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c.1236G>A/HapB3, and c.1601G>A as predictors of severe 
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Summary
Background The best-known cause of intolerance to fl uoropyrimidines is dihydropyrimidine dehydrogenase (DPD) 
defi ciency, which can result from deleterious polymorphisms in the gene encoding DPD (DPYD), including DPYD*2A 
and c.2846A>T. Three other variants—DPYD c.1679T>G, c.1236G>A/HapB3, and c.1601G>A—have been associated 
with DPD defi ciency, but no defi nitive evidence for the clinical validity of these variants is available. The primary 
objective of this systematic review and meta-analysis was to assess the clinical validity of c.1679T>G, c.1236G>A/HapB3, 
and c.1601G>A as predictors of severe fl uoropyrimidine-associated toxicity.

Methods We did a systematic review of the literature published before Dec 17, 2014, to identify cohort studies 
investigating associations between DPYD c.1679T>G, c.1236G>A/HapB3, and c.1601G>A and severe (grade ≥3) 
fl uoropyrimidine-associated toxicity in patients treated with fl uoropyrimidines (fl uorouracil, capecitabine, or 
tegafur-uracil as single agents, in combination with other anticancer drugs, or with radiotherapy). Individual patient 
data were retrieved and analysed in a multivariable analysis to obtain an adjusted relative risk (RR). Eff ect estimates 
were pooled by use of a random-eff ects meta-analysis. The threshold for signifi cance was set at a p value of less than 
0·0167 (Bonferroni correction).

Findings 7365 patients from eight studies were included in the meta-analysis. DPYD c.1679T>G was signifi cantly 
associated with fl uoropyrimidine-associated toxicity (adjusted RR 4·40, 95% CI 2·08–9·30, p<0·0001), as was 
c.1236G>A/HapB3 (1·59, 1·29–1·97, p<0·0001). The association between c.1601G>A and fl uoropyrimidine-associated 
toxicity was not signifi cant (adjusted RR 1·52, 95% CI 0·86–2·70, p=0·15). Analysis of individual types of toxicity 
showed consistent associations of c.1679T>G and c.1236G>A/HapB3 with gastrointestinal toxicity (adjusted RR 5·72, 
95% CI 1·40–23·33, p=0·015; and 2·04, 1·49–2·78, p<0·0001, respectively) and haematological toxicity (adjusted 
RR 9·76, 95% CI 3·03–31·48, p=0·00014; and 2·07, 1·17–3·68, p=0·013, respectively), but not with hand-foot 
syndrome. DPYD*2A and c.2846A>T were also signifi cantly associated with severe fl uoropyrimidine-associated 
toxicity (adjusted RR 2·85, 95% CI 1·75–4·62, p<0·0001; and 3·02, 2·22–4·10, p<0·0001, respectively).

Interpretation DPYD variants c.1679T>G and c.1236G>A/HapB3 are clinically relevant predictors of fl uoropyrimidine-
associated toxicity. Upfront screening for these variants, in addition to the established variants DPYD*2A and 
c.2846A>T, is recommended to improve the safety of patients with cancer treated with fl uoropyrimidines.

Funding None.

Introduction
The fl uoro pyrimidines capecitabine, fl uorouracil, and 
tegafur are the backbone of treatments for 
gastrointestinal, breast, and head and neck cancers. Of 
the patients treated with fl uoropyrimidines, 10–30% 
have severe treatment-related toxicity, which is lethal in 
0·5–1% of patients (with treatment-related mortality of 
up to 5% reported in elderly patients).1–4 The most well 
known cause of intolerance to fl uoropyrimidines is 
defi ciency of the key enzyme for metabolism of 
fl uorouracil, dihydropyrimidine dehydro genase (DPD), 
encoded by the gene DPYD. DPD defi ciency is detected 
in 39–61% of patients with severe toxicity, emphasising 

its importance as a risk factor for severe toxicity.5 The 
activity of DPD is regulated at the transcriptional level, 
including by transcription factors SP1 and SP3, and at 
the post-transcriptional level, for instance by microRNA 
27-a (miR-27a) and microRNA 27-b.5–8 A substantial 
proportion of the cases of DPD defi ciency are, however, 
the result of deleterious polymorphisms in DPYD, 
which have therefore received widespread attention as 
predictors of fl uoropyrimidine-associated toxicity.9–18

The most well established deleterious DPYD variants 
associated with fl uoropyrimidine-associated toxicity are 
DPYD*2A (IVS14+1G>A, c.1905+1G>A, or rs3918290) and 
c.2846A>T (D949V or rs67376798).19,20 The results of several 
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studies and a meta-analysis have shown strong associations 
between these variants—both with a frequency of 
heterozygotes of about 1% in white people—and 
fl uoropyrimidine-associated toxicity.9,10,12,13,21,22 Importantly, 
screening before treatment for DPYD*2A, and a 50% 
reduction in starting dose given to patients who carry the 
variant allele heterozygously, results in therapeutic 
fl uorouracil exposure and reduces the risk of severe 
toxicity, showing the clinical utility of upfront DPYD 
screening to prevent severe toxicity. Furthermore, this 
strategy of DPYD genotype-guided dosing in patients 
carrying DPYD*2A was shown to be feasible in routine 
clinical practice and to be cost saving.23

Three other DPYD variants have been associated with 
altered DPD activity and fl uoropyrimidine-associated 
toxicity—ie, c.1679T>G, c.1236G>A, and c.1601G>A—but 
data on clinical validity are inconclusive. Conclusive 
evidence for clinical validity of DPYD variants is crucial 
before upfront screening and dose adjustments can be 
recommended as a strategy to improve safety of patients 
treated with fl uoropyrimidines.

The variant c.1679T>G (I560S, DPYD*13, or rs55886062) 
has a frequency of heterozygosity of about 0·2% in the 
white population,10,12,24–26 and has been associated with 
reduced DPD activity in in-vitro studies.27 The Clinical 
Pharmacogenetics Implementation Consortium has 
recommended a 50% dose reduction for patients with this 
variant in heterozygous form.28 However, because of the 
low frequency of c.1679T>G, the association between 
c.1679T>G and fl uoropyrimidine-associated toxicity has 
not been shown defi nitively in any study.10,12,14,16,29 More data 
on the clinical validity of this variant are therefore needed 
before advising upfront screening. For c.1236G>A (E412E 
or rs56038477), a synonymous variant that is in complete 
linkage with the deleterious deep intronic variant 
c.1129-5923C>G (rs75017182) in haplotype B3 (HapB3),29,30 
an association with fl uoropyrimidine-associated toxicity 
has been shown in several studies,14,29,30 but the results from 
other studies did not confi rm these associations.9,13,15,16,31 
Data for the eff ect of c.1236G>A/HapB3 on DPD activity 
are inconclusive, and it therefore remains to be established 
whether a dose reduction should be recommended for 
patients with this variant.28,30,32 A third variant, c.1601G>A 
(S534N, DPYD*4, or rs1801158), has been associated with 
altered DPD activity27 and an increased risk of 
fl uoropyrimidine-associated toxicity in one study,16 but no 
signifi cant association with toxicity was noted in other 
studies.9,11,13,29,31,33

Unlike the well studied DPYD variants DPYD*2A and 
c.2846A>T, data for clinical validity of c.1679T>G, 
c.1236G>A/HapB3, and c.1601G>A are inconsistent and 
no meta-analytic data are available. Therefore, we did a 
systematic review and meta-analysis using individual 
patient data from previous investigations to assess the 
clinical relevance of c.1679T>G, c.1236G>A/HapB3, and 
c.1601G>A as predictors of severe fl uoropyrimidine-
associated toxicity. The primary objective in this 

meta-analysis was to fi nd out whether these DPYD variants 
are associated with severe (grade ≥3) fl uoropyrimidine-
associated toxicity, according to the National Cancer 
Institute’s Common Terminology Criteria for Adverse 
Events (CTC-AE), in patients treated with fl uoropyrimidine-
based anticancer regimens.

Methods
Search strategy and selection criteria
We did a literature search of PubMed and Embase to 
identify studies reporting on associations between 
c.1679T>G, c.1236G>A/HapB3, and c.1601G>A and 
fl uoropyrimidine-associated toxicity, published before 
Dec 17, 2014. Additionally, an unpublished pharma-
cogenetic analysis from our own institute, which 
investigated the association between DPYD variants and 
fl uoropyrimidine-associated toxicity in 1606 patients, was 
also included in the analysis (Meulendijks D, unpublished 
data). The following search terms were used for the 
literature search: “(DPYD OR DPD OR dihydropyrimidine 
dehydrogenase) AND (polymorphism OR Polymorphism, 
Single Nucleotide[mesh] OR Polymorphism, Genetic[mesh] 
OR pharmacogenet*[tiab] OR Pharmacogenetics[mesh] 
OR mutation/genetics OR genotype[mesh] OR poly-
morphisms OR variant OR variants OR SNP OR c.1236G>A 
OR E412E OR rs56038477 OR c.1129-5923C>G OR 
rs75017182 OR c.1601G>A OR S534N OR DPYD*4 OR 
rs1801158 OR c.1679T>G OR I560S OR rs55886062 OR 
DPYD*13) AND (toxicity OR adverse OR side-eff ects OR 
Antineoplastic Combined Chemotherapy Protocols/
adverse eff ects[mesh])”.

All search results were screened by title and abstract, 
and full-text articles of potential relevance were retrieved 
and assessed. Reference lists were searched for additional 
relevant publications. Studies were eligible for inclusion 
if they met the following criteria: patients were treated 
with fl uoropyrimidines (fl uorouracil, capecitabine, or 
tegafur-uracil; as single agent or in combination with 
other anticancer drugs or with radiotherapy); patients 
were genotyped for c.1679T>G, c.1236G>A/HapB3, or 
c.1601G>A (for c.1236G>A/HapB3, both c.1236G>A and 
c.1129-5923C>G were a proxy for haplotype B3 and these 
variants were assumed to be in complete linkage based 
on published data14,30 and our own unpublished data); the 
study had a cohort design (including secondary analyses 
of clinical trials) so as to allow appropriate estimation of 
the relative risk (RR); and toxicity was assessed and 
recorded according to the CTC-AE. If several studies 
reported on (or part of) the same patient population, 
patients were included in the analysis only once (ie, the 
most extensive report was included). Studies were 
excluded from the primary analysis if any of the following 
was applicable: the patient population was selected on the 
basis of their toxicity phenotype or DPYD genotype status 
(if only some of the patients were selected on the basis of 
toxicity phenotype or DPYD status, these patients were 
excluded from the analysis), the study was reported in a 
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language other than English, or none of the patients had 
any of the DPYD variants investigated. Review articles 
were excluded. For completeness, all identifi ed 
case-control studies investigating the eff ect of DPYD 
variants on the risk of fl uoropyrimidine-associated 
toxicity were selected for a secondary analysis (appendix).

Data gathering
We aimed to gather all individual patient data from 
investigators who previously reported on associations 
between c.1679T>G, c.1236G>A/HapB3, or c.1601G>A 
and fl uoropyrimidine-associated toxicity. The requested 
data consisted of the maximum toxicity per patient 
during the period studied by the investigators, patients’ 
characteristics known to be relevant in relation to 
fl uoropyrimidine-associated toxicity for use as covariables 
(preferably including age, sex, treatment regimen or 
concomitant chemotherapy, dose of the fl uoropyrimidine, 
and renal function). If individual patient data could not 
be gathered, toxicity counts were extracted from the 
report. A descriptive analysis of the quality of the 
included studies was done independently by two 
investigators (LMH and DM) with the recommendations 
from Strengthening the Reporting of Genetic Association 
studies34 and Human Genome Epidemiology Network35 
as guidelines. The reported results are based on 
consensus between the two investigators.

Statistical analysis
A summary of the statistical analysis is provided here (full 
details are provided in the appendix). The primary 
endpoint was RR for any severe, CTC-AE grade 3 or greater 
fl uoropyrimidine-associated toxicity in carriers of hetero-
zygous or homozygous variant alleles compared with 
patients without the variant allele. A two-stage analysis 
approach was used. First, the endpoint was calculated for 
each individual study, based on individual patient data 
whenever available, with modifi ed Poisson regression with 
adjustment for factors known to be associated with toxicity. 
Whenever available, the following covariables were 
included in the multivariable analysis: age, sex, 
fl uoropyrimidine dose, renal function, and treatment 
regimen. If individual patient data could not be gathered, a 
crude RR was calculated using a 2 × 2 table, based on data 
extracted from the publication, and the crude RR was 
included in the analysis without correction for covariables. 
A zero-cell count continuity correction of 0·5 was applied 
if needed.36 A dominant genetic model was applied because 
of the low frequency of homozygous variant genotypes.

In the second stage, RRs from the individual studies 
were combined by use of DerSimonian-Laird random-
eff ects meta-analysis.37 A random-eff ects model was 
chosen because true diff erences in eff ect size between 
patient populations, as a result of diff erences in patients’ 
characteristics and treatment regimens, were assumed. 
Results were reported as RRs with their 95% CI and 
corresponding p values. Heterogeneity was assessed 

with Cochrane’s Q test, with a threshold for the p value 
of less than 0·1 for signifi cance, and the Higgins and 
Thompson I² statistic was assessed.38 A Bonferroni 
correction for multiple testing of the three DPYD 
variants was applied—ie, the threshold for signifi cance 
for the primary endpoint was set at a p value of less than 
0·0167. The same threshold for signifi cance was used for 
analysis of subtypes of fl uoropyrimidine-associated 
toxicity. The reported p values are unadjusted.

The eff ect of DPYD variants on risk of subtypes of 
fl uoropyrimidine-associated toxicity—ie, gastrointestinal 
toxicity, haematological toxicity, and hand-foot 
syndrome—was analysed with a one-stage approach 
based on the retrieved individual patient data, with 
adjustment for age, sex, treatment regimen, and the study 
in which the patient was treated. To investigate the 
robustness of associations between DPYD variants and 
toxicity across patients’ characteristics and treatment 
regimens, prespecifi ed subgroups according to age, sex, 
and treatment regimen were assessed in the same pooled 
dataset. Statistical interaction terms between DPYD 
variants and patients’ characteristics and treatment 
regimens were also assessed in this dataset.

Leave-one-out (leave-one-study-out) meta-analysis was 
done to assess robustness of fi ndings in terms of the 
primary endpoint. Publication bias was assessed with 
Begg’s funnel plots and Egger’s regression test for 
funnel plot asymmetry. The eff ect of timeframe in which 
toxicity was assessed on the primary endpoint was 
investigated by comparison of the summary estimates 
from studies that assessed a short timeframe (shorter 
than the complete treatment duration) with studies that 
assessed a long timeframe (whole treatment duration) 
by use of metaregression.

Sensitivity and positive predictive value of the DPYD 
variants to predict severe fl uoropyrimidine-associated 
toxicity were calculated for each individual study and 
subsequently combined using DerSimonian-Laird 
random-eff ects meta-analysis.37 Frequencies of other 
established DPYD variants (DPYD*2A and c.2846A>T) in 
groups of patients depending on c.1679T>G, 
c.1236G>A/HapB3, and c.1601G>A genotype were 
calculated whenever data for DPYD*2A and c.2846A>T 
were available. Meta-analyses were repeated after 
excluding patients with either DPYD*2A or c.2846A>T, to 
assess the potential eff ect of these variants on the results 
of the analysis. Additionally, meta-analysis was done for 
variants DPYD*2A and c.2846A>T to compare eff ect sizes 
with those obtained for the investigated variants.

All statistical analyses were done in R (version 3.1.1). 
The PRISMA-individual patient data statement was used 
as a guideline for preparation of the fi nal report.39

Role of the funding source
There was no funding source for this study. DM, LMH, 
and JHMS had full access to the data and fi nal 
responsibility to submit.

See Online for appendix
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Results
Figure 1 shows the selection process of studies 
investigating the associations of DPYD variants 
c.1679T>G, c.1236G>A/HapB3, and c.1601G>A with 
severe fl uoropyrimidine-associated toxicity. Eight studies 
met the inclusion criteria (table). These eight studies 
together included 7365 patients (table). The c.1679T>G 
variant was measured in fi ve studies (5616 patients), 
c.1236G>A/HapB3 in six studies (4261 patients), and 
c.1601G>A in fi ve studies (3900 patients; table). 
Individual patient data could be gathered from three 
(60%) of fi ve studies for c.1679T>G (2535 patients), all six 
(100%) studies of c.1236G>A/HapB3 (4261 patients), and 
all fi ve (100%) studies of c.1601G>A (3900 patients).

Three studies were prospective cohort studies, three 
were secondary analyses of randomised controlled trials, 
and two were retrospective cohort studies (table). Patients 
were treated in Europe, the USA, and Australia, and ethnic 
origin, when stated, was predominantly white (table). The 
median age of patients in the studies ranged between 
58 years and 67 years, and slightly more men than women 
were enrolled in most studies (table). Colorectal cancer 
was the most common type of tumour and patients most 
often received combination treatment including oxaliplatin 
(table). The quality assessment of the included studies is 
summarised in the appendix. Studies included in the main 
analysis scored positive on a mean of 8·5 of nine items. In 
all studies, the investigated endpoint was fl uoropyrimidine-
associated toxicity, although the toxicities that were scored 

varied between the studies, as did the timeframe in which 
toxicity was assessed (which varied between fi rst cycle only 
and the full treatment duration; appendix). The clinical 
data provided by the investigators and the covariables 
included in the multivariable analysis are also summarised 
in the appendix.

Figure 2 shows the results of the primary analysis of the 
associations between DPYD variants c.1679T>G, 
c.1236G>A/HapB3, and c.1601G>A, and severe 
fl uoropyrimidine-associated toxicity. Of 5616 patients 
included in the analysis of DPYD c.1679T>G, 11 (0·2%) 
were heterozygous. There was a signifi cant association 
between c.1679T>G and global severe fl uoro pyrimidine-
associated toxicity both before adjustment (RR 4·30, 
95% CI 2·10–8·80, p<0·0001) and after adjustment for 
covariables (4·40, 2·08–9·30; p<0·0001; fi gure 2A).

Evidence of heterogeneity between the studies was 
substantial, possibly because of the small number of 
variant allele carriers. I² was 85%, and a Q test was 
signifi cant (Q 26·67, p<0·0001). There was no indication 
of publication bias (Egger’s regression test, p=0·16; 
appendix). The leave-one-out sensitivity analysis showed 
that c.1679T>G remained associated with severe toxicity 
on exclusion of any of the studies (point estimates 
ranged from 3·20 to 6·01, with p values of less than 0·044; 
appendix).

Analysis of the subtypes of fl uoropyrimidine-
associated toxicity showed a signifi cant association 
between c.1679T>G and severe haematological toxicity 
(adjusted RR 9·76, 95% CI 3·03–31·48, p=0·00014), and 
also severe gastro intestinal toxicity was more frequent in 
individuals with the c.1679T>G variant allele (RR 5·72, 
95% CI 1·40–23·33, p=0·015). None of the six individuals 
with the c.1679T>G variant allele in the pooled dataset 
had severe hand-foot syndrome, and therefore a RR for 
severe toxicity could not be calculated.

In the metaregression analysis to investigate the eff ect 
of timeframe, the eff ect of c.1679T>G on risk of severe 
toxicity seemed similar in studies with long and short 
timeframes (model coeffi  cient for long vs short 
timeframe –0·76, 95% CI –2·28 to 0·76, p=0·33; 
appendix).

Of 4261 patients who were included in the analysis of 
c.1236G>A/HapB3, 174 (4·1%) patients were heterozygous, 
and three (0·1%) patients were homozygous polymorphic. 
There was a signifi cant association between 
c.1236G>A/HapB3 and global severe fl uoropyrimidine-
associated toxicity (unadjusted RR 1·72, 95% CI 1·22–2·42, 
p=0·0018; adjusted RR 1·59, 95% CI 1·29–1·97, p<0·0001; 
fi gure 2B).

Leave-one-out sensitivity analysis showed that the 
association was consistent on exclusion of the individual 
studies (p<0·006; appendix). The point estimate ranged 
from 1·50 (with exclusion of Froehlich and colleagues’ 
study14) to 1·72 (with exclusion of Rosmarin and 
colleagues’ study13). There was little evidence for 
heterogeneity (I² 23% and Q 6·52, p=0·26) and no 

Figure 1: Flow diagram of study selection
*A pharmacogenetic analysis was done in our own institute, the details of which will be reported separately.

267 records identified 
through search

51 full-text articles assessed 
for eligibility

1 unpublished 
pharmacogenetic analysis*

8 cohort studies included
in primary analysis

5 DPYD c.1679T>G 6 DPYD c.1236G>A/HapB3 5 DPYD c.1601G>A

Relative risk in 
multivariable analysis

Meta-analysis Secondary analysis

4 studies with case-control 
design

40 full-text articles excluded
37 studies not of DPYD variants of interest

2 studies overlapping with another included study
1 study with inadequate design

216 records excluded on basis of abstract
121 no cohort or case-control design 

(case reports or reviews)
51 studies not relevant to topic
29 studies in non-English language
15 studies without toxicity as endpoint
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indication of publication bias (Egger’s regression test, 
p=0·99; appendix). In terms of the subtypes of toxicity, 
c.1236G>A/HapB3 was most strongly associated with 
gastrointestinal toxicity (adjusted RR 2·04, 
95% CI 1·49 to 2·78, p<0·0001) and haematological 
toxicity (2·07, 1·17 to 3·68, p=0·013). Like c.1679T>G, 
an association was not found between c.1236G>A/HapB3 
and hand-foot syndrome (RR 1·11, 95% CI 0·70 to 1·77, 
p=0·65). The risk of severe hand-foot syndrome was 
also not increased in the subgroup of patients treated 
with capecitabine-based chemotherapy (RR 1·14, 
95% CI 0·53 to 2·44; p=0·74). The eff ect of 
c.1236G>A/HapB3 on risk of toxicity seemed similar for 
studies assessing a long timeframe versus a short 
timeframe (model coeffi  cient for long vs short timeframe 
–0·19, 95% CI –0·64 to 0·26; p=0·41; appendix).

Of 3900 patients included in the analysis of c.1601G>A, 
182 (4·7%) patients were heterozygous and two (0·1%) 
patients were homozygous. The primary analysis showed 
no signifi cant association between c.1601G>A and global 
severe fl uoropyrimidine-associated toxicity (unadjusted 
RR 1·69, 95% CI 0·78–3·65, p=0·15; adjusted RR 1·52, 
95% CI 0·86–2·70, p=0·15; fi gure 2C). We noted 
substantial between-study heterogeneity (I² 91% and 
Q 42·48; p<0·0001), and a stronger eff ect size was noted 
in the study by Loganayagam and colleagues16 than in the 
remaining studies (fi gure 2C). Leave-one-out sensitivity 
analysis showed that heterogeneity dropped from 91% to 
0% on exclusion of the study by Loganayagam and 
colleagues (appendix). The calculated RR thereby dropped 
from 1·52 to 1·20 (p=0·11; fi gure 2C; appendix). There 
was no statistical evidence of publication bias (Egger’s 

Figure 2: Meta-analyses of studies investigating associations between DPYD variants and severe fl uoropyrimidine-associated toxicity
RR=relative risk.
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regression test, p=0·35) but Loganayagam and colleagues’ 
study seemed to be an outlier in the funnel plot 
(appendix). A mixed-eff ect meta-analysis incorporating 
between-study heterogeneity showed no signifi cant eff ect 
of c.1601G>A (RR 1·13, 95% CI 0·79–1·60, p=0∙50). Two 
(12·5%) of 16 patients with c.1601G>A in Loganayagam 
and colleagues’ study16 also had DPYD*2A or c.2846A>T. 
Addition of the DPYD*2A or c.2846A>T genotype to the 
regression model for Loganayagam and colleagues’ 
study16 slightly reduced the eff ect estimate for c.1601G>A, 

but it remained signifi cant (RR 2·89, 95% CI 2·26–3·71, 
p<0·0001; appendix). The eff ect of c.1601G>A on risk of 
toxicity seemed similar for studies with a long timeframe 
versus a short timeframe (log RR –0·44, –1·36 to 0·47; 
p=0·34; appendix).

In the pooled dataset, a statistical interaction term  
between the study in which patients were treated and 
the eff ect of c.1601G>A was highly signifi cant for 
Loganayagam and colleagues’ study (p<0·0001), and on 
exclusion of the data from this study the association 

Figure 3: Eff ect of DPYD c.1679T>G (A) and c.1236G>A/HapB3 (B) in subgroups of patients
One patient with c.1679T>G was treated with fl uorouracil monotherapy and did not have severe toxicity (not shown in the fi gure because a RR could not be 
calculated). Similarly, one patient with c.1679T>G was treated with capecitabine monotherapy and did not have severe toxicity. RR=relative risk.
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did not remain signifi cant (p=0·13). Analysis of 
individual types of toxicity showed a strong association 
between c.1601G>A and severe gastrointestinal toxicity 
(RR 2·00, 95% CI 1·45–2·77, p<0·0001) and 
haematological toxicity (1·94, 1·16–3·27; p=0·12), but 
not hand-foot syndrome (0·86, 0·50–1·47; p=0·59). 
However, also in this analysis, there was a strong eff ect 
of Loganayagam and colleagues’ study16 and, on 
exclusion, none of the associations remained 
signifi cant (RR 1·44, 95% CI 0·96–2·17, p=0·078 for 
gastrointestinal toxicity; 1·40, 0·86–2·17, p=0·31 for 
haematological toxicity; and 0·83, 0·48–1·45, p=0·50 
for hand-foot syndrome).

We investigated the eff ects of patients’ characteristics and 
treatment regimens on risk of severe fl uoropyrimidine-
associated toxicity in patients carrying c.1679T>G or 
c.1236G>A/HapB3 within the pooled dataset. No signifi cant 
interaction was noted between c.1679T>G and age or 
c.1236G>A/HapB3 and age (p=0·38 and p=0·33, 
respectively) or between sex and c.1679T>G or sex and 
c.1236G>A/HapB3 (p=0·35 and p=0·33, respectively). 
Similarly, no signifi cant interactions between the DPYD 
variants and treatment regimens were noted (data not 
shown). In a further subgroup analysis by patients’ 
characteristics and treatment regimens, using the pooled 
dataset that included all data received from the investigators, 

the eff ect of DPYD variants c.1679T>G and 
c.1236G>A/HapB3 on risk of severe toxicity seemed to be 
fairly homogeneous (fi gure 3). Carrier frequencies of 
DPYD*2A and c.2846A>T were low among patients with 
c.1679T>G or c.1236G>A/HapB3 (0% and 0·6%, 
respectively), and somewhat higher in patients with 
c.1601G>A (2·7%; appendix). Results of the meta-analysis 
after exclusion of patients with DPYD*2A or c.2846A>T 
showed similar summary estimates for the investigated 
variants, indicating that the overall eff ect of DPYD*2A and 
c.2846A>T on the outcome of the analysis was small 
(appendix). DPYD*2A and c.2846A>T were both 
signifi cantly associated with severe fl uoropyrimidine-
associated toxicity in the meta-analysis (RR 2·85, 95% CI 
1·75–4·62, p<0·0001; and 3·02, 2·22–4·10, p<0·0001, 
respectively; fi gure 4). For DPYD*2A, the evidence for 
heterogeneity between the studies was strong: I² was 73%, 
and a Q test was signifi cant (Q 21·8, p=0·0013). The 
evidence for heterogeneity between studies for c.2846A>T 
was also strong: I² was 80%, and a Q test was signifi cant 
(Q 34·2, p<0·0001). The fi ndings did not indicate 
publication bias for DPYD*2A and c.2846A>T (Egger’s 
regression test, p=0·49 and p=0·51, respectively).

The sensitivity of c.1679T>G in prediction of 
fl uoropyrimidine-associated toxicity was estimated by 
meta-analysis as 0·3% (95% CI 0·0–0·6), whereas the 

Figure 4: Meta-analysis of variants DPYD*2A (A) and c.2846A>T (B)
RR=relative risk.
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sensitivity of c.1236G>A/HapB3 was 6·4% (4·2–8·6). 
The positive predictive value of c.1679T>G for severe 
toxicity was 46% (95% CI 5–87), and the positive 
predictive value of c.1236G>A/HapB3 was 41% (18–64).

In the secondary analysis of the four case-control 
studies (799 patients; appendix), the summary eff ect 
estimates were similar to those from the primary 
analysis, but associations between the DPYD variants 
and global severe toxicity were not signifi cant (appendix).

Discussion
The results of this analysis show that in addition to 
patients who are carriers of DPYD*2A or c.2846A>T, 
patients who have the DPYD c.1679T>G or 
c.1236G>A/HapB3 variant alleles are at signifi cantly 
increased risk of severe fl uoropyrimidine-associated 
toxicity, confi rming the clinical validity of these DPYD 
variants.

Substantial evidence exists of the clinical validity of 
DPYD*2A and c.2846A>T, and current guidelines 
recommend a dose reduction of fl uoropyrimidines in 
patients with these variants.21,28 For c.1679T>G, until 
now only eight patients with this mutation had been 
described in a clinical setting (now 11 including this 
analysis).10,12,14,16 The results of this meta-analysis show 
that the risk of global severe toxicity was increased about 
four times in patients with c.1679T>G. Risk of 
haematological and gastrointestinal toxicities were 
increased 9·8 and 5·7 times, respectively. Based on the 
available functional data for c.1679T>G, a heterozygous 
genotype is expected to result in a 40–50% decrease in 
DPD activity, similar to the eff ect of DPYD*2A.27,40,41 In 
view of DPD accounting for 80–90% of fl uorouracil 
metabolism,42 the 40–50% decrease in DPD activity is 
expected to result in a 50–100% increase in tissue 
exposure to fl uorouracil. Indeed, systemic fl uorouracil 
exposure was shown to be 50% higher in DPYD*2A 
carriers.41 Based on the available functional data, and the 
clinical data presented here, we recommend a dose 
reduction of 50% in patients with c.1679T>G, in line 
with the recommendation by the Clinical Pharma-
cogenetics Implementation Consortium.43

Clinical validity of c.1236G>A/HapB3 has remained 
uncertain until now.9,13–16,29–31 We found that 
c.1236G>A/HapB3, for which about 4% of the white 
patients are heterozygous, was signifi cantly associated 
with risk of severe toxicity. The magnitude of the eff ect 
was smaller than that for c.1679T>G, which is what was 
expected based on the functional consequences of this 
variant.30 Because c.1236G>A/HapB3 has a fairly high 
frequency, it provides fairly high sensitivity to identify 
patients at risk of severe toxicity. c.1236G>A is in 
complete linkage with the deleterious polymorphism 
c.1129-5923C>G in intron 10 (rs75017182), and both 
variants occur within haplotype B3.14,30 c.1129-5923C>G 
results in aberrant pre-mRNA splicing—ie, a 44-bp 
fragment is inadvertently inserted into mature mRNA, 

resulting in a premature stop codon.30 Van Kuilenburg 
and colleagues44 showed that although c.1129-5923C>G 
resulted in the formation of corrupt mRNA in a patient 
homozygous for c.1236G>A/HapB3, wild-type mRNA 
could still be detected in this patient. The production of 
normal mRNA was not completely abolished by 
c.1129-5923C>G in a homozygous patient, indicating 
that splicing effi  ciency to produce wild-type mRNA is 
reduced but not completely abolished. In agreement 
with this fi nding, we previously noted that DPD activity 
in two patients with c.1236G>A/HapB3 in homozygous 
form was reduced by about 50%, and not completely 
impaired (Meulendijks D, unpublished data). A 
homozygous genotype of DPYD*2A, by contrast, results 
in complete DPD defi ciency (about 0% activity).20 These 
data show that c.1236G>A/HapB3 results in about half 
the reduction in DPD activity compared with DPYD*2A 
(or c.1679T>G). This fi nding, combined with the 
presented data for the association between 
c.1236G>A/HapB3 and fl uoropyrimidine-associated 
toxicity, lends support to an upfront dose reduction of 
25% in patients with this variant in heterozygous form, 
which we expect normalises fl uorouracil exposure and 
risk of fl uoropyrimidine-associated toxicity.43 Few data 
exist about the safety of fl uoropyrimidine treatment in 
patients homozygous for c.1236G>A/HapB3 and great 
caution should be used when administering fl uoro-
pyrimidines to these patients. We expect that a 50% 
reduced dose will usually be tolerated because we 
previously treated three patients homozygous for 
c.1236G>A/HapB3 safely with low doses of capecitabine 
(825 mg/m² twice a day, Meulendijks D, unpublished 
data). Importantly, after DPYD genotype-guided dose 
reduction, subsequent dose-titration upward (starting in 
cycle two or three) is strongly recommended if deemed 
safe based on tolerability or therapeutic drug monitoring, 
to avoid underdosing of patients who might be able to 
tolerate higher doses.

In the secondary analysis of case-control studies, the 
eff ect estimates for c.1236G>A/HapB3 and c.1601G>A 
were similar to those in the primary analysis. For 
c.1601G>A, both the primary and the secondary analyses 
showed no signifi cant association with severe toxicity. 
Unlike the results of the primary analysis, the association 
between c.1236G>A/HapB3 and severe toxicity was not 
signifi cant in the analysis of case-control studies. This 
non-signifi cance is most likely explained by a much 
smaller number of patients being included in the 
secondary analysis (799 vs 4261 patients in the primary 
analysis).

Although the risks of severe gastrointestinal and 
haematological toxicity were increased in c.1679T>G 
and c.1236G>A/HapB3 carriers, the risk of hand-foot 
syndrome was not. This fi nding could indicate that 
there is a weaker association between DPYD variants 
and occurrence of hand-foot syndrome, but could also 
be the result of severe hand-foot syndrome generally 
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occurring at later cycles of fl uoropyrimidine treatment 
than do severe gastrointestinal and haematological 
toxicities (cycle three vs cycle one or two, respectively; 
Meulendijks D, unpublished data), and the timeframe 
in which toxicity was monitored was short for some of 
the studies. Additionally, treatment modifi cations for 
gastrointestinal or haematological toxicity might aff ect 
the risk of severe hand-foot syndrome in later cycles.

For c.1601G>A, little evidence exists for an association 
with toxicity, and strong evidence exists for between-study 
heterogeneity. The results of most larger studies of patients 
with c.1601G>A have shown small, non-signifi cant, 
increases in risk of fl uoropyrimidine-associated toxicity. 
Although c.1601G>A has been detected in patients with 
DPD defi ciency,26 a functional analysis with an established 
in-vitro cellular system showed that c.1601G>A was 
associated with an increase in DPD activity instead of a 
decrease.27 The investigators therefore proposed that 
c.1601G>A could have a protective eff ect on fl uoro-
pyrimidine-associated toxicity. Our results do not 
suggest, however, a protective eff ect. The RR (1·52, 
95% CI 0·86–2·70) indicates that a protective eff ect with a 
RR of less than 0·86 is unlikely. The stronger eff ect for 
c.1601G>A in the study by Loganayagam and colleagues16 
could partly—but not completely—be explained by the 
presence of other DPYD variants. Other possible 
confounding factors related to risk of toxicity, including 
patient and treatment-related factors, or the concomitant 
presence of other genetic polymorphisms associated with 
toxicity, or which interact with DPYD, contributed to the 
large eff ect size in this study.6,16 Of interest in this respect 
are polymorphisms in MIR27A, the gene encoding 
miR-27a, which has been shown to regulate DPD activity in 
human beings.7 Amstutz and colleagues6,7 showed that 
rs895819, a polymorphism known to increase miR-27a 
expression and reduce DPD activity, strongly increased 
patients’ risk of fl uoropyrimidine-associated toxicity when 
present in combination with DPYD variants. The results of 
their study showed that in patients who had both a DPYD 
variant and rs895819, incidence of severe fl uoropyrimidine-
associated toxicity was strongly increased (12 [71%] of 
17 patients), whereas in patients who were carriers of a 
DPYD variant but not rs895819, incidence of severe 
fl uoropyrimidine-associated toxicity was average (fi ve [25%] 
of 20 patients). These fi ndings, which suggest that 
genotyping of MIR27A in conjunction with DPYD variants 
can lead to a substantially higher positive predictive value 
for identifying patients at risk of severe toxicity, were 
confi rmed in a second cohort of 1592 patients (Meulendijks 
D, unpublished data). We believe it is therefore likely that 
the diagnostic accuracy of DPYD genotyping could be 
further improved by combining DPYD genotyping with 
MIR27A genotyping. Although defi nitive evidence of 
clinical validity is needed before clinical implementation, 
MIR27A genotyping should be included in future studies 
of the clinical validity and clinical utility of DPYD genotype-
guided dosing of fl uoropyrimidines.

A strength of the current analysis is that we were able 
to retrieve most of the available individual patient data 
and analyse the data in a multivariable analysis, thereby 
adjusting for other relevant factors associated with 
toxicity. The risk estimates obtained from the analysis 
with a random-eff ects model indicate the mean risk 
ratios that are likely to occur in other patient populations 
treated with fl uoropyrimidines, and the results of this 
analysis therefore can most likely be extrapolated to 
other clinical settings. However, the frequency of 
variants c.1679T>G and c.1236G>A/HapB3 might diff er 
depending on ethnic origin. For instance, 
c.1236G>A/HapB3 was absent in Japanese and Korean 
populations, indicating that clinical utility might be 
lower in non-white populations.18 Reliable frequency 
data for c.1679T>G in non-white populations are not 
available. Further research needs to be done in patient 
populations of other ethnic origins to establish the 
clinical value of DPYD genotypes as predictors of 
fl uoropyrimidine-associated toxicity in these populations.

The dosing recommendations proposed for c.1679T>G 
and c.1236G>A/HapB3 are based on a small amount of 
functional data, in addition to the clinical data reported 
here. To establish more defi nitively the optimum 
starting doses, a comprehensive pharmacokinetic–
pharmacodynamic modelling approach in a suffi  ciently 
large number of patients is needed.

We investigated the eff ect of timeframe in which 
toxicity was assessed on the primary endpoint 
(appendix). This analysis showed that with both long 
and short timeframes, an eff ect of c.1679T>G and 
c.1236G>A/HapB3 on risk of severe toxicity was 
notable. Eff ect estimates for all three DPYD variants 
were non-signifi cantly lower for long timeframes than 
with short timeframes, most likely as a result of the 
ability to detect an increased risk of toxicity in variant 
allele carriers decreases with an increasing proportion 
of patients in the control group having at least 
one severe adverse event (this rate will increase with 
longer treatment). The relative risk will gradually trend 
towards 1 (no diff erence) as a result. This eff ect can, 
therefore, only result in an underestimation of the 
eff ect of the DPYD risk variants. The results of the 
analysis show, however, that the impact of this eff ect on 
the overall conclusions was small.

Although our data show that DPYD variants can be 
used to identify patients with DPD defi ciency at risk of 
fl uoropyrimidine-associated toxicity, a negative test for 
specifi c DPYD variants does not guarantee that a 
patient is DPD profi cient. That is, DPD defi ciency 
cannot always be traced back to a (currently known) 
genetic alteration in DPYD associated with reduced 
enzyme activity. An upfront screening strategy with 
DPYD genotyping alone therefore has little sensitivity 
to identify patients at risk. An estimated half of patients 
with DPD defi ciency can be identifi ed by screening for 
the four DPYD variants for which clinical validity has 
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now been established, although a reliable estimate is 
not available.17,18 A combined DPYD genotyping and 
DPD phenotyping approach is likely to substantially 
improve sensitivity of the upfront test.45 Defi nitive 
evidence on clinical validity of phenotyping tests is not 
yet available, however. The value of DPD phenotyping 
is being investigated in two ongoing prospective clinical 
studies (NCT01547923 and NCT02324452). Additional 
screening approaches might be useful, including 
MIR27A genotyping, as described, or possibly screening 
of mutations in TYMS.13,46

One of the common concerns in meta-analysis is the 
issue of publication bias.47 However, we assessed this in 
our study, and there was little indication for an eff ect of 
publication bias on the conclusions drawn from this 
analysis.

In conclusion, our analysis confi rms the clinical validity 
of DPYD variants c.1679T>G and c.1236G>A/HapB3, in 
addition to DPYD*2A and c.2846A>T, as predictors of 
fl uoropyrimidine-associated toxicity. The magnitude of 
eff ect of c.1679T>G is in the same range as that of 
DPYD*2A, and a dose reduction of 50% is advised for 
individuals with variant alleles.28 The eff ect of 
c.1236G>A/HapB3 on risk of toxicity is smaller than for 
DPYD*2A or c.1679T>G, in accordance with the 
functional eff ect of this variant.30 A dose reduction of 25% 
is rational in heterozygous carriers of c.1236G>A/HapB3, 
occurring in about 4% of white patients, and we 
recommend adding c.1236G>A/HapB3 to the guideline 
on dosing recommendations for DPYD variants.28 Clinical 
validity has now been established for four DPYD 
variants—DPYD*2A, c.2846A>T, c.1679T>G, and 
c.1236G>A/HapB3—and upfront screening for these 
mutations with dose adaptation in variant allele carriers is 
advised to improve safety of patients treated with 
fl uoropyrimidines. As upfront screening for one DPYD 
variant has been shown to be feasible and cost saving in 
routine clinical practice, with improved safety, it is likely 
that upfront screening for an extended panel of DPYD 
variants will further improve the safety of the large group 
of patients treated with fl uoropyrimidines.
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