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Overview
Fluoropyrimidines are antimetabolite drugs widely used in the treatment of solid tumors
including colorectal cancer, breast cancer, and cancers of the aerodigestive tract [1–3].
Figure 1 shows candidate genes involved in the pharmacokinetics of three fluoropyrimidine
drugs: 5-fluorouracil (5-FU), capecitabine, and tegafur. 5-FU is commonly given
intravenously wherein more than 80% of it is metabolized in the liver [1]. Capecitabine is an
oral prodrug of 5-FU that passes unaltered through the gut wall and is converted into 5′-
deoxy-5-fluorocytidine (5′-dFCR) and then to 5′-deoxy-5-fluorouridine (5′-dFUR) in the
liver by carboxylesterase and cytidine deaminase, respectively [4,5]. 5′-dFUR is then
converted to 5-FU by thymidine phosphorylase or uridine phosphorylase [4,6]. Tegafur is
another prodrug of 5-FU, which is converted by CYP2A6 to an unstable intermediate, 5-
hydroxytegafur, which spontaneously breaks down to form 5-FU [5]. Metabolism of 5-FU is
discussed further below. Figure 2 shows candidate genes involved in the pharmacodynamics
of fluoropyrimidines.

Pharmacokinetics and transport
There are several routes for the metabolism of 5-FU, some of which lead to activation and
pharmacodynamic actions of the drug. The rate-limiting step of 5-FU catabolism is
dihydropyrimidine dehydrogenase (DPYD) conversion of 5-FU to dihydrofluorouracil
(DHFU) [7,8]. DHFU is then converted to fluoro-β-ureidopropionate (FUPA) and
subsequently to fluoro-β-alanine (FBAL) by dihydropyrimidinease (DPYS) and β-
ureidopropionase (UPB1), respectively [7]. Deficiency in enzymes in this pathway can result
in severe and even fatal 5-FU toxicity. Several variants in DPYD have been associated with
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toxicity (Table 1) To modulate the activity of fluoropyrimidines, inhibitors of DPYD, such
as uracil and eniluracil can be coadministered. This slows the degradation of 5-FU and
improves the response rate [2].

The main mechanism of 5-FU activation is the conversion to fluorodeoxyuridine
monophosphate (FdUMP), which inhibits the enzyme thymidylate synthase (TYMS), an
important part of the folate–homocysteine cycle and purine and pyrimidine synthesis (see
Pharmacodynamics) [2]. The conversion of 5-FU to FdUMP can occur via thymidylate
phosphorylase (TYMP) to fluorodeoxyuridine and then by the action of thymidine kinase to
FdUMP or indirectly by fluorouridine monophosphate (FUMP), or fluroridine (FUR) to
fluorouridine diphosphate (FUDP) and then ribonucleotide reductase action to
fluorodeoxyuridine diphosphate and FdUMP [2].

An important consideration in the use of 5-FU and related drugs is the development of drug
resistance by the tumor. Some resistance mechanisms involve expression changes in
pharmacodynamic gene candidates [TYMS and tumor protein p53 (TP53)]. Drug resistance
can also involve changes in drug transport. There is conflicting data about the transporters
involved in the pharmacokinetics of 5-FU. SLC29A1 expression was not associated with
survival in one study of pancreatic tumors [9], but resistance/sensitivity was associated with
its expression in another study of pancreatic tumor cell lines [10]. Transport of 5-FU has
been reported in an in-vitro expression system of SLC22A7 [11]. Several transporters have
been implicated in 5-FU resistance including ABCG2 [12,13], ATP-binding cassette, sub-
family C 3 (ABCC3), ABCC4, and ABCC5 [14].

Pharmacodynamics
The principal mechanism of action of fluoropyrimidines has been considered to be the
inhibition of TYMS, but recent evidence has also shown alternative pharmacodynamic
pathways acting through the incorporation of drug metabolites into the DNA and RNA
[2,15,16]. The fluoropyrimidines are broken down into three metabolites that have
pharmacodynamic effects, FdUMP, fluoro-deoxyuridine triphosphate (FdUTP), and
fluorouridine triphosphate (FUTP) (see pharmacokinetics pathway for more details) that act
through these different mechanisms. In the clinic, 5-FU is commonly given either as bolus
injection with leucovorin [LV; 5-formyl tetrahydrofolate (THF)] or as a continuous infusion.
The mechanism of action of 5-FU may differ with different modes of administration, with
bolus treatment favoring RNA damage and continuous treatment favoring DNA damage
[16,17].

FdUMP forms a covalent complex with TYMS [18] and prevents the binding and
conversion of dUMP to dTMP, necessary for pyrimidine and DNA synthesis, and blocks the
simultaneous conversion of 5,10-methylene tetrahydrofolate to dihydrofolate, a key
component of the folate pathway that recycles methyl groups and synthesizes methionine.
The inhibition of TYMS leads to an imbalance of deoxyuridine triphosphate (dUTP) and
deoxythymidine triphosphate (dTTP) and a rise in the misincorporation of dUTP into DNA
[19]. The complex of FdUMP and TYMS is stabilized by the coadministration of folate
analogs that can bind in place of 5,10-methylene tetrahydrofolate, such as LV [18].

Owing to its involvement in the metabolism of endogenous folates, the administration of
LV, folates, and the activity of other folate cycle enzymes can impact the activity of TYMS.
Gamma-glutamyl hydrolase (GGH) and folylpolyglutamate (FPGS) synthase expression
affect the levels of reduced folate in human colon cancer cells in vitro and thus determines
the LV enhancement of 5-FU cytotoxicity [20]. The expression of dihydrofolate reductase
(DHFR) has been shown to be altered in tumor cells compared with normal cells [21], and
although not a direct target for fluoropyrimidines as it is for methotrexate, it may affect
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fluoropyrimidine pharmacodynamics through changes in folate availability. The phenotype
of the tumor may also be important with respect to the folate and methylation side of this
pathway, for example, the CpG island methylator phenotype of colorectal cancer, in which
gene promoters are hypermethylated, has been associated with positive outcomes for 5-FU-
based treatments [22].

There is some debate as to whether DNA damage caused by the incorporation of dUTP or
FdUTP into DNA is the cause of cytotoxicity of fluoropyrimidines [19]. Whether it is uracil
or 5-FU incorporation into DNA, the resultant damage occurs due to the increased base-
excision repair causing DNA fragmentation and ultimately cell death. Single-strand selective
monofunctional uracil DNA glycosylase 1 (SMUG1), a uracil-DNA glycosylase excises 5-
FU from DNA and protects against the cell death in vitro [23]. A recent study gives in-vitro
evidence that thymidine DNA glycosylase is the main base-excision enzyme responsible for
5-FU excision related to DNA strand breaks [19].

Pharmacogenomics
The most commonly studied genes in the pharmacogenomics (PGx) of fluoropyrimidines are
DPYD, TYMS, and methylenetetrahydrofolate reductase (MTHFR) (discussed in detail
below). In general, those studies that have examined the toxicity have focused on DPYD and
those studies looking at efficacy consider TYMS and MTHFR. The additional variants
associated with fluoropyrimidine PGx are summarized in Table 1.

Some of the most severe and fatal fluoropyrimidine toxicities observed were due to DPYD
deficiencies [24]. The most common DPYD variant associated with fluoropyrimidine
toxicity is DPYD*2A, a G>A single nucleotide polymorphism in the splice site of intron 14
[25] (for more details and mapping information see
http://www.pharmgkb.org/search/annotatedGene/dpyd/index.jsp). Although observed at a
frequency of less than 1% in the Caucasian population DPYD*2A is the most common
variant associated with fluoropyrimidine toxicity [26,27]. However, this variant does not
always correlate with reduced DPYD activity in vivo [28]. A recent prospective study
showed that DPYD*2A had a small predictive capability for severe FU toxicity and this was
more pronounced in male patients and in particular treatment regimens [29]. Other variants
in DPYD have also been associated with fluoropyrimidine toxicity (see Table 1) and these
are found at higher frequencies than DPYD*2A [27].

TYMS variants have been associated with TYMS expression and response to FU
chemotherapy [30,31]. The most commonly studied variants are a 28 bp repeat in the 5′
untranslated region (5′-UTR) also known as TYMS enhancer region (TSER), a 6 bp
deletion in the 3′-UTR and a G>C single nucleotide polymorphism within the third repeat of
TSER (for more details and mapping information on these variants see
http://www.pharmgkb.org/search/annotatedGene/tyms/index.jsp). Despite many studies
examining the effects of these variants, contradictory findings from heterogeneous studies
have shown that a clear predictive strategy has not been developed for clinical use [29,32].
A recent study of copy number variation in TYMS in colorectal tumor samples showed that
high copy numbers were associated with disease relapse and death [33] indicating that
simple genotyping may not provide the whole picture.

There have been several small studies of MTHFR and fluoropyrimidine PGx, mostly in
colorectal cancer patients, with study sizes ranging from 43 to 331 patients and highly
conflicting results [34]. The most commonly studied variants are MTHFR:677C>T and
MTHFR: 1298C>A (for more details and mapping information on these variants see
http://www.pharmgkb.org/search/annotatedGene/mthfr/index.jsp). For MTHFR:677C>T the
T allele has been associated with worse response or shorter survival [35], better response
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[36,37] and had no effect on response or survival in other studies [38,39]. Similarly, the
MTHFR:1298C>A A allele has been associated with shorter survival [40] and had no effect
in other studies [37,39], and the TA haplotype of both the variants was associated with
worse response [35].

Concluding remarks
Although there are good PGx candidates for predicting fluoropyrimidine toxicity and
efficacy they have yet to be developed for routine clinical application. The impact of DPYD
on toxicity is clear, however, because of the low frequencies of these variants, the unclear
relationship of genotype to phenotype, and the lack of the diagnostic tools for prospective
testing, it is not currently clinically relevant [41,42]. More prospective studies that address
the roles of sex, treatment regimen on additional unidentified variants on DPYD genotype
related toxicity [29] are needed.

Many studies of the impact of variants on tumor response, disease progression, have been
confounded by cotreatment with additional antineoplastic drugs, different treatment
regimens, and small study sizes. A recent review of MTHFR variants noted that those that
showed no effect were often fluoropyrimidines in combination with other drugs, whereas
those that showed correlations involved treatment with fluoropyrimidines alone or with LV.
This suggests a pathway-based multivariant approach that may prove most effective for
predicting fluoropyrimidine drug response [21,43,44].
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Fig. 1.
Graphic representation of the candidate genes involved in fluoropyrimidine
pharmacokinetics. A fully interactive version of this pathway is available online at
PharmGKB at http://www.pharmgkb.org/do/serve?objId=PA150653776&objCls=Pathway.
5′-dFCR, 5′-deoxy-5-fluorocytidine; 5′-dFUR, 5′-deoxy-5-fluorouridine; 5-FU, 5-
fluorouracil; ABCC, ATP-binding cassette, sub-family C; CDA, cytidine deaminase; CES,
carboxylesterase; DHFU, dihydrofluorouracil; DPYD, dihydropyrimidine dehydrogenase’;
DPYS, dihydropyrimidinease; FBAL, fluoro-β-alanine; FdUDP, fluorodeoxyuridine
diphosphate; FdUMP, fluorodeoxyuridine monophosphate; FdUTP, fluoro-deoxyuridine
triphosphate; FUDP, fluorouridine diphosphate; FUDR, fluorodeoxyuridine; FUMP,
fluorouridine monophosphate; FUPA, fluoro-β-ureidopropionate; FUR, fluroridine; FUTP,
fluorouridine triphosphate; PD, pharmacodynamic; PPAT, phosphoribosyl pyrophosphate
amidotransferase; RRM, ribonucleotide reductase M; TK1, thymidine kinase 1; Tp53, tumor
protein p53; TYMP, thymidylate phosphorylase; TYMS, thymidylate synthase; UCK,
uridine-cytidine kinase; UMPS, uridine monophosphate synthase; UPB1, β-
ureidopropionase 1; UPP, uridine phosphorylase.
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Fig. 2.
Graphic representation of the candidate genes involved in fluoropyrimidine
pharmacodynamics. A fully interactive version of this pathway is available online at
PharmGKB at http://www.pharmgkb.org/search/pathway/5fu/5fu-pd.jsp. DHF,
dihydrofolate; DHFR, dihydrofolate reductase; dTMP, deoxythymidine monophosphate;
dUMP, deoxyuridine monophosphate; ERCC, excision repair cross complementing;
FdUMP, fluorodeoxyuridine monophosphate; FdUTP, fluoro-deoxyuridine triphosphate;
FPGS, folylpolyglutamate synthase; FUTP, fluorouridine triphosphate; GGH,
Gammaglutamyl hydrolase; MTHFR, methylenetetrahydrofolate reductase; PK,
pharmacokinetics; SMUG1, Single-strand selective monofunctional uracil DNA glycosylase
1; TDG, thymidine DNA glycosylase; THF, 5,10-methylene tetrahydrofolate; TYMS,
thymidylate synthase.
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