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Abstract

Through the use of pharmacogenetic studies,
interindividual  variability in response (efficacy and
toxicity) to 5-fluorouracil (5-FU) chemotherapy has been
linked to the rate-limiting enzyme in the drug’s catabolic
pathway, known as dihydropyrimidine dehydrogenase
(DPD). This pharmacogenetic syndrome, known as
“DPD deficiency,” results in excessive amounts of 5-FU
available to be anabolized to its active metabolites and is
relatively undetectable by clinical observation prior to 5-
FU administration. Extensive studies have associated both
profound and partial deficiency in DPD activity with severe,
unanticipated toxicity after 5-FU administration, while
research on the molecular basis behind DPD deficiency
has been linked to various sequence variants of the DPYD
gene. Due to the widespread use of 5-FU, the severity of
toxicity associated with DPD deficiency, and the prevalence
of DPD deficiency in the population, extensive research is
continually being performed to develop quick and accurate
phenotypic and genotypic assays suitable for clinical settings
that would allow clinicians to identify patients susceptible to
adverse 5-FU reactions.
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Introduction: Pharmacogenetics in Cancer
Research

Interindividual variability in drug efficacy and toxicity is a
consistently and commonly observed occurrence, especially
in the heterogeneity of patient response to chemothera-
peutic agents. Administration of a standard dose of a given
cancer therapy drug to a population of patients produces a
range of responses, from no effect to lethal events.! These
adverse drug reactions due to cancer chemotherapy drasti-
cally interfere with health care and are estimated to increase
significantly the overall hospital and drug costs.? Though
numerous clinical variables have been associated with drug
response, evidence increasingly shows that genetics is a major
determinant of the observed variability in response to ther-
apy. Inherited individual variations in drug-metabolizing
enzymes, drug transporters, and drug targets make impor-
tant contributions to unpredictability in anticancer treat-
ment outcomes, such as efficacy and toxicity, when given at
standard doses.>* The study of the inherited molecular basis
of interindividual variability in drug response is referred to as
pharmacogenetics, a discipline that documents associations
between altered drug toxicities and heritable differences in
>¢ With the completion of the Human
Genome Project, pharmacogenetics has produced a concep-

drug metabolism.

tual extension called pharmacogenomics, which is broadly
defined as the assessment of inherited differences in interindi-
vidual drug response using a whole-genome approach. Valu-
able information gathered from studies in pharmacogenetics
and pharmacogenomics on a patient’s predicted response to
a chemotherapeutic agent may provide the clinician with a
greater array of therapeutic options, and it has the potential
to lead to the development of individualized therapies.

Oncology is likely to be one of the most appropriate disease
areas for the application of pharmacogenetics and pharma-
cogenomics for several reasons.” First, anticancer agents typi-
cally display small differences between median therapeutic
and toxic doses. Second, many agents undergo a biotrans-
formation and/or detoxification process involving potentially
polymorphic enzyme systems involved in its metabolic pro-
cess. Third, standard dosing procedures of chemotherapeutic
agents by body surface area may place patients with altered
drug-metabolizing enzyme activity at high risk for toxic-
ity and treatment failure.® Taken collectively, these factors
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emphasize the clear need for the development of individual-
ized cancer therapy.

Pharmacogenetic studies have been implemented in the study ofa
specific class of antineoplastic agents known as the fluoropyrimi-
dines; theseinclude the prototypeagent 5-fluorouracil (5-FU) and
the oral prodrug capecitabine (Xeloda, Roche). 5-FU remainsone
of the most commonly prescribed anticancer drugs and is used in
treating a variety of cancers.®'? Its biological activity is mediated
through activation or anabolism of the parent compound into
cytotoxic nucleotides, which subsequently inhibit thymidylate
synthase (TS) and tumor cell replication, while 80-90% of the
administered dose is inactivated through catabolism to inactive
metabolites (Figure 1).'2? Interindividual differences in

response, survival, and toxicity among patients treated with
standard 5-FU doses have been associated with steps in both the
catabolic and anabolic pathways.

The rate-limiting enzyme in the catabolism of 5-FU, dihy-
dropyrimidine dehydrogenase (DPD), converts over 85%
of administered 5-FU to its inactive metabolite, 5-fluoro-
dihydrouracil.”” DPD activity has been shown to have high
variability among the general healthy population'® and has
been extensively implicated in 5-FU efficacy and toxic-
ity.’? For example, in patients with colorectal cancer, low
intratumoral expression of DPD has been associated with
therapeutic efficacy of 5-FU." However, due to the nar-
row therapeutic window of 5-FU, 31-34% of patients with
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Figure 1. Metabolic regulation of 5-FU.

DPD plays an important role in regulating the bioavailability of 5-FU to exert its cytotoxic effect. The anabolic pathway results in incorporation of the
active metabolites into RNA and DNA. In addition, the 5-FU generates FAUMP, which competes with deoxyuridine monophosphate (dUMP), the natural
substrate of thymidylate synthase, on active catalytic site, preventing the formation of thymidylate, which is essential for DNA synthesis. In the catabolic
pathway DPD is essentially responsible for approximately 85% of 5-FU metabolism.

5-FU="5-fluorouracil; R-1-P=ribose-1-phosphate; UP=uridine phosphorylase; Furd=fluorouridine; UK=uridine kinase; PRPP=phosphoribosyl pyrophos-
phate; OPRT=orotate phosphoribosyltransferase; FUMP=fluorouridine monophosphate; PMPK=pyrimidine monophosphate kinase; FUDP=flurouridne
diphosphate; PDPK=pyrimidine diphosphate kinase; FUTP=flurouridne triphosphate; dR-1-P=deoxyribose-1-phosphate; TP=thymidine phosphory-
lase; FdUrd=fluorodeoxyuridine; TK=thymidine kinase; FdUMP=fluorodeoxyuridine monophosphate; FdUDP=fluorodeoxyuridine diphosphate;
FdUTP=fluorodeoxyuridine triphosphate; DPD=dihydropyrimidine dehydrogenase; DHFU=dihydroflurouracil; FUPA=fluroureidopropionic acid;
FBAL=alpha-fluoro-beta-alanine; CFBAL=carboxy-fluoro-beta-alanine.

Adapted from Ezzeldin H, Diasio RB.*
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colorectal cancer treated with 5-FU displayed dose-limiting
grade 3—4 toxicity.'® In addition, 40-50% of patients expe-
riencing unanticipated 5-FU toxicity have decreased DPD
activity'”'® ranging from partial to complete deficiency.
Furthermore, complete or partial loss of the DPD enzyme
activity has been extensively associated with defects in the
DPYD gene that lead to the considerable patient-to-patient
variability in therapeutic efficacy and the propensity for 5-
FU toxicity."* These studies collectively define the phar-
macogenetic syndrome prevalent in approximately 3% of

the population known as “DPD deficiency.”"

This review focuses on the clinical management of patients
treated with 5-FU, as well as the effects of DPD deficiency on
the pharmacology of this chemotherapeutic agent. In addi-
tion, we will discuss the potential role pharmacogenetic stud-
ies and the development of specific genotypic and phenotypic
tests can have on improving drug efficacy and safety.

Clinical Diagnosis of DPD Deficiency

Efficacy and toxicity associated with 5-FU therapy have
shown significant variation among individuals and have been
associated with the activity of the rate-limiting catabolic
enzyme DPD. Unanticipated toxic reactions to 5-FU have
been linked to both partially and profoundly deficient DPD
activity. Several studies have suggested that the identification
of DPD deficiency in cancer patients prior to the initiation
of 5-FU treatment could predict which patients are at risk for
5-FU toxicity. Unfortunately, DPD deficiency is often unde-
tectable by clinical observation due to the absence of symp-
toms prior to 5-FU administration, thus making clinical
diagnosis by physical observation impossible.

Common clinical observations of a DPD-deficient patient
following the administration of 5-FU include fever (second-
ary to neutropenia), mucositis, stomatitis, and diarrhea.?!
The observance of enteric lesions may occur at any level,
resulting in a variety of clinical symptoms, such as dyspha-
gia, retrosternal burning, watery diarrhea, and proctitis. The
diarrhea can be bloody, and nausea, vomiting, and profuse
diarrhea can lead to extreme cases of dehydration and hypo-
tension.”” Disruption of gut-lining integrity may permit
access of enteric organisms into the bloodstream, with the
potential for overwhelming sepsis, particularly if the granulo-
cyte nadir coincides with diarrhea. Other physical signs may
include changes to the skin, typically as a maculopapular rash
or increased pigmentation.

Other symptoms observed in DPD-deficient patients suffer-
ing from 5-FU toxicity may include neurological abnormali-
ties, such as changes in cognitive function, cerebellar ataxia,
and the presence of a broad-based gait.?* However, these
manifestations are often subtle and can go unrecognized
unless specifically sought during a complete neurologic exam-
ination. Severe effects of 5-FU toxicity on the level of con-
sciousness reaching a comatose state may also be observed.*?

One of the more striking examples of severe 5-FU toxicity due
to DPD deficiency reported by our group involved the topical

application of 5% 5-FU cream to the scalp of a 76-year-old
male patient with basal cell carcinoma.? It was the first exam-
ple of severe toxicity associated with the topical use of 5-FU
and was shown to be the result of virtually undetectable DPD
enzymatic activity in the patient’s peripheral blood mononu-
clear cells. Given the generally accepted safety of topical 5-FU
use, this particular case represents an important example indi-
cating that severe toxicity may be associated with even minor
exposure to 5-FU in patients with severe DPD deficiency.””

Routine blood investigations performed at the time of
clinical manifestation of 5-FU toxicity may indicate abnor-
malities, such as leukopenia, thrombocytopenia, and anemia,
manifested as significant decreases in the absolute neutrophil
count (near 0). However, routine chemistry tests and urine
analysis are often normal, adding to the difficulty of clinical
diagnosis of DPD deficiency.

Patient Management

There are few options for managing patients’ toxicities even
when DPD deficiency is suspected soon after treatment with
5-FU. Numerous approaches have been suggested for man-
aging toxicities in suspected or diagnosed DPD-deficient
patients.” The first and most obvious action would be to
stop any further administration of 5-FU or related drug, fol-
lowed by aggressive supportive care. For example, antibiotic
and antibacterial coverage may be used in treating potential
bacterial and fungal infections resulting from the invasion of
enteric organisms through the weakened gut lining. Dehy-
dration and hypotension may be treated with appropriate
fluid and electrolyte support. In the most severe cases, hospi-
talization in the intensive care unit may be necessary.

When dealing with drug toxicities, elimination of the unre-
acted drug remaining in the body would be advantageous.
This has commonly been performed with other drugs by
hemodialysis and hemoperfusion. Unfortunately, with 5-
FU the effectiveness of either method is limited even though
it is a small molecular-weight molecule capable of passing
through dialysis membranes, due to the fact that 5-FU is rap-
idly cleared through the urine, even in the presence of com-
plete DPD deficiency.?® Thus by the time DPD deficiency is
suspected it is typically too late to obtain benefit from hemo-
dialysis and hemoperfusion.

To overcome the block in thymidylate synthesis from the
inhibition of thymidylate synthase by the 5-FU nucleotide
fluorodeoxyuridine monophosphate (FAUMP), pyrimidine
nucleosides (thymidine or uridine) may be quickly admin-
istered soon after 5-FU administration."' The use of colony-
stimulating growth factor to overcome the associated febrile
neutropenia or agranulocytosis has also been suggested as
a means of managing DPD deficiency.?® Although it has
been used in the management of several cases, its benefit
is still unproven and may in fact be associated with adverse
consequences.

Labhoratory Diagnosis of DPD Deficiency

Elevated levels of uracil and/or thymine (the natural substrates
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Figure 2. Sequence variations identified in the DPYD gene.

This figure locates the sequence variations identified in the coding and noncoding regions of the DPYD gene. The location of the positive and negative
regulatory elements identified 5'UTR, upstream of the transcription start point is shown on the figure. Other sequence variations that were reported but not
shown on the figure include: DPYD*9B, which is composed of both sequence variants DPYD*9A (85T>C; C29R) in exon 2 and 2846A>T (D949V) in exon
23; and DPYD*2B, which is composed of both sequence variants DPYD*2A (IVS14+1G>A) in intron 14 and DPYD*5 (1627A>G; 1543V) in exon 13.

for DPD) in the plasma or urine is indicative of complete or
profound DPD deficiency and can be detected using a variety
of methods.?® However, these methods are not suitable for
detecting partial DPD deficiency, which is more prevalent in
the population. The radioenzymatic assay that directly mea-
sures DPD activity is the standard and most accurate method
used in detecting partial DPD deficiency.”” DPD activity may
be determined via analysis of peripheral blood mononuclear
(PBM) cells. PBM cells are quite suitable for DPD activity
assessment due to the absence of subsequent enzymes of the
pyrimidine catabolic pathway.® Although the assay is sensitive
and accurate, it is time consuming and labor intensive, which
discourages its use in screening for DPD-deficient patients
prior to 5-FU therapy in most clinical settings.

Over the past few years, more attempts have been made to
develop both user- and patient-friendly assays for the screen-
ing of DPD deficiency prior to 5-FU administration. One
such attempt includes antibody-based tests, using polyclonal
or monoclonal antibodies to DPD.*3° Though they typically
permit diagnosis of completely DPD-deficient individuals,
they are somewhat less accurate in assessing partially defi-
cient individuals (typically individuals with a heterozygous
mutation). Since the vast majority of patients are partially
deficient, these assays are of limited use.

Recently, a uracil breath test (UBT) has been developed that
permits the rapid diagnosis of both profound and partial
DPD deficiency (=90 minutes) before the administration of
5-FU and allows differentiation among individuals with nor-
mal-range DPD activity.! This noninvasive and cost-effec-
tive assay uses a stable isotope (**C) localized at the 2-carbon
of uracil and can differentiate between individuals with nor-
mal DPD activity and those with partial DPD deficiency.
Rapid and efficient analysis along with its user-friendly and
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noninvasive qualities make the uracil breath test a leading
candidate for future general use.

Genetic Testing for DPD Deficiency

The gene encoding for the DPD enzyme (DPYD) has
been extensively studied to elucidate the molecular basis
of DPD deficiency. The human DPYD gene is located on
chromosome 1p22 and consists of 23 exons.?>* It is at least
950 kb in length with 3 kb of coding sequence and an aver-
age intron size of approximately 43 kb.** More recently, the
promoter region of the gene has been cloned and character-
ized.” This information led to the examination of the cDNA
from individuals with DPD deficiency to determine if any
obvious structural abnormalities could explain the dysfunc-
tional DPD protein. By identifying these mutations in the
DPYD gene which lead to DPD deficiency, rapid screening
techniques can be used to identify individuals with these spe-
cific mutations to determine the susceptibility to 5-FU toxic-
ity prior to treatment. Currently, there are over 30 reported
mutations located in both the coding and noncoding regions
of the DPYD gene (none in the promoter region) (Fig-
ure 2).2342 Familial studies of both normal and deficient
members have also been used to provide valuable informa-
tion on whether the particular sequence variant results in a
functional change in vivo as well as determining the inheri-
tance pattern of DPD deficiency. Numerous studies geno-
typing DPD deficient patients, their family members, and
healthy individuals have shown that the splice-site mutation
(IVS14+1G>A) known as DPYD*2A is the most character-
ized and frequently observed allele associated with decreased
DPD enzyme activity.”! This G-to-A splice-site mutation
of intron 14 leads to the skipping of exon 14 in the process
of DPD pre-mRNA splicing. The resulting mature DPD
mRNA lacks a 165-nucleotide segment encoding the amino
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acids 581-635. Studies have shown complete loss of DPD
activity with homozygous DPYD*2A, while the heterozygous
DPYD*2A mutation resulted in partial DPD deficiency.?*?°
Another mutation associated with DPD deficiency is a single
amino acid substitution known as DPYD*13 (1679T>G;
15608S). Though the substitution does not occur in any rec-
ognized functional domain, the 1560 position shows 100%
conservation across 5 mammalian species (human, mouse,
rat, bovine, and pig),* suggesting that this position is impor-
tant in maintaining DPD enzyme activity. The correlation
between DPYD*13 and DPD deficiency was most evident
in the case of a profoundly deficient patient with heterozy-
gous mutations for both DPYD*13 and DPYD*2A. Screen-
ing of the patient’s 2 partially deficient children and spouse
with normal activity revealed an autosomal codominant pat-
tern of inheritance with 1 child containing the heterozygous
DPYD*2A mutation, while the other showed the heterozy-
gous DPYD*13 mutation.”®

Though conflicting results correlating specific genotypes
to a DPD-deficient phenotype have been presented,* the
high incidence of DPYD*2A and the association of specific
mutations with DPD deficiency warranted the develop-
ment of numerous quick screening assays for these specific
sequence variations.

Screening techniques for the known mutations of the DPYD
gene include allele specific polymerase chain reaction (ASPCR),
restriction fragment length polymorphism (RFLP), and
pyrosequencing. "% These methods offer rapid and high-
throughput screening capabilities; however, they can only be
used to screen for the known mutations. Denaturing high-per-
formance liquid chromatography (DHPLC) has the advantage
of detecting both known and unknown sequence variations.”
While these rapid genetic screening techniques require a mini-
mal amount of starting material from the patient, the equip-
ment necessary to perform the analysis is expensive and may
not be suitable for the general clinical setting. Although direct
sequencing remains the standard method for the detection and
identification of both known and unknown sequence varia-
tions, it is expensive, time-consuming, and labor-intensive.

Conclusion

Adverse drug reactions are a severe concern to both health
care practitioners and the general public, accounting for over
100,000 fatalities per year; it is the fourth leading cause of
death in the United States, after heart disease, cancer, and
stroke.® It is now clear that genetic differences in drug
metabolizing enzymes, transporters, or receptors may result in
altered drug response—including both efficacy and toxicity.
The small difference between the mean efficacious dose and
the mean toxic dose make chemotherapeutic agents prime
candidates for the occurrence of interindividual variability in
drug efficacy and toxicity. Pharmacogenetic studies on che-
motherapeutic agents have the potential to revolutionize the
way clinicians determine a patients optimal treatment regi-
men through the prediction of an individual’s responsiveness
to a particular therapy. In the case of fluoropyrimidine che-

motherapy, screening for DPD deficiency may provide predic-
tive insight into an individual’s susceptibility to unanticipated
5-FU toxicity before the initiation of treatment. Patients with
a determined deficiency of DPD might be selected for alter-
native treatment modalities containing nonfluoropyrimidine
compounds. For example, irinotecan, oxaliplatin, and ralti-
trexed have been safely applied in the treatment of a patient
suffering from partial DPD deficiency.

5-FU pharmacogenetic studies have aided in the advance-
ment of predicting patients’ response to 5-FU chemo-
therapy through the development of both phenotypic and
genotypic assays for DPD. Though many of these pheno-
typic tests are not yet suitable for widespread clinical use,
the recently reported UBT has shown the greatest potential
for clinical diagnosis of DPD deficiency due to its quick
operation, efficient measurement, and user-friendly and
noninvasive qualities.”!

Although information about the DPD enzyme and its cod-
ing gene (DPYD) is rapidly accumulating, future studies are
still required to fully elucidate the molecular basis of DPD
deficiency and to resolve the discrepancies in genotype-to-
phenotype correlations. Further studies on other enzymes
of the fluoropyrimidine metabolic pathway in patients with
an unknown molecular basis for unanticipated 5-FU toxic-
ity may reveal other attributing factors. For example, vari-
ability in response to 5-FU has been linked to thymidylate
synthase (TS), where drug resistance and poor prognosis
were associated with overexpression of this enzyme and a
previously identified polymorphism in the 5UTR in the
enhancer region (TSER) of this gene.”* Deficiencies in the
dihydropyrimidinase and ureidopropionase enzymes (the
subsequent enzymes in the catabolic pathway of 5-FU fol-
lowing DPD) have also been implicated in unexpected 5-FU
toxicity.*>! Taken collectively, these factors could provide a
greater understanding of the basis behind unanticipated 5-
FU toxicity and potentially be used in the development of
future diagnostic tests to provide a more accurate determi-
nation of a patient’s responsiveness to 5-FU treatment.
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