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Abstract

Background/Objectives: toxicity related to treatment with the anti-cancer drugs fluoropy-
rimidines (FP) is mainly driven by a deficiency in the dihydropyrimidine-dehydrogenase
(DPD) enzyme activity. Standardized pharmacogenomic markers in the DPYD gene al-
low pre-emptive prediction and therapy adjustment in patients testing positive, but the
rarity of these markers lowers screening sensitivity, leaving a significant part of at-risk
individuals undetected. This study aimed to explore the diagnostic performance of genetic
screening tests modelled to include unclassified rare DPYD variants and the common SNPs
rs1801160 and rs2297595. Methods: this is a retrospective genotype-phenotype association
study including 687 Italian subjects who underwent DPD-phenotyping by the 5-fluorouracil
degradation assay (5-FUDR) and DPYD genotyping by full exon sequencing. According to
their DPD-phenotype, subjects were grouped into a DPD deficiency group (DD, N = 94;
>30% reduction in 5-FUDR) and a normal DPD activity group (NDA, N = 593). The pheno-
type was used as the reference standard to assess genotype-based functional prediction,
and discordant genotype-phenotype cases were scored as false negatives or false positives.
The phenotype (DD or NDA) prediction power of a genetic, binary (presence/absence)
screening test including standardized pharmacogenomic markers (Test 1) was compared
to binary tests including missense, nonsense, frameshift or splice-site rare variants (Test
2) or the co-occurrence of rs1801160 and rs2297595 (Test 3). Statistical significance was set
at p < 0.05, correcting for multiple testing when appropriate. Results: positivity for all
binary tests was significantly associated with the DPD deficiency phenotype (Testl: OR = 6;
Test 2: OR = 4.85; Test3: OR = 4.9). Notably, overlap among subjects testing positive in the
different tests was minimal. Combining all tests, a 3-fold increase in screening sensitivity
was achieved compared to the reference Test 1 (from 12.77% to 35.11%), with a slight
decrease in specificity from 97.64% to 91.74%. Conclusions: the proposed approach can
refine the genetic predictivity of the DPD-deficiency phenotype in pre-emptive screening,
capturing a significantly larger pool of biochemically at-risk patients.

Keywords: fluoropyrimidines; dihydropyrimidine-dehydrogenase; DPD deficiency; DPYD;
pharmacogenomics; 5-fluorouracil degradation assay

1. Introduction

Solid tumours, most notably colorectal, gastric, pancreatic, breast, and head and
neck cancers, are widely treated with fluoropyrimidines (FPs), including 5-fluorouracil
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(5-FU) and its pro-drugs capecitabine and tegafur [1,2]. Despite their anti-cancer efficacy, FP-
related toxicities and life-threatening adverse drug reactions remain a major clinical concern.
The discovery of an enzyme deficiency underlying the onset of these toxicities opened
the way to pre-treatment screening to individualize therapy regimens in at-risk patients.
Indeed, dihydropyrimidine dehydrogenase (DPD, encoded by the DPYD gene) catalyzes
the rate-limiting step of 5-FU catabolism, inactivating about 80% of the administered
dose. Reduced DPD activity impairs 5-FU elimination, exposing the patient to overdosage
through an increased conversion into cytotoxic metabolites (e.g., FAUMP, FUTP) that inhibit
thymidylate synthase and are incorporated into RNA/DNA [3]. This anti-metabolite
pathway is not tumour-selective, affecting rapidly dividing normal tissues, such as the
gastrointestinal mucosa and bone marrow, driving toxicity [4,5].

Testing for DPD deficiency has evolved as a screening method to identify patients
likely to develop toxicity. The development of phenotyping assays, measuring directly or
indirectly the actual enzyme activity, paralleled the implementation of genotyping assays,
which predict deficiency based on DPYD markers. This is particularly relevant in colorectal
cancer, where fluoropyrimidine-based regimens (e.g., FOLFOX, FOLFIRI, capecitabine
monotherapy) constitute the backbone of both adjuvant and metastatic treatment and
represent one of the most common indications for pre-emptive testing in clinical practice,
although the same rationale extends to the other FP-treated tumour types mentioned above.

Whereas phenotyping captures the net effect of all genetic and non-genetic determi-
nants of enzyme functionality, genotyping is an indirect, inferential method that predicts
activity based on the functional annotation of a finite set of known variants. As a con-
sequence, phenotyping can detect DPD deficiency even in the absence of a currently
recognized pathogenic variant, while genotyping cannot capture non-genetic sources of
variability but offers the advantage of being more standardized and scalable. Indeed,
although several phenotypic assays have been developed, successfully reducing the rate
and severity of FP toxicities, their clinical implementation remains limited, likely due to
high equipment costs [6]. In our institution, a phenotyping assay using peripheral blood
mononuclear cells, namely the 5-fluorouracil degradation rate (5-FUDR) [7], has been used
for many years, in parallel with DPYD genotyping. The DPD deficiency detected by the
5-FUDR assay has been consistently associated with fluoropyrimidine toxicity, and the
association between decreased 5-FUDR values and the presence of pharmacogenomic
DPYD markers has been demonstrated as well [8-11].

In contrast to phenotyping, DPYD genotyping has rapidly spread worldwide, facili-
tated by the widespread availability of genotyping platforms. The genetic basis of DPD
deficiency was identified early on [5,12,13], with several mutations in the DPYD gene
accounting for the onset of FPs toxicity. Currently, four variants are cleared as recom-
mended pre-emptive tests by the main drug regulatory agencies [14,15]: the splice-site
variant rs3918290, the missense variants rs67376798 and rs55886062 and the HapB3 hap-
lotype (composed of rs75017182 and rs56038477, which are in nearly complete linkage
disequilibrium) (Table 1). The main pharmacogenomic authorities, i.e., the Clinical Pharma-
cogenetics Implementation Consortium (CPIC) and the Dutch Pharmacogenetics Working
Group (DPWG) have provided an extended list (Table 1) of DPYD variants classified as
having reduced or null function and have established a standardized framework to convert
genotypes into a clinically actionable phenotype, based on computing an activity score
(AS). Normal function alleles have an AS = 1, reduced function alleles have an AS = 0.5 and
null function alleles have an AS = 0) [16-18]. Specifically, CPIC recommends avoiding
fluoropyrimidines in patients with AS = 0 (or using a markedly reduced dose with early
therapeutic drug monitoring if no alternative is available), reducing the starting dose by
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50% in patients with AS = 0.5, and reducing it by 25-50% in patients with AS = 0.75, with
dose titration guided by toxicity in all cases [19].

Table 1. List of CPIC-classified variants.

rsID Aliases AS
_ 153918290 * c1905+41G>A; IVS 14+1G>A; *2A 0
g 1555886062 * ¢.1679T>G; p.1560S; * 13 0
g 1575017182 (HapB3 *) ¢.1129-5923C>G 05/075 "
E 1556038477 1236G>A
= 1567376798 * C.2846A>T; p.D94OV 05
et 15115232898 ¢557A>G, p.Y186C 05
5 15146356975 ¢.868 A>G; p.K290E 05
15112766203 2279 C>T; p.T7601 05
~ 1572549309 ¢295_298delTCAT; p.F100fs;*7 0
g 151801266 <703 C>T; p.R235W; * 8 0
. 15186169810 ¢.1314 T>G; p.F438L 0.5
Q 1572549304 ¢.1475 C>T; p.S492L 0
o 1559086055 1774 C>T; p.R592W 0
= 1555674432 2639 G>T; p.G880V 0

AS: Activity Score. * Recommended by EMA /FDA as fluoropyrimidine pre-treatment screening; ta
recent online update (July 2026) on https:/ /www.clinpgx.org/guideline/PA166251462 (accessed on
25 August 2026) suggests modifying the AS from 0.5 to 0.75.

Despite the recognized effectiveness of genotyping standardized variants, their sen-
sitivity is limited by their low minor allele frequency (MAF). Consequently, FP toxicity
still develops in approximately 10-20% of marker-negative subjects [20]. This is partly ex-
plained by the occurrence of rare non-classified or population-specific disruptive mutations,
as increasingly reported by full-gene or exome DPYD sequencing [21,22]. Clinically, this
genotype-phenotype discrepancy is highly relevant: patients who test negative on standard
pre-emptive DPYD panels but are phenotypically DPD-deficient remain undetected and
are consequently exposed to exceeding fluoropyrimidine plasma concentration, placing
them at risk of toxicity.

A further part of the discrepancy between the observed phenotype and the genotype-
based prediction may arise from unresolved interaction or cumulative effects among
common single nucleotide polymorphisms (SNPs) in the DPYD gene. Among common
SNPs, the rs1801160 (c.2194G>A; p.V732I) and the rs2297595 (c.496A>G; p.M166V), are
classified as normal function alleles by the CPIC/DPWG system. Even though both have
been repeatedly associated with a mild decrease in DPD activity and with fluoropyrimidine
toxicity, the slightness of the effect and the heterogeneity of reported outcomes justify
the CPIC classification [23-25]. In a previous study, we reported a significant association
between a haplotype structure involving the aforementioned SNPs and a consistently
decreased 5-FUDR [9].

With the aim to increase the fraction of pre-emptively identified DPD deficiencies,
this retrospective study on an Italian cohort (N = 687) assessed the association between
DPD deficiency and (i) the presence of a CPIC-classified variant, as a reference benchmark;
(ii) the presence of non-classified, rare missense, nonsense, frameshift or splice-site vari-
ants detected by DPYD exon sequencing; and (iii) the co-occurrence of the common SNPs
rs1801160 and rs2297595. To achieve this, the study cohort was stratified into a DPD defi-
ciency group (DD, N = 94) and a normal DPD activity group (NDA) defined by the 5-FUDR
metric. We then evaluated the genotype-phenotype prediction power of different modelled
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genetic screening tests: (i) Test 1: Presence/absence of a CPIC-classified variant; (ii) Test 2:
presence/absence of a non-classified, rare (MAF < 0.01) missense, nonsense, frameshift or
splice-site variant; and (iii) Test 3: presence/absence of both rs1801160 and rs2297595. The
genotype-phenotype prediction power of extended screening panels obtained by merging
Test 1-3 was also assessed.

2. Results
2.1. Demographics, Phenotype and Genotype Distribution

Following identification and removal of duplicate samples, the study cohort included
687 Italian subjects (45.71% female). The distribution of both age and 5-FUDR values
was non-normal, and thus non-parametric statistics were applied. The median age was
68 years (range 20-90, IQR:14) and median 5-FUDR was 1.45 ng/mL/10° cells/min (the
unit of measurement will be abbreviated as “U” hereafter), with a range of 0-2.24 (IQR:
0.55). Using a cut-off value of 5-FUDR < 1.015 U (corresponding to a reduction in DPD
activity >30%) subjects were assigned to either the DPD deficiency group (DD, N = 94) or
the normal DPD activity group (NDA, N = 593). No statistically significant differences in
age or gender distribution between DD and NDA groups were observed.

Genotype frequencies of the identified CPIC-classified variants and of the common
SNPs rs1801160 and rs2297595 are reported in Table 2. No deviation from Hardy—Weinberg
equilibrium was detected for any marker. Non-parametric analysis by the Mann-Whitney
U or Kruskal-Wallis tests showed significant differences in the distribution of the 5-FUDR
values among genotypes for all variants except for the rs56038477 and the rs67376798.
The observed effect size was moderate-to-large for rs67376798 and small-to-moderate for
rs56038477 but imprecisely estimated given the small number of variant carriers, consistent
with the corresponding wide confidence interval.

Table 2. Genotype frequencies of the CPIC-classified variants and the common SNPs rs1801160 and
rs2297595 in the study cohort (N = 687).

rsID (Aliases)

Genotype Median 5-FUDR p*

s o,
Frequency (IOR) HW Effect Size (95% CI)

1$3918290 GG 681 1.45 (0.55) 660 x 104 Lo d=-172
(c.1905+1G>A; IVS 14+1G>A; 224)  GA 6 0.87 (0.21) : : (—2.53 to —0.91)
156038477 CC 676 1.45 (0.56) 050 Lo d=-047
(c.1129-5923C>G; Hap B3) CT 11 1.16 (0.49) : : (—1.07 t0 0.12)
1867376798 TT 679 1.45 (0.56) 0.19 Lo  4=-079
(c.2846A>T; p.DI49V) TA 8 1.11 (0.65) : : (—1.49 to —0.09)
15115232898 AA 686 1.45 (0.55) " L0 na
(c.557A>G; p.Y186C) AG 1 0.64 () :
CC 553 1.55 (0.54)
151801160 (c.2194G>A; p.V7321) CT 128 1.24 (0.52) 2.28 x 107 083  f=0.221(0.147-0.296)
TT 6 1.11 (0.49)
TT 541 1.49 (0.52)
152297595 (.496A>G; p.M166V) TC 142 1.29 (0.60) 7.50 X 10~5 012  £=0.175 (0.090-0.257)
CcC 4 1.03 (0.46)

* Bonferroni-corrected p-value from a two-sided Mann—-Whitney U test (2-genotype markers) or
Kruskal-Wallis test (3-genotype markers) on 5-FUDR values across genotype groups. Significant
p-values are shown in bold. Effect sizes are reported as Cohen’s d (two-genotype comparisons) or
Cohen’s f (three-genotype comparisons).

The phenotype-predictive power of a binary genetic test modelled by assuming the

presence/absence of a CPIC-classified variant as a positive testing criterion for DPD de-
ficiency (Test 1) is shown in Table 3. A significant association of a positive test with the
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DD phenotype was observed, giving an OR = 6.0 (95% CI: 2.7-13.5) for the presence of a
DPD deficiency.

Table 3. Distribution of NDA and DD subjects by test positivity /negativity and diagnostic perfor-

mance for each genetic test.

NDA®N) — DD®N) - p* Qo) C195%) (C195%) (Clom Clas%)

Coansne Tn B B a0 WP TR Gram e
g%};;i:;ﬁm’ rare E?g é(;z; @13? 5.0 x 107 212'%;35—1042) (4205.6532—57.74) g4.68:J’9—89.94) (155363—22.24) ?9%?(?5-97.94)
Test3
(rcs(l)s%clclforiﬁ of E(;Sg é?e zlé 7.75 X 1074 ?2.930—10.7) 21215.3581—59.26) ?874.5;9—89.85) (17?.4767—21.00) (9975.1436—98.20)
152297595)
(T;esstfl + Test2) i‘f'g 560 70 114 x 1077 (5:?;?20—10.4) ?326.1119—55.02) ?56'?290—91.11) (2157'?50—35.19) (9942.%249—96.01)
;T:e:szl) + Test2+ g(:g giz; 2? 410 x 10770 (63.960—1040) 21306.23?0—51.06) (85?7..9226—92.07) ?256.1212—45.17) (9819'.7244—93.69)

* Bonferroni-corrected p-values from Fisher’s exact test; T Mantel-Haenszel common OR. Significant

p-values are shown in bold.

2.2. Association Between DPD Deficiency and Non-Classified, Rare Variants

The heterozygous presence of missense (N = 26), frameshift (N = 1) or splice-site rare

variants (N = 1) were detected in a total of 32 subjects, 13 of whom (40.6%) were classified

as DD (Table 4). Among these, only one patient also carried a CPIC variant, namely the

HapB3. Few variants were identified in more than one subject: they are indicated in Table 4,

where 5-FUDR values measured in each carrier are reported.

Table 4. List of missense, nonsense, frameshift, and splice-site rare variants identified in the study

cohort. The 5-FUDR value observed in each carrying subject is reported.
Locus (GRCh37) dbSNP Coding Consequence 5-FUDR (U) ClinVar
chr1:98348894 rs766635900 c.76G>A p-A26T 0.91 na
chr1:98348884 1rs528768620 c.86G>A p-R29H 1.13 VvUsS
chr1:98206016 rs757342874 c.253G>T p-A85S 1.46 na
chr1:98206012 rs568132506 c.257C>T p-P86L 0.68; 0.73 P/LP
chr1:98164976 1rs2524392204 c.611C>T p-S204F * 1.89 na
chr1:98164969 no rs c.617_618insT p-L206Ffs * 8 1.19 na
chr1:98144726 rs45589337 c.775A>G p-K259E * 0.86;1.54 VUS/B/LB
chr1:98060698 rs748266854 c.875C>T p-A292V 1.10; 1.61; 1.72 na
chr1:98058945 rs577302209 c.959-2A>G Splice site 0.98 LP
chr1:98058830 rs779557503 c.1072C>T p-R358C 1.59 LP
chr1:98058829 rs573299212 c.1073G>A p-R358H * 1.54 na
chr1:98058785 1rs772906420 c1117G>A p-V373I1 1.24 na
chr1:98039437 rs61622928 c.1218G>A p-M4061 1.38;1.38 VUS/B
chr1:97981467 15672601282 ¢.1555C>T p-P519S 0.72;0.77 VUS
chr1:97981407 rs142619737 c.1615G>A p-G539R 0.86; 1.22 VUS/LB
chr1:97981371 rs777425216 c.1651G>A p-A551T 0 LP/VUS
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Locus (GRCh37) dbSNP Coding Consequence 5-FUDR (U) ClinVar
chr1:97771751 rs145548112 c2161G>A p-A721T 1.03 VvuUs
chr1:97770928 rs146529561 c.2186C>T p-A729V 0.89 Vvus
chr1:97770895 rs1667093380 c.2219G>A p.G740D 0.82 na
chr1:97700497 rs1411946304 €.2353C>A p-L785M 1.93 na
chr1:97700472 rs547099198 c.2378C>T p-T7931 2.04 Vvus
chr1:97658663 rs753419296 c.2584G>A p.G862R * 1.89 na
chr1:97564155 rs147545709 €.2656C>T p-R886C 0.81 na
chr1:97564097 rs1650432721 c.2714C>T p-S905L 121 na
chr1:97547971 15748639205 c.2822T>G p-V941G ¥ 1.38 VUS
chr1:97544582 rs760485592 c.3028C>T p.P1010S ¥ 1.38 na
chr1:97544563 rs773868825 c.3047G>A p.G1016D 1.14 na
chr1:97544549 rs148799944 ¢.3061G>C p-V1021L 0.98 na

*, T, ¥ Identical symbols indicate variants detected in the same individual (compound heterozygote):
* p.S204F and p.G862R; * p.L.259E and p.R358H; ¥ p.V941G and p.P1010S. U: unit measure, corre-
sponding to ng/mL/10° cells/min; VUS: variant of uncertain significance; B: Benign; LB: Likely
benign; P: Pathogenic LP: Likely pathogenic; na: no available annotation.

Only four mutations were annotated in the ClinVar database [26] as pathogenic/likely
pathogenic, three of which were identified in the DD group. Of these, the p.P86L was
present in two subjects who showed an approximately 50% decrease in 5-FUDR compared
to the median value of the overall population (0.68 U and 0.73 U vs. 1.45 U), whereas the
p-A551T was present in a patient with complete DPD deficiency (5-FUDR = 0). This repre-
sented a unique occurrence of total enzymatic deficiency among more than 2000 patients
phenotyped at our institution over several years.

Among the variants annotated as “uncertain significance”, the p.P519S was detected
in two patients with about half the median 5-FUDR (0.72 U and 0.77 U, respectively).

The phenotype-predictive power of the binary genetic test modelled by assuming
the presence/absence of a non-classified rare variant as a positive testing criterion for
DPD deficiency (Test 2) is shown in Table 3. Fisher’s exact test highlighted a significantly
increased proportion of DD subjects in the sub-group of patients testing positive, giving an
OR = 4.85 (95% CI: 2.3-10.2) for the presence of a DPD deficiency. The significance level
was similar after removing one patient who also bore the HapB3 variant (p = 3.33 x 107%;
OR = 4.42,95% CI: 2.07-9.44).

2.3. Association Between DPD Deficiency and Co-Occurrence of rs1801160 and rs2297595

As expected, single-SNP analysis confirmed a statistically significant but moderate
effect of the two common variants and DPD deficiency (Table 2).

The potential cumulative effect of the co-occurrence of the two polymorphisms on DPD
deficiency was assessed by applying a dominant genetic model to dichotomize the study
cohort according to the unphased genotype combination at the rs1801160 and rs2297595 loci.
All subjects carrying at least one variant allele at both loci where coded as “positive”, while
the remaining combinations were coded as “negative”, yielding a total of 29 positive (all
being double heterozygous) and 658 negative subjects. As shown in Table 3 (Test 3), the
proportion of DD subjects was significantly enriched in the positive-test group (OR = 4.9;
95% CI: 2.3-10.7). Of note, only 4 out of 29 positive patients carried a CPIC-classified
variant (N = 1) or an additional rare variant (N = 3).
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https://doi.org/10.3390/ph19101551

Pharmaceuticals 2026, 19, 1551

7 of 14

The statistical significance was maintained even after removing from the total sample
57 subjects carrying a CPIC-classified variant or an additional rare variant (p = 7.4 x 107%;
OR =5.0, 95% CI: 2.1-11.8). A significant difference between positive and negative subjects
was also detected for the distribution of the crude 5-FUDR values using the Mann-Whitney
U-test (p = 3.32 x10~8; median 5-FUDR 1.05 U vs. 1.46 U, respectively).

Having established a significant association between co-occurrence of rs1801160 and
rs2297595 and the DD phenotype (Test 3, Table 3), we used logistic regression to formally
test whether double carriers additional risk beyond the combination of the two markers’
individual effects, and whether each marker remained independently associated with the
DD phenotype after adjustment for demographic factors and for the other genetic markers.

A multivariable model including age, sex, CPIC-classified variant status (Test 1), rare
variant status (Test 2), rs1801160, rs2297595 and their interaction term showed that age
(OR =1, 95% CI: 0.97-1.02, p = 0.79) and sex (OR = 0.93; 95% CI: 0.58-1.48; p = 0.75) were not
significantly associated with the DD phenotype, whereas the presence of a CPIC-classified
variant (OR = 8.18; 95% CI: 3.48-19.21; p < 0.0001), a rare variant (OR = 4.63; 95% CI:
2.10-10.23; p = 0.0001), rs1801160 (OR = 2.09; 95% CI: 1.11-3.95; p = 0.023) and rs2297595
(OR = 3.15; 95% CI: 1.77-5.61; p = 0.0001) remained independently associated with DD
after mutual adjustment; the interaction term remained non-significant (OR = 1.14; 95% CI:
0.38-3.43; p = 0.81). Ethnicity /ancestry was not included as a covariate, as the cohort was
drawn from a single-centre Italian population with no recorded ethnic heterogeneity.

2.4. Genotype-Phenotype Prediction Power of Differently Modelled Genetic Screening Test

The negative and positive predictive values (NPV, PPV), sensitivity and specificity of
the three differently modelled genetic screening panels are reported in Table 3.

The screening panel testing for the presence/absence of a CPIC-classified variants
(Test 1) yielded the highest specificity but a low sensitivity, as expected.

The screening panels testing for the presence/absence of rare (MAF < 0.01 in the
Non-Finnish European population) variants (Test 2) and the presence/absence of the co-
occurrence of rs1801160 and rs2297595 (Test 3), evaluated independently, exhibited a similar
overall diagnostic performance.

The extended Tests 4 and 5, created by merging the positivity criteria from Tests 1-2 or
from Tests 1-3, respectively, showed a sharp increase in sensitivity (nearly 2-fold and 3-fold
increases, respectively), with a shallower decrease in specificity, which remained above
90%. Positivity for both Test 4 and 5 was significantly associated with an increased risk of
the DD phenotype (OR = 5.8; 95% CI: 3.2-10.4; and OR = 6.0 95% CI: 3.6-10.0, respectively).

3. Discussion

Pharmacogenomic testing has changed the approach to FP treatment: prospective
genotype-guided dose individualization has been shown to reduce the relative risk of
severe (grade > 3) toxicity by approximately 36-54% in DPYD variant carriers compared
with historical, non-genotyped controls [27]. Nevertheless, a major proportion of adverse
reactions remains unpredictable when screening exclusively for the four core DPYD variants
(Table 1). Despite their high specificity, their clinical sensitivity is inadequate to fully rule out
the onset of severe, life-threatening toxicities. This diagnostic limitation is fundamentally
driven by their low population frequency. Besides the CPIC-classified variants, which have
been clearly assigned to a functional status (normal, reduced or null activity) (Table 1),
several additional mutations are now being identified through the increasing use of next-
generation sequencing for DPYD exon or full-gene sequencing [21,22]. Unfortunately,
the rarity of these variants impairs our ability to definitively classify them into discrete
functional categories due to inadequate statistical power.
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This study addresses the phenotypic (DPD deficiency), rather than clinical (toxicity),
component of this predictive gap; as such, it represents a preliminary step toward clinical
risk assessment, which will require validation against direct fluoropyrimidine toxicity
outcomes. Our approach deliberately avoids stratifying rare variants based on current,
often evolving database annotations, which are frequently biassed by low statistical power
and poor correlation with the biochemical phenotype. Instead, we propose a model based
on an a priori protein-disruptive potential, evaluating all missense, nonsense, frameshift or
splice-site, rare mutations as a single pooled layer, since these specific variant categories
carry the highest biological probability of deleterious functional effects. Under this light, the
presence of an unclassified rare variant should not be interpreted as an indication for drug
dosage reduction, but strictly as a clinical warning that warrants closer monitoring—for
instance, prompting confirmatory phenotypic testing or heightened vigilance for early signs
of toxicity during the first treatment cycle—rather than an empirical dose modification.

We detected a non-classified, rare mutation in approximately 4.6% (32/687) of subjects,
and only four out of 28 variants had a pathogenic/likely pathogenic annotation on a main
clinical variation database such as ClinVar. In silico functional prediction for these variants
using online tools such as CADD values or Predict-SNP [28,29] did not correctly identify a
significant proportion of DD (DPD deficiency) cases as defined by the phenotypic assay
5-FUDR. Furthermore, inspection of Table 4 suggests additional criticisms for the stan-
dardization process of DPYD genotype-phenotype correlations. First, most carriers (19/32,
59.4%) of a DPYD mutation have normal enzyme activity; furthermore, some mutations are
present in both DD and NDA patients, confirming that unresolved genetic and non-genetic
mechanisms contribute to determining the biochemical phenotype, as further highlighted
by the case of a patient bearing the mutation p.Ala551Thr in heterozygosity with a complete
loss of enzyme activity.

Taken together, these findings underscore the diagnostic challenge of DPYD rare
variants: most remain functionally uncharacterized and are therefore reported, if at all, as
VUS (variants of uncertain clinical significance), a category whose presence alone cannot
be reliably translated into a predicted phenotype. Despite this uncertainty, in the analyzed
cohort, the absolute frequency of rare variants with higher protein-disruptive potential,
such as missense, nonsense, frameshift and splice-site variants, is significantly increased in
DD patients, suggesting that their identification may serve as a preliminary alert to keep
clinical focus high. This hypothesis needs clinical validation.

The second attempt in this study, which aimed to expand the fraction of genotype-
predicted DPD deficiencies, also arose from considering the unresolved genetic complexity
underlying the biochemical phenotype. Generally, single-SNP analyses may yield conflict-
ing or statistically non-significant results when an unresolved haplotype structure serves
as the primary driver of the phenotype. In practice, standard clinical genotyping routinely
yields unphased data, leaving the exact haplotype structure (cis vs. trans configuration)
undetermined. Rather than overlapping with traditional haplotype studies, our work
intentionally shifts the focus toward evaluating the clinical effect of unphased genotype
combinations. In the case of the DPD phenotype, it should be borne in mind that the
active enzyme is a homodimer [30], and therefore the co-occurrence of SNPs in both cis
and trans configurations may exhibit differential functional effects compared to single-SNP
effects. Thus, we explored the possibility of an independent effect of the simultaneous
presence of at least one mutant allele in both the rs1801160 and rs2297595 loci, mimicking
the real-world condition of a diagnostic test reporting a list of unphased genotypes for
multiple loci. Our results confirmed an increased functional effect of such co-occurrence
compared to single-SNP effects, with potential clinical significance, as suggested by the
diagnostic performance of the positive test (Table 3, Test 3). It should be noted that the
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MAFs reported for rs1801160 and rs2297595 vary across different ethnicities (0.017 to
0.12 and 0.017 to 0.17, respectively) [25]. In our study, the observed MAFs were around
10% for both SNPs, (similar to those previously reported in an Italian cohort) [6], increasing
the number of co-carrying subjects and allowing the detection of an association with the
DPD-deficiency phenotype. To formally test whether this co-occurrence effect reflected
a true statistical interaction rather than the independent, multiplicative combination of
the two variants’ individual effects, we fitted a logistic regression model including both
SNPs and an interaction term (dominant coding, as in Test 3). The interaction term was
not statistically significant, indicating that the increased risk observed in double carriers is
compatible with a multiplicative combination of two independent risk alleles rather than
evidence of biological synergy.

Of note, patients testing positive for Test 1 (CPIC-classified variant) showed negligible
overlap with those testing positive for Test 2 (non-classified, rare variant) or Test 3 (co-
occurrence of rs1801160 and rs2297595). The mutual independence was further confirmed
in a multivariable logistic regression model adjusting simultaneously for age, sex, and all
genetic markers, in which each marker remained independently and significantly associated
with the DD phenotype, while age and sex were not significant covariates.

Given this independence, merging the three tests into combined screening panels (Test
4: Test 1 + Test 2; Test 5: Test 1 + Test 2 + Test 3) substantially increased the rate of DPD
deficiency detection, with the most inclusive panel (Test 5) improving sensitivity from
12.77% to 35.11% while maintaining acceptable specificity (91.74%) (Table 3).

These data suggest that the diagnostic gap between the genotype-predicted and actual
phenotypes can be partially bridged by accounting for both unclassified rare variants and
the combined effect of common single nucleotide polymorphisms.

We are aware of the limitations of this study, particularly the complete lack of di-
rect clinical toxicity data, which prevented us from performing population stratification
according to clinical toxicity grading. Consequently, our findings describe the genetic
predictivity toward the biochemical phenotype (DPD deficiency) rather than direct clinical
adverse events, and we cannot conclude that the expanded genetic panel proposed here
improves the prediction of fluoropyrimidine toxicity. Decreased DPD activity, as measured
by 5-FUDR, has nonetheless been consistently associated with fluoropyrimidine toxicity
risk in independent studies [8-11], supporting its relevance as a biochemical surrogate,
even though direct toxicity validation in the present cohort was not possible.

Considering the rarity of the genetic markers of DPD deficiency, we propose a com-
plementary approach for pre-emptive screening, transforming heterogeneous data into
a binary test, namely the presence/absence of one among several single markers. This
approach allows us to increase the sub-groups’ numerosity and perform adequate statisti-
cal analysis; on the other hand, CPIC-classified markers with different activity scores are
collapsed into a single layer. We want to remark that this was a methodological choice
strictly aimed at evaluating overall diagnostic performance allowing direct comparison
with the additional tests proposed, and that the model does not imply a clinical pooling of
individual markers. The same caveat applies to the pooled rare-variant test (Test 2, see also
Section 3), which is intended as an exploratory screening layer rather than a substitute for
individual clinical interpretation of each variant.

This binary test model is easily reproducible and thus could be rapidly applied to
re-evaluate available clinical datasets, possibly including toxicity reports, to validate the
present findings.

Recent literature highlights a growing concern that standard DPYD screening pan-
els are predominantly based on European genetic variants [31-33]. However, evaluating
and standardizing functional impact of DPYD mutations is difficult across any ethnic-
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ity due to their rarity. Our proposed approach addresses this limitation by deliberately
avoiding reliance on population-specific allele frequency or classification databases: rare
missense, nonsense, frameshift or splice-site variants are pooled and evaluated as a single
risk category based on their predicted disruptive location within the gene, rather than
on their annotation in any given reference population; this approach can therefore in
principle be applied across genetically diverse cohorts. Conversely, the impact of the
co-occurrence of the common SNPs rs1801160 and rs2297595 (Test 3) is expected to be
more sensitive to population-specific allele frequencies: since both are common variants
whose MAFs vary widely across ethnicities (0.017-0.12 and 0.017-0.17, respectively) [34],
populations with lower MAFs will have fewer co-carriers, reducing the statistical power to
detect an association with the DPD-deficient phenotype, whereas populations with higher
MAFs—such as the Italian cohort studied here (~10% for both SNPs)—are more likely to
show a detectable effect. Population-specific linkage disequilibrium patterns may further
influence the cis/trans configuration of co-occurring alleles, potentially modulating the
net functional effect given the homodimeric structure of the DPD enzyme. Thus, diag-
nostic performance for the prediction of the DPD phenotype remains to be validated in
populations of different ancestries.

4. Materials and Methods
4.1. Data Collection

Data were collected retrospectively, enrolling Italian patients (N = 687) who underwent
a DPD phenotyping assay, namely the 5-FUDR, and a DPYD genotyping assay by exon
sequencing, between April 2022 and March 2026. An oncologic diagnosis was implicit
in the test request, but no additional clinical data (tumour type, staging, comorbidities,
treatment, outcome) were available.

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the local ethical committee (Comitato Etico Territoriale Lazio Area 1, Prot.
0030/2025). Written informed consent was obtained from the participants.

The 5-FUDR values and the DPYD variant lists identified in each participant were
extracted from the Laboratory Information System (LIS). Analytical validation parameters
of the 5-FUDR assay (PBMC isolation, storage conditions, intra-/inter-assay variability,
quality-control criteria, and lower limit of quantification) are reported in the referenced
methodological publication [7].

The DPYD genotyping test was performed by sequencing all DPYD exons and exon-
intron boundaries, using the Thermo Fisher Scientific (Waltham, MA, USA) Ion GeneStudio
S5 System, a next-generation sequencing (NGS) platform. Variant calling was executed by
the Ion Reporter Software, version 5.22 (Thermo Fisher Scientific). The analytical panel
therefore allowed the identification of any variant in the coding region, including the CPIC-
classified variants reported in Table 1. The test result consistently included, as standard
outputs, the genotypes for the following variants: rs3918290, rs56038477 (tagging the
HapB3 marker), rs67376798, rs55886062, rs1801160, and rs2297595. An “additional variant”
field was filled in the case of a rare missense, nonsense, frameshift or splice-site variant
was identified. Rare variants were defined as those with a MAF < 0.01 for the Non-Finnish
European population in the gnomAD database, a subpopulation matching the ancestry of
our Italian cohort [34]. Splice-site variants were defined as variants occurring within a range
of £ 5 base pairs from the exon-intron junction. For descriptive purposes, rare variants were
additionally cross-referenced against the ClinVar database [26], which classifies genetic
variants into five tiers—pathogenic, likely pathogenic, uncertain significance (VUS), likely
benign, and benign—generally following ACMG/AMP interpretation criteria [35].

https://doi.org/10.3390/ph19101551


https://doi.org/10.3390/ph19101551

Pharmaceuticals 2026, 19, 1551

11 of 14

No clinical data or demographic characteristics other than age, gender, and ethnicity
were available.

4.2. Statistics

Statistical analysis was performed using SPSS software version 27 (IBM Statistics,
Armonk, NY, USA). Hardy—-Weinberg equilibrium was evaluated using the online tool
SNPStats [36].

The distribution of age and 5-FUDR values was assessed graphically and through
the Shapiro-Wilk test, which confirmed a statistically significant deviation from normality
for both parameters. The association between continuous non-parametric variables (age
and 5-FUDR) was assessed by Spearman correlation analysis. The association between
continuous and categorical variables was assessed by the Mann-Whitney U-test or the
Kruskal-Wallis test, as appropriate. Effect sizes (Cohen’s d for two-genotype comparisons;
Cohen'’s f for three-genotype comparisons) with 95% CI (normal-approximation CI for d;
percentile bootstrap CI, 3000 resamples, for f, derived from bootstrapped 1?) are reported
in Table 2 alongside p-values.

To evaluate the genotype-phenotype association, the study cohort was dichotomized
into a DPD deficiency group (DD, N = 94) and a normal DPD activity group (NDA, N = 593).
Specifically, a reduction in the median 5-FUDR > 30% was chosen (yielding the cut-off value
of <1.015 U relative to the cohort median of 1.45 U). This strategy aligns with the CPIC phar-
macogenomic guidelines, which set an Activity Score (AS) of 1.5—corresponding to a 75%
residual enzyme activity—as the clinical threshold for initial drug dosage reduction [14,15].
Furthermore, the threshold is consistent with independent phenotyping studies: a >30% re-
duction from the population mean (i.e., activity below 70% of the mean) has similarly been
used to define significant DPD deficiency in lymphocyte-based biochemical assays [37,38].

The phenotype-predictive power of genetic screening tests was evaluated using three
differently modelled binary tests (presence/absence), as follows. Test 1: Presence of a
CPIC-classified variant reported in Table 1 (positive/negative); Test 2: presence of at least
one rare missense, nonsense, frameshift or splice-site variant; Test 3: co-occurrence of at
least one mutant allele at both the rs1801160 and rs2297595 loci. Sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV) were computed for:
each test, independently; the pooled tests 1 and 2 (named “Test 4”); and the pooled tests
1, 2 and 3 (named “Test 5”). The predictive performance of the five screening strategies
for the DPD deficiency phenotype was evaluated on 2 x 2 contingency tables, using odds
ratios with Woolf 95% confidence intervals and two-sided Fisher’s exact tests; PPV, NPV,
sensitivity and specificity were derived from the same tables.

To formally test whether the co-occurrence effect observed for Test 3 reflected a statis-
tical interaction beyond the independent, multiplicative contribution of the two variants, a
multivariable logistic regression model, including age, sex, CPIC-classified variant status
(Test 1), rare variant status (Test 2), rs1801160, rs2297595 and the rs1801160 x rs2297595 in-
teraction term, was fitted to assess whether each marker was independently associated
with the DD phenotype after mutual adjustment.

The two-sided statistical significance was set at a p-value < 0.05. Bonferroni correction
for multiple testing was applied when appropriate.

5. Conclusions

Prospective studies incorporating direct clinical toxicity outcomes, and validation in
independent and more genetically diverse cohorts, will be needed to determine whether
improved detection of the DPD-deficiency phenotype translates into reduced fluoropy-
rimidine toxicity, and to define its optimal place alongside phenotypic testing in routine
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pre-treatment screening. More broadly, our findings reinforce the notion that ethnic and
population-specific variability—observed here for DPYD and documented for other phar-
macogenomic markers—should be explicitly factored into the design of pre-emptive screen-
ing panels, favouring population-tailored, cost-effective testing strategies over a uniform,
one-size-fits-all approach.
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Abbreviations

The following abbreviations are used in this manuscript:

CI Confidence interval
CPIC Clinical Pharmacogenetics Implementation Consortium
DD DPD deficiency

DPD Dihydropyrimidine-dehydrogenase
DPWG  Dutch Pharmacogenetics Working Group
EMA European Medicines Agency

FDA US Food and Drug Administration
FPs Fluoropyrimidines

5-FUDR  5-fluorouracil degradation rate
IOR Interquartile range

MAF Minor allele frequency
NDA Normal DPD activity

NPV Negative predictive value
OR Odds ratio
PPV Positive predictive value
SNP Single nucleotide polymorphism
Vvus Variant of uncertain significance
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