[£8] AN

Anande

D nd-s awAzus ada

A oa3IA Ut paysiiqnd

<

|edInaN

snous1aeg

snouR13eg
snoua1a|Rg
snoua1aRg
snoua1aRg
snowuR13eQg
|esnaN

Jayuep

Adv -aAdd

suonipaid

S ul paysliqnd

V/N
V/N

V/N
V/N
V/N
V/N
V/N

V/N
V/N

V/N

V/N
V/N
V/N
V/N
V/N
V/N
V/N
V/N
V/N

V/N

V/N

V/N

V/N

V/N

V/N

V/N

JBuipuiq
VNYIW

V/N
V/N

V/N
V/N
V/N
V/N
V/N

V/N
V/N

V/N

V/N
V/N
V/N
V/N
V/N
V/N
V/N
V/N
V/N

V/N

V/N

V/N

V/N
V/N

V/N

(€40 ) 4IN
(€40 1) 41

pbutpuiq
10108y
uondudsuel)

(¥ 40 ¥) OSN
(¥ 40 ¥) OSN

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 ) OSN

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 ¥) OSN

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 ¥) OSN

(7 40 €) OSN
(¥ 40 1) OS

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 €) OSN
(¥ 40 1) DS

(¥ 40 ¥) OSN
(¥ 40 ) OSN

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 €) OSN
(¥ 40 1) OS

(¥ 40 ¥) OSN

(¥ 40 7) OSN
(¥ 40 2) OS

(€ 40 €) OSN

(¥ 40 T) OSN
(¥ 40 2) OS

(¥ 40 ¥) OSN

(¥ 40 7) OSN
(¥ 40 2) OS

(¥ 40 €) OSN
(¥ 40 1) OS

V/N

,bupids

V/N
V/N

V/N

(Syo0v) 9
(s 1)a

(9409 a
V/N

(cLyo ) g
(4}
joti)a

(cL406)d
(cLo€)a

V/N

V/N

(4]
jo1l)g
(cLyo1)a

(4}
jozia

V/N
V/N

(cLyol) g
4]
joi)a

(cLy0€) g
(cLi06)a

(cLyo€) g
(cLi06)a

(940 1) 9
(9409)a

(zL
jozi)a

V/N

(€408 a

(cL
jozia

(0L406) 9
(oL01)a

(cLyov) g
(cLj08)a
V/N

V/N

42Indnns
Juonduny
uR04d

ua)eyapun suondipasd odifis uj

(S 'W)
T %0S ‘1 %05

(S'S)
PIOAY ‘T %08

(S)

abueyd oN

(S)
abueyd oN

(S W)
T %0S 1 %0S

(S)
abueyd oN

(S)
abueyd oN

(S'S)
ploAy ‘1 %05

(S)
abuey) oN

(S)
abuey) oN

WIWI

(W)
Wd ‘Wi

(W)
WN ‘WN

(M)
WN ‘AN

()]
WIWI

(W)
WN ‘AN

(M)
WN ‘WN

(W)
Wd ‘Wi

(G)]
WN ‘WN

(W)
WN ‘AN

71 uony|

Z1 uonu|

71 uony|

snowAuouAs
‘L1 uox3g

S9SUISUON
‘LL uoxg

0l uonu|

ERIEISTY]
‘0L uox3

OSUSSSIN
‘0L uox3g

6 uonu|
8 uonu|

JsuasSI
'/ uox3

SsUSSSIN
'/ UOX3

9 uosu|

9 uonu|

asuassI
‘9 uox3

EHVELHTY]
‘9 uox3y

dsuassI
‘9 uoxg

9SUSSUON
‘G uox3y

asuassI
‘S uoxg

Jouop 21|ds
‘p uonu|

Hlysswely
‘y uoxy

SsUISSIN
‘4 UOX3

QsuassI
‘zuox3
EHVELHTY]
‘zuoxy

L uonu|

sN.s

YAV IIV/39YH
(uonesyisse>)
uonjepuswiwodas
asoqg

(307)
adfyousyd
3a>uanbasuod
Jejndsjopy

ldd ‘uonesoq

‘M3IASI U_umptwwm\Am JNO Ul pajenjeAs sjuelleA gidd Jo

D<VY6-5¢SLD
V<OLL-GZSLD

D<LLOSLL-OPEL™D

nozLyn|od
‘egdeH/y<D9€z 1™

Tlx
“19198€n5d
‘1<D9SLLD

J<ISL-6CLLD

Ll
‘naseelend
‘L<DE0OL™D

1ylezeeyd
'Y<DL96

D<V1LC8L-1587
O<V8LL-€9LD

leAszalrd
'DVEELD

upsezbiyd
Y<DYOLD

1<96C-189>
V<D6£ 140892

usye6L495d
V<9965

sAHogLiALd
'DVLS5

1eA99L19Nd
D<Y961>

J31651na7d
V<19

dsylgLusyd
DY LSYD

J<lztlezed

Ly

‘sJ0013yd'd
‘sLVDLIPP86T_S6Z2
10 |9pz0E 6622
naqogoid'd
1<DLST?

V6%

‘Bay 6zsAkod
J<1582
uppLzbiyd
V<9792

V<LETLE-OVD

1<D¥600¢+889°U

sainjepuswou
3J3||e Je3s pue ;SADH

sasAjeue o13IA Ul pue suonipald odI|is uj

#8€9509554
LZ€6695554

6LTL18TsI

LL¥8€095S!

6110908454

€16£679554

90€6¥5C LS

Sv€8LOLOTSI
961118¢st

£8€06L€S4

6869€8/9/54

CLT9LySSLsa

CLLLBSOLES)

96789995/

ECVELEILLSI

868CECSLLSA

S6S/6CCS!

LezocoLoLesd

§/679500Ts4

S618L0€6LLS)

60€6¥SCLSI

90SC€EL8ISSA

S9T108Ls4

99/18008s4

¢TLOL6YSA

St/L186TLS

aisi dNS9P

0S651S26:L
S6S1S/6:L

SPC19S/6°L

€98€/5/6:L

EV6ELSL6'L

$86€/5/6:L

EVEE6SL6'L

6LE€65L6:L
LEVELILE'L

00€6£9.6:L

9/169L6:L
SLL169/6:L
£T8L69L6'L
C1T669.6:L
SEV669.L6:L
VL¥669L6 L
S€5669/6:L
6CSLTLLEL
wsLe/L6tL

06€0V.L6:L

8Ly0v/L6
-LLOVLL6L

9SYOvLL6:L

67£E8BL6:L
CS€E€E88L6:L
L6¥988L6°L

6/¥1T6L6'L

(8€YdYD)
dg44yd>

't 9lqel

508

498 - 514

British Journal of Cancer (2024) 131



T.H. Chan et al.

509

[6S ‘S¥] T %9S-2S [£8] AN
[8S1 1 %0¢€

[65 ‘s¥] | %lz-vl [£S ‘9S] AN
[9s] 401

[£8] 401

[6S ‘st] T %86-S6 [£8] T %06<

[65] | %L'6 [9S] 1 %Sz
[6S] T %9'sT

[s] | %81 [8S ‘951 AN
[£8] AN

[8S] T %lT

[98] | %9¢

e

D nd-s awfzua ada

4seskjeue ona ui paysiiqnd

snoualajeq

leanaN

snousiaRd

snouaiafeg

snouaiafReg

|ennaN

s(@Anisod
os|ed)
snou1jeQ

Adv

V/N
V/N
V/N

V/N

V/N

V/N

V/N
V/N

V/N

V/N

V/N
V/N
V/N

V/N
V/N
V/N

V/N
V/N

V/N

V/N

V/N

V/N

V/N

Jsyuep  Buipuiq
-aAdd VN

suondipaid

odijis u paysiiqnd

V/N
V/N
V/N

V/N

V/N

V/N

V/N
V/N

V/N

V/N

V/N
V/N
V/N

V/N
V/N
V/N

V/N
V/N

VN
V/N
VN
V/N
V/N
pBuIpuiq

10308y
uondiudsues)

uondipaid
1o} uonewojul
panodai
usdyynsu| V/N
(¥ 40 ¥) OSN V/N
(¥ 40 ¥) OSN V/N
(FJ0€)OSN (ZL408) 9
(F401)dS (CLiov)a
(zLj09) 9
(rJo¥)OSN  (ZL402)a
(lLyo9) g
(F4o¥)OSN  (LLJ09)a
(¥ 40 €) OSN
(¥ 340 1) OS V/N
(¥ 40 ) OSN V/N
(¥ 40 €) OSN
(¥ 40 1) OS V/N
(¥ 40 7) OSN
(¥ 40 2) OS (z0a
(€ 40 €) OSN (€408 a
(S4op) g
(7 40 ¥) OSN (So1)a
(¥ 40 €) OSN (zL
(¥ 40 1) OS jozi)a
(¥ 40 €) OSN (z1
(¥ 40 1) OS jozi)a
(¥ 40 ¥) OSN V/N
(¥ 40 ) OSN V/N
uondipaid
1o} uoneuwiojul
panodai
usyynsu| V/N
(Z 40 2) OSN (Fiov) g
(lLyo2) 9
(rJ0¥)OSN  (LL306)A
(zLjo ) g
(1
(7 40 ¥) OSN jotL)a
(zL
(¥ 40 €) OSN jo1l)8
(o 1)dS (zLyo1)a
(zLjo1) g
(Tl
(7 40 ¥) OSN jo11)a
(lLyo€) g
(rJ0¥)OSN  (LLy08)a
q2AnPNas
Juonduny
uRloid

ua)eysapun suondipasd odijis uj

(S)

abueyd oN

(S)
abueyd oN

(S’s)
PIoAY ‘T %08

(Ss)
PIOAY ‘T %08

(S)
abueyd oN

(S’s)
PIoAY ‘T %08

(S’s)
PIoAY ‘T %0S

(S)
abueyd oN

(S)
abueyd oN

(S)
abueyd oN

T uonuy|
7T uonu|
Tz uonuy|

DSUSSSIN
‘0z uox3

(M) suassIN
‘61 uoxg

(W) SsUSSSIN
‘gL uox3

§1L uonuj

1 uonu|

1 uonu|

Jouop 221ds

‘Buiddiys

(H) 1 uoxy
Wd ‘WI ‘1 uoiu|

w) Bysawely
Wd ‘Wi ‘b1 uoxz

(W) snowAuouAs
WN ‘N ‘1 uox3g

IsUISSIN
‘b1 uoxz

(M) SsUISSIN
Wd ‘WI ‘1 uoxg

€1 uonuj

€1 uoiu|

uolasu|
‘€L uonu|

snowAuouAs
‘€1l uoxg

9sUISSI
‘€1 uoxg

(W) S5UISSIN
Wd ‘WI ‘€l uox3g

(H) SsUSSSIN
WN ‘N ‘€l uoxg

(M) ISUISSIN
WN ‘N ‘€l uox3g

(W) SSUSSSIN
WN ‘N ‘€l uox3g

HYAIV ‘UV/33H

(uonedyssse|d)
uonepuswwodal
asoqg

(307)

adfjouayq

@>uanbasuod
Jejndsjopy

eJldd ‘uoneso

1<268S + ¢ZSAI
D<VY69-806C>
D<L££+99£T?

sliziLglend
'V<OVEVTD

sA189/1yLd
'Y<DE0ET

9%
3lizeLlend
'Y<OY6LTd

D<1S/+¥L617
V<DETL-9061

5<D9058¢-9061 7

VT
'Y<O1+5061

€x
‘sy€90.d'd
‘J9p8681™>

aydzegaydd
'2<19681

sho1zodiyd
1<DEYBLD

dijzeshay-d
L<OYLLLD

1<D06€+0vL1LD
D<VOr+0orLLD

VSUIy8SS1LG/6 €8S515L6
dsye/gdsy-d

D<LLELLD

dsy1/selyd

W<OTLLLD

€lx
19509531
D<16/91

Sx
‘leAgpsalrd
DYLTILD

BiyeesAiod
'J<D5191D

2
‘usyegIas d
‘Y<DL09LD

sainjepusawou
3j3||e Jeis pue ;SADH

§5806¢s! S1T6L0L6:L
SLLTLLE6LS CS¥860L6:L
8LLELELLES 0987€CL6:L

LELS0095S4 L66vETL6:L
09L108Ls4 Y9€S0€L6 L
8E¥8CLT/S) 8LETBELG L
YTy6.7955! ¥85T8EL6 L
859C6Vs) £9601¥L6'L
06¢8L6Es! 85005¥.6:L
£900S¥26
€0€67ST/S) -9900S¥26:L
8¥89LELLS) 89005¥.6:L
88E€9LS/S0LSA LOLOSY/6:16S ST
5509806554 06L0S¥.6:L
€8/98/Ts4 £89S15/6:L
8/LLL8Ts! 989G15L6:L
€8SS1S/6:L
6C/SLSL6'L
LO9€6YS6L LS YS/SLSL6'L
9098855S4 £8LSLSL6'L
6SLL08Ls! 6€8SLS/6:L
LEL6LITYLSA LS8SLSL6:L
8GL108Ls! G98S1S/6:L
(8€YDYD)
aisi dNS9pP dg:44d>
panunuod  °¢ 9|qel

498 - 514

British Journal of Cancer (2024) 131



T.H. Chan et al.

510

“JUBLIEA PIYNUSPI YUM (L = ) @7 399443d Ul S| YdIYm 80Z198ZHLSI JUBLIBA TZ UOAUI JAJT Buisn pawopad sem uondipaid odljis ul,
‘uolIdUNY [BLWION = 4N ‘pasessdu] = | {padnpay = 1 :UoiduNy JO SSOT = 407 :SMO||0} Se paubisse 21am S2102s aY] ‘pariodal aIdMm [6S ‘Si] N4-S S1e4ISgNS pue S||9d 1 4E6Z PuUe ‘[8S] SUIWAL) 91e41SgNs pue s||3d
ul-di4 1E6ZYIH I£S ‘95 ‘TH] N4-G d1ensgns pue s||9d £1/1€6ZYIH Buisn siueten gAda yum passaidxe Apusisuel) syuswiliadxa OlIA Ul Wody uondnpal N4-§ pue AAnoe awAzus gdq uo elep [euonduny paysiignd,
‘[SS] 4dV J0 sioyine AQ aAnisod 3s|ey se paynusplg
"paldeaXd 3I9M ‘[SS ‘PS] (4dV) HOoMdwel uoNdIPald pasiwndo-3NAY Y1 pue [€5] JSYUBA-AAdQ ‘S|opow uondipaid [euonsuny odljis ul padojaasp Ajsnolaaid woly elep paysliqnd,
‘pa1eald aus Bulpuig YNYIW = YIW SMO||0) Se PISLIeLIWINS 3JaM S)NsaJ uondipaid 0dljis U] I9dINSOIW pue aseqelep S1yIwA|od ayl Buisn pardipald sem syNyiw 196.e) 1oy Aluyje Buipuiq uo 10343,
‘Buipuiq J03oe) uondudsuesy ul
abueyd oN = 4N ‘Buipuiq Joidey uondudsuel) ur 3BUBYD = 4] SMOJ||0) SB PISLIBLILUNS SI9M S} Ns3) uondIpaid odijiis Uj dvdLs pue S841ZdNS ‘OWOYd Buisn paidipaid sem Buipulq Jo1oe) uondudsues) uo 1933,
‘buidids
ur abueyd oN = DSN ‘Bumiids ur sbuey) = DS :SMO||0) SB PASLIBLUWINS 2I9M S)NSJ UodIpald 0dijis U] 1anoyadl|ds pue ‘@21dSNN ‘(4SH) 4apuld Budids uewny ‘y921jds Buisn paidipaid sem Buidids uo 1293,
‘|es3anau Jo ‘Aljigeqold snouaiajsp moj ‘ubluaq A9yl ‘paiesalol ‘ubluaqg
9q 0} paipaid sem juelieA Ji (g) ubluaq pue !Ajiqeqoid snousisRp winipaw Jo ‘Aljiqeqoid snouiaep ybiy ‘buisned-aseasip A9y Dlusboyied A|qissod Diusboyied ‘buibewep A|qissod ‘HBuibewep Ajgeqoid
‘buibewep ‘snolS19|dp 3q 01 pPaldIpaid sem JuelieA Ji (J) SNOLISISISP Se PaYISSe|d dI9M $3400S uoldIpald 0d1jis U] ‘ZdNSIIP3Id pue (aayD) uons|dsg juspuadsg uonelouuy pauiquo) ‘Lz0oziaise] uoneiniy
‘(IWWHLV4) SISPOW Aodiey usppiH ybnouyl siskleuy |euondund ‘Yieidy ‘Jossassyuoneiniy ‘(J7An3y) Joulea o|quiasul ueliep awox3 aley ‘(1WAVHD) |00L Siueuep Jo sisAjeuy paleay-iadued ‘(dyd
-IN) Aadiuaboyied ajqediddy Ajjesiuld uelspus|y ‘zpaldiniy ‘(Z-uaydAjod) za buidfiouayd wsiydiowA|od ‘(141S) 3uessjo] wol4 Jueldjoiu] buiios Aq paidipald sem ain3dniis Jo uofduny ulosd gdg uo waya,
‘pauiodal e suolepuswwWodal 3sop aulpiwlAdolony Jo uonesyisse)d ayy pue ‘adAousyd/adAiousb uo paseq suonepuswWWOIS 3sOp dulplwAdoion)y
sy} ‘adAjousyd 03 adAjousb Bupjuil (307) 3duUspIAR Jo s|aAs| Bulpelb syl ‘edflousb gidg uo paseq adKiousyd ada A aYs ‘GAdd pue saulpiwuAdolonyy 1oy aulepinb JidD 3yl Yyim adueplodde uj,
‘(@Dwieyd) 1¥D1I9P86C S6T2 Se UMOWY Os|e sI [9PZOE 66T
'Pasn 319M Z'10L000 dN PUe 0L L1000 IWN S3duanbas a5uaiaseY,,
Seap\ M ‘uolbas pajejsuenun yin ‘weansdn sn ‘buipuiq uondudsuery ul abueyd 44 ‘Buids ul abueyd 5§ ‘Buoils § UaLIed JuelLeA SNOBAZOIRISH 1jy/JaY ‘PIdNPaY Y ‘19zI|oqeIa|N 100d Wd ‘Bulpulq
10308} UondIDSURI) Ul 3bueyd ON 41N ‘Buidiids ul abueyd ON JSN “49zIJ0gqeIBIN [BWION N ‘UoIdUNS [BWON 4N ‘Olqedijdde JoN /N ‘|eIINaN/[BWION N ‘@3S Bulpulq YNYIW YW ‘91eISPOIA Jy ‘UO1IdUNY JO SSOT 07
‘9IUBPIAS JO S[9ADT JOT 49ZI|OqeIB|A 1RIPAWLIDIU| Y] ‘PIseaIdU] [ ‘A1D1D0S UollelIeA SWOUSD uewnH SADH ‘YbiH H ‘2uab aseusboipAysp suipiwuAdoipAyla gada ‘snousisjeg @ ‘wipald Jouued 4/) ‘Wnijosuod
uonejuswa|dw soneusbodewleyd [ed1UlD JdD ‘@dueded]d) disulul 1) ‘swosowoly) Jy) ‘uonisod Jled aseg 4g ‘ubluag g “jJomawel uoldipald pasiwndo-JNQy {4y “U91ied jueueA snobAzowoH Iy )y

4(€ 40 2) DSN aAda
V/N V/N (€40 1) DS V/N J0,€ f 0T~ 1<08T5LTD TsizeLzLss 8b/S0L6:L
4(€ 40 2) DSN arda
V/N V/N (€40 1) DS V/N 40,6 Pl b~ 1<DTELSHD 818/8€9/5 Y8ELOLE!L
(070
Yiw V/N (¢ J027) OSN V/N 41n € V<D89/x 7651678 8078L0L6:L
uondipaid
10} uonew.ojul
payiodal
V/N V/N uaPYINsU| V/N €2 uonuy D<V69-€TSAI
NYAIY UV/seY
um.__t:_n q24nPNas (uonedyisse|d)
Ayande Joyuen SBuipuiq Joyoey Juonduny uonepuUBWWOodA (307)
D nd-s awAzua ada Adv -dAda VNyiw  uondudsuely ,6upyds u1R)01d asoq  adfjouayq
3>uanbasuod
suondipasd Jendasjoy sainjepuawou (8€YDHO)
ysosAjeue oniA ur paysiiqnd od1jis u1 paysliqnd ua)esapun suondipaid odipis uj Jldd ‘uone>oq aJ3||e Je3s pue ,SADH ais4 dNSP dg:yd

psnunuod  °g 3|qe]

British Journal of Cancer (2024) 131:498-514



DISCUSSION

This systematic review has identified numerous variants in the
DPYD gene which have been reported in non-European indivi-
duals with severe and sometimes fatal toxicity associated with the
use of fluoropyrimidines. In the UK and EU, testing for 4 DPYD
genetic variants is undertaken before the use of fluoropyrimidines
[36, 37] — in England, we currently do 38,000 tests per year. This is
an important success story for the implementation of pharmaco-
genomics, but there is still a need to improve the testing pathway,
both in terms of increasing the number of genetic variants tested,
and ensuring that we are not disadvantaging particular ethnic
groups.

It is interesting to note that our systematic review has identified
3 of the 4 DPYD variants tested in the UK and EU [36, 37], in non-
European individuals. The ¢.1905+1G>A variant, which leads to
exon 14 skipping, has been reported in 1 Thai [77], 14 Chinese
[70], 1 Lebanese [83], 7 Bangladeshi [92] and 18 Indian [85-90]
patients with fluoropyrimidine-related toxicity. The frequency of
this variant is 0% in East Asian reference populations, 0.3% in
Middle Eastern reference populations, and 0.3-1.5% in South
Asian reference populations [40, 41]. The c.1679T>G and
¢.1236G>A/HapB3 variants have been reported in 1 Tunisian
patient [81] and 1 Thai patient [77], respectively. The prevalence of
c.1679T>G is 0% in Middle Eastern reference populations [41] and
the frequency of c.1236G>A/HapB3 ranges from 0.01-0.1% in East
Asian reference populations [41]. According to the 2021 UK census
[93], South Asians, East Asians, and Arabs represent 6.7%, 1.3%,
and 0.6% of the UK population, respectively, and thus they will
benefit from the genetic testing which is offered to all patients in
the UK if they require treatment with 5-FU or its analogues.

Clearly, there are other variants in these ethnic groups which
need further investigation. For example, in South Asians and
Middle Easterners, our systematic review identified single
occurrence of missense variants ¢.704G>A  (p.Arg235GIn,
rs755416212) [91] and ¢.257C>T (p.Pro86Leu, rs568132506) [84],
respectively. These variants are not reported in the CPIC guideline
but are predicted to be deleterious by 100% of the in silico tools
we used, with one research study reporting significant reduction
of DPD activity in vitro (97% decrease) with the ¢.257C>T variant
[42]. Further functional work and greater interrogation of patients
who have had toxicity is warranted to confirm these findings and
to identify other functionally relevant variants.

Our systematic review has identified 3 case studies detecting
the ¢557A>G variant (rs115232898, p.Tyr186Cys) in African
Americans with severe 5-FU-related toxicity [60, 62, 63], one of
which was potentially fatal [60]. In addition, in an editorial which
was not eligible for inclusion in our systematic review, this variant
was reported in an African-Caribbean patient with severe 5-FU-
related toxicity [94]. This is a nonsynonymous variant located on
exon 6 where in vivo [66] and in vitro studies [57, 65] have shown
between ~15% to 46% reduction in DPD activity relative to
wildtype. The CPIC guideline recommends 50% reduction in
fluoropyrimidine starting dose for heterozygous or homozygous
carriers of the ¢.557A>G variant allele with moderate and strong
classification, respectively. Data from the 1000 Genomes Project
Phase 3 confirms that c.557A>G is mainly found in African
populations (Afro-Caribbeans in Barbados, African Americans in
southwest United States, Yoruba in Ibadan (Nigeria), Luhya in
Webuye (Kenya), Gambian in Western Divisions in the Gambia,
Mende in Sierra Leone, and Esan in Nigeria), with allele frequency
ranging between 1-4% [40]. This variant is virtually non-existent in
Europeans, East Asians and South Asians. In the United States, the
Mayo Clinic and several commercial laboratories includes
¢.557A>G in their pre-treatment DPYD testing to identify
individuals at increased risk of toxicity when considering
fluoropyrimidine chemotherapy treatment. However, this variant
is currently not included in the UK NHS DPYD genetic testing. In
the 2021 UK Census, 4% (2.4 million) of the total population in
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England and Wales identified their ethnic group within the “Black,
Black British, Black Welsh, Caribbean or African” category [93].

Our systematic review also shows that few novel variants in the
DPYD gene have been reported in Middle Eastern [82] populations
with a paucity of data in Latin American populations [79],
highlighting the need for more studies in these populations.
Indeed, further studies are needed in all populations (European
and non-European) to fully understand the spectrum of harmful
mutations which occur in this gene. This will require careful
identification and assessment of patients with toxicity caused by
5-FU or its analogues, and subsequent sequencing of the DPYD
gene together with functional characterisation of any mutations
identified. To this end, we have initiated a programme of work
(called “DPYD-International”) which has the aim to identify
affected patients globally so that evidence can be generated to
optimise the pathway for DPYD genetic screening to maximise
benefits for all populations and minimise any unintended
inequalities.

Previous studies have shown that DPYD intermediate and poor
metabolizers receiving conventional doses of fluoropyrimidine are
at significantly higher risk for severe toxicity and treatment-related
mortality [31, 32] and pre-treatment testing followed by
genotype-guided dose reduction in variant carriers significantly
reduces toxicity and mortality risks [31-35], and associated
hospitalisations [32, 95-97]. This strategy has also been shown
to be cost-effective. For example, a UK-based study of an
extended DPYD genetic panel showed that genotyping was
dominant over standard of care, with a saving of £78,000 per
patient over a lifetime [98]. Two other studies, one from Canada
[99] and another from Iran [100], have also shown pre-prescription
DPYD genotyping to be cost saving, while studies from the US [95]
and Spain [101] showed it to be cost-effective.

Our systematic review has limitations. The proportion of non-
English language publications varied across the four electronic
databases we utilised: Embase (OVID) — 0.9%, Web of
Science — 3.2%, MEDLINE (PubMed) — 5%, Scopus — 6.6%. We
had to rely on a mixture of different study types, including case
series, case reports and cohort studies, to identify affected
patients. Clearly this represents selective reporting, and many
patients with important variants are either not reported, or more
likely not genotyped or sequenced due to variability in genetic
testing methods and target gene regions/variants. This may be
particularly the case with fatal cases where DNA may not be
available for retrospective testing. It is therefore important future
studies are designed to identify and sequence these patients to
evaluate the full spectrum of mutations associated with toxicity
from 5-FU or its analogues. An individual patient-level analysis
might have been more rewarding but the number of studies
conducted in each ethnicity was small and some authors did not
respond to invitations to provide data clarification. Although
large-scale biomedical databases such as the UK Biobank has been
designed to facilitate health-related research, secondary care data
relating to severe fluoropyrimidine-related toxicity are not
available in these databases. For many of the variants identified
in this review, the functional consequences are unknown; very few
studies have measured in vivo DPD activity and furthermore,
different methods for measuring DPD activity were used. We have
undertaken a comprehensive in silico evaluation of the likely
functional consequences of the mutations, but further functional
evaluation will be needed for many of the variants. Notably, our
systematic review has identified a number of patients carrying
more than one DPYD variant and in particular one African
American carrying 2 loss-of-function variants ¢.299_302del/
c.295_298delTCAT and ¢.1898delC in addition to the decreased
function variant ¢.557A>G (Supplementary Results) [63]; how the
co-expression of functional DPYD variants affects overall DPD
activity and the consequences for the severity of fluoropyrimidine-
related toxicity remains to be elucidated. Our focus has been on
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the DPYD gene, but there are other potential genes (e.g. MIR27A,
TYMS, ENOSF1, MHTFR) which may be important in predisposing
to toxicity from the fluoropyrimidines, and these will need a
separate evaluation.

In conclusion, our systematic review has focused on non-
European patients and has identified numerous variants in the
DPYD gene which have been reported in patients with severe
toxicity after treatment with 5-FU or its oral analogues. The UK is
an increasingly multi-cultural and ethnically diverse society with
18% of the population from non-European ethnic groups but we
test for 4 variants which have been identified from studies
undertaken in European populations. However, our analysis shows
that 3 of these 4 variants are also important in South Asian, East
Asian and Middle Eastern individuals. From the evidence gathered,
and based on practice elsewhere in the world, we feel that it
would be important to extend DPYD genetic testing in the UK NHS
to include the c.557A>G variant which has been identified in
individuals of African ancestry. The other variants described in this
systematic review need further evaluation for incorporation into
the testing pathways either in the UK or elsewhere including other
multi-ethnic countries like the EU, USA and Canada, where non-
Europeans represent 10-15%, 24.5%, 10.8% of the population,
respectively. If sequencing becomes the standard method for
characterising DPYD variation, we hope the information contained
within this systematic review will be of use to diagnostic labs and
policy makers.

DATA AVAILABILITY
Data used in this review is provided in Supplementary Appendices; any additional
data are available upon request to the corresponding author.
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