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DEVELOPMENT, VALIDATION, AND USE OF A NOVEL
[2-*C] URACIL BREATH TEST TO DETECT DIHYDROPYRIMIDINE
DEHYDROGENASE DEFICIENCY
LORI K. MATTISON
ABSTRACT

Dihydropyrimidine dehydrogenase (DPD) deficiency is an autosomal codomi-
nantly inherited pharmacogenetic syndrome associated with severe, unanticipated, 5-
fluorouracil (5-FU) toxicity in cancer patients. As the initial and rate-limiting enzyme of
the pyrimidine catabolic pathway, DPD degrades more than 80% of an administered dose
of 5-FU. When DPD deficient cancer patients are administered 5-FU, dangerously in-
creased 5-FU AUC, exposure, and toxicity may occur. DPD deficiency is present in 3-5%
of the general population.

Given the frequency of DPD deficiency and the severity of DPD-mediated 5-FU
toxicity, development of a diagnostic test to rapidly screen cancer patients for DPD defi-
ciency prior to 5-FU administration is critical. Unfortunately, due to a lack of characteri-
zation of the majority of the 30 reported DPYD (gene that encodes DPD) sequence varia-
tions, development of a clinically useful genotypic test is not feasible. Therefore the de-
velopment of a rapid phenotypic test, an oral [2-13C] uracil breath test (UraBT), was the
primary objective of this dissertation research. The major findings of this research are
the following: 1) the amino acid sequence of the DPD enzyme is conserved among
mammals and invertebrates, suggesting that a comparative genetic approach may be used
to prioritize DPYD sequence variations for future functional characterization; 2) DPD
deficient individuals may be identified by reduced breath >CO, concentrations and al-

tered breath '*CO, kinetics following oral administration of [2-*C] uracil in a UraBT;

il
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3) UraBT sensitivity and specificity is 100 and 96%; 4) DPD deficient subjects have
altered plasma [2-1*C] uracil and [2-"*C] dihydrouracil pharmacokinetics; 5) PBMC DPD
activity and [2-"*C] uracil and [2-">C] dihydrouracil pharmacokinetics significantly
correlate with the UraBT DOBs; 6) the UraBT is a rapid assay which may be used to
screen previously unexamined populations, such as Indians, for DPD deficiency; and 7)
the African American population, particularly African American women, may have
significantly reduced pyrimidine catabolism as demonstrated by reduced UraBT DOB5g
values and PBMC DPD activity, which may increase the risk of 5-FU toxicity. These
data support the future evaluation and use of the UraBT as a screening assay to identify

DPD deficiency in cancer patients prior to 5-FU administration.

v
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INTRODUCTION

The long-term goal of my dissertation research has been the development of an
assay to detect cancer patients at risk of developing 5-fluorouracil (5-FU) toxicity result-
ing from dihydropyrimidine dehydro genase (DPD) deficiency. 5-FU and its prodrugs
(e.g. capecitabine) are prescribed to treat gastrointestinal malignancies [1, 2]. Like many
other chemotherapeutic agents, 5-FU demonstrates a narrow therapeutic index (i.e. the
difference between toxjc and efficacious dose is small) [3, 4]. A recent clinical study has
observed that approximately 34% of colorectal cancer patients develop severe 5-FU
associated toxicities at standard doses [5]. Pharmacokinetic/pharmacodynamic studies
have linkked 5-FU toxicity to decreased plasma 5-FU clearance and increased plasma 5-
FU half-life and area under the curve (AUC) [6-8]. Yet, prediction of 5-FU associated
toxicities is difficult due to the wide inter-patient variability in 5-FU pharmacokinetics.

The DPD enzyme (EC 1.3.1.2) has an important role in rﬁodulating 5-FU pharma-
cokinetics. As the initial and rate-limiting enzyme of pyrimidine catabolism, DPD deter-
mines the amount of 5-FU available for anabolism (cytotoxicity) by degrading more than
80% of an administered dose of 5-FU to 5-fluoro-dihydrouracil [9-11]. Marked (6-fold)
inter-patient variability has been observed in the catabolic activity of this polymorphic
enzyme [12] . Pharmacokinetic studies have demonstrated a linear positive correlation
between DPD enzyme activity and 5-FU clearance and inverse correlations between DPD
enzyme activity and 5-FU AUC and half-life [7, 13-15]. Cancer patients with DPD defi-

ciency (reduced DPD enzyme activity) experience severe 5-FU toxicity resulting from
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reduced drug catabolism as demonstrated by decreased 5-FU clearance and increased 5-
FU AUC compared to cancer patients with DPD enzyme activity in the normal range {8,
16-18]. Toxicities presenting in DPD deficient cancer patients subsequent to 5-FU ad-
ministration include mucositis, stomatitis, granulo.cytopenia, diarrhea, neuropathy, and
death [19-21]. Approximately 43-64% of cancer patients who present with severe 5-FU
toxicity are DPD deficient [19, 22].

DPD deficiency is an autosomal codominantly inherited pharmacogenetic syn-
drome [23]. To date more than 30 sequence variations have been observed in the DPYD
gene (the gene that encodes the mRNA which in turn codes for the DPD enzyme), lead-
ing to multiple genotypes and three phenotypes characterized by normal DPD enzyme
activity, partial DPD deficiency, and profound DPD deficiency [12, 21]. Population stud-
ies (performed in predominantly Caucasian populations) demonstrated that approximately
3-5% of the population is partially DPD deﬁcieht while 0.1% of the population is pro-
foundly DPD deficient [12, 24-26].

The frequency of DPD deficiency in the general population suggests that routine
screening for DPD deficiency should be performed prior to 5-FU administration fo cancer
patients. Hence, many potentially useful genotypic and phenotypic methods have been
developed to assess DPD [27-32]. However, development of a rapid, simple, sensitive
and specific genotypic test has been limited by the heterogeneity of the DPYD gene [1,
33]. These barriers have been a stimulus for the development of phenotypic tests to assess
DPD enzyme activity.

Numerous phenotypic methods have been used to assess DPD enzyme activity.

Several thin-layer chromatographic, antibody, high-performance liquid chromatography
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(HPLC) and mass spectrometry methods have been used to measure piasma and urine
pyrimidine (uracil and thymine) concentrations [34-37]. Although these methods can de-
tect individuals with complete DPD deficiency, they often fail to identify individuals with
partial DPD deficiency [6]. To date, the most widely accepted phenotypic method to
assess DPD enzyme activity is the DPD radioassay. This procedure measures the conver-
sion of [6-1*C] 5-FU to [6-'*C] FUH, following isolation of a cytosolic protein fraction
from peripheral blood mononuclear cells (PBMCs) or other tissues [32]. However, this
assay has several disadvantages that limit its use to primarily clinical research laborato-
ries. Specifically, the PBMC DPD radioassay réquires special equipment and training,
and generates radioactive waste. Furthermore, the assay is time-consuming (> 8 hrs) and
labor-intensive. Theréfore, it is difficult to assess DPD enzyme activity of cancer patients
prior to treatment with 5-FU or one of its derivatives.

The objective of this dissertation research is to improve 5-FU chemotherapy by
developing an assay to rapidly detect cancer patients at risk for DPD-mediated 5-FU tox-
icity. The majority of this dissertation consists of five published manuscripts and one
manuscript currently in review, five of six on which I am the first author.

The first manuscript (published in Pharmacogenomics in 2002) reviews the back-
ground and recent advances of pharmacogenetic tests for DPD assessment. This manu-
script introduces 1) 5-FU metabolism and mechanisms of action; 2) the role of DPD in 5-
FU metabolism; 3) biochemical analysis of the human DPD enzyme; 4) localization and
genotypic analysis of the human DPYD gene; 5) DPD pharmacogenetics; 6) limitations of
DPYD genotypic assays; 7) limitations of DPD phenotypic assays; and 8) limitations for

use of DPD as a prognostic marker of tumor 5-FU response and patient survival. This
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manuscript provides sufficient background and context to critically evaluate the impor-
tance of this dissertation research (the development of an assay to rapidly detect DPD de-
ficiency in cancer patients) to patient care.

The second manuscript (published in Pharmacogenetics in 2002) utilizes a com-
parative genetic approach to prioritize known DPYD sequence variations for genotypic
studies and functional characterization. This approach examines whether known DPYD
sequence variations in the coding region of \the DPYD gene occur in evolutionarily con-
served domains. This manuscript establishes that 1) the translated mouse DPD cDNA
demonstrates high sequence identity to the reported DPD amino acid sequences from rat,
pig, cow, and human; 2) homologous amino acid sequences are present in Drosophila
melanogaster and Caenorhabditis elegans; 3) DPD functional domains (i.e. uracil, FAD,
and NADPH binding sites and iron sulfur motifs) show evolutionary conservation; 4)
eight DPYD sequence variations occur in conserved domains (DPYD*3, DPYD*4,
DPYD*7, DPYD*8, DPYD*10, DPYD*11, M166V,‘ and D949V); and 5) four DPYD se-
quence variations occurred in non-conserved regions (DPYD*5, DPYD*6, DPYD*94,
and DPYD*12). These data suggest that the conserved loci of the eight DPYD sequence
variants may be important to enzyme structure or function; mutations occurring at these
sites may result in reduced DPD enzyme activity. This conclusion is further supported by
clinical observations of reduced DPD enzyme activity from subjects with DPYD*7,
DPYD*8, DPYD*10, DPYD*11 and D949V sequence variations and expression studies

of DPYD*8 and DPYD*10 sequence variations.
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The third manuscript (published in Clinical Cancer Research in 2004) describes
the development and optimization of a phenotypic test, an oral UraBT, to rapidly detect
DPD deficiency. This manuscript establishes that 1) DPD deficient subjects have
significantly lower breath *CO, concentrations following [2-">C] uracil administration
compared to normal subjects; 2) DPD deficient subjects have a signiﬁcaﬁtly lower per-
centage of a [2-"°C] uracil dose recovered in breath as *CO, (PDR) compared to normal
subjects; 3) breath *CO, concentrations occurring 50 minutes subsequent to [2-C]
uracil administration (DOBsy) best classify subjects as normal or DPD deficient; 4) the
UraBT demonstrates no significant inter-assay variability; 5) the UraBT demonstrates no
significant intra-assay variability; and 6) no significant changes in the ">CO, concentra-
tions of breath bags occur after storage for up to 210 days at room temperature. These
data suggest that it may be possible to develop the UraBT into a rapid, single time-point
(50 minute) diagnostic assay which could be applied to screen cancer patients for DPD
deficiency prior to administration of 5-FU chemotherapy. The stability of the "> CO, in
breath bags suggests that sample analysis does not have to occur on-site. Instead, cancer
patients may be screened at remote hospitals and clinics with subsequent sample analysis
performed by a reference laboratory.

The fourth manuscript (published in Clinical Cancer Research in 2006) provides a
pharmacokinetic validation of the UraBT by characterizing relatioriships present among
UraBT-associated breath *CO, metabolite formation, plasma [2-">C] dihydrouracil for-
mation, plasma [2-"*C] uracil clearance, and PBMC DPD enzyme activity from normal
and DPD deficient subjects. This manuscript establishes that 1) partially and profoundly

DPD deficient subjects have reduced elimination of orally administered [2-'>C] uracil

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



compared to normal subjects; 2) partially and profoundly DPD deficient subjects have
reduced DPD-mediated-formation of [2-*C] dihydrouracil compared to normal subjects;
3) partially and profoundly DPD deficient subjects have reduced UraBT *CO, concentra-
tion-time profiles compared to normal subjects; 4) PBMC DPD enzyme activity is sig-
nificantly correlated with several pharmacokinetic variables of [2-">C] uracil elimination;
5) PBMC DPD enzyme activity is significantly correlated with several pharmacokinetic
variables of DPD-mediated [2-">C] dihydrouracil formation; 6) UraBT DOBs, concentra-
tions are significantly correlated with several pharmacokinetic variables of [2-">C] uracil
elimination; 7) UraBT DOBs, concentrations are significantly correlated with several
pharmacokinetic variables of DPD-mediated [2-">C] dihydrouracil formation; and 8)
UraBT DOBs, concentrations are significantly correlated to PBMC DPD enzyme activ-
ity. These data suggest that the reduced breath *CO, concentrations observed from DPD
deficient subjects result from reduced in vivo DPD-mediated catabolism of orally admin-
istered [2-">C] uracil. The significant correlations observed among the UraBT DOBs;
concentrations, plasma [2-PC] dihydrouracil pharmacokinetics, plasma [2->C] uracil
pharmacokinetics, and PBMC DPD enzyme activity provide further evidence that the
UraBT may be useful for the assessment of in vivo DPD enzyme activity.

The fifth manuscript (published in Cancer Chemotherapy and Pharmacology in
2006) is a pilot study conducted to evaluate the feasibility and performance of the UraBT
prior to commencement of a large populaﬁon study. A small population (n=13) of Indian
subjects were rapidly screened for DPD deficiency subsequent to identification of DPD
deficiency in an Indian cancer patient with 5-FU toxicity. This manuscript establishes

that 1) DPD deficiency, previously unrecognized in the Indian population, is present; 2)
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Indian subjects with normal DPD enzyme activity demonstrated UraBT >CO, concentra-
tions and indices (DOBsg, Ciax, Tmax, and PDR) similar to those observed from the 50
normal subjects examined during UraBT development; and 3) the DPD deficient Indian
subject demonstrated altered UraBT B0, concentrations and indices (DOBsg, Craxs

- Tmax, and PDR) similar to those observed from the seven partially DPD deficient subjects
examined during UraBT development. These results suggest that the UraBT may not only
be applied to examine cancer patients, but may also be applied to examine racial and eth-
nic groups for DPD deficiency to identify “at risk” populations.

The sixth manuscript (submitted to Clinical Cancer Research in 2006) uses the

UraBT to screen African Americans for DPD deficiency. African American colorectal
cancer patients have beén observed to have increased 5-FU-associated toxicity (leuco-
penia and anemia) and decreased overall survival compared to Caucasian patients. One
potential source for these disparities may be differences in 5-FU catabolism resulting
from racial differences in DPD enzyme activity. This manuscript establishes that 1) Afri-
can American subjects have significantly lower PBMC DPD enzyme activity compared
to Caucasian subjects; 2) the prevalence of DPD deficiency was 3-fold greater in the Af-
rican American population (8.0%) compared to the Caucasian population (2.8%); 3) Af-
rican American women had a significantly lower mean PBMC DPD enzyme activity
compared to African American men and Caucasian women and men; 4) African Ameri-
can women were observed to have the highest prevalence of DPD deficiency (12.3%)
compared to African American men (4.0%), Caucasian women (3.5%), and Caucasian
men (1.9%); and 5) African American subjects had a significantly lower DOBsy concen-

trations and PDR values compared to Caucasian controls. These results suggest that Afri-
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can Americans may be predisposed to severe 5-FU-associated toxicities resulting from
lower mean DPD enzyme activity and an increased incidence of DPD deficiency.

These studies may be useful for the design and development of large clinical stud-
ies to evaluate the relationship present between the UraBT; DPD enzyme activity, and 5-
FU toxicity. It is anticipated that clinical application of the UraBT will improve patient

care by minimizing DPD-mediated 5-FU toxicity.
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ABSTRACT

A prominent example of the potential application of pharmacogenomics and
pharmacogenetics to oncology is the study of dihydropyrimidine dehydrogenase (DPD)
in 5-fluorouracil (5-FU) metabolism. 5-FU is currently one of the most widely adminis-
tered chemotherapeutic agents used for the treatment of epithelial cancers. DPD is the
rate-limiting enzyme in the catabolism and clearance of 5-FU. The observation of a fa-
milial linkage of DPD deficiency from a patient exhibiting 5-FU toxicity suggested a
possible molecular basis for variations in 5-FU metabolism. Molecular studies have sug-
gested there is a relationship between allelic variants in the DPYD gene (the gene that
encodes DPD) and a deficiency in DPD activity, providing a potential pharmacogenetic
basis for 5-FU toxicity. In the last decade, studies have correlated tumoral DPD activity
with 5-FU response, suggesting it may be a useful pharmacogenomic marker of patient
response to 5-FU based chemotherapy. This article reviews the basis and discusses the
challenges of pharmacogenetic and pharmacogenomic testing of DPD for the determina-

tion of 5-FU efficacy and toxicity.

INTRODUCTION
The antimetabolite, 5-fluorouracil (5-FU), is a one of the most commonly used antineo-
plastic drugs prescribed to treat colon, breast and skin cancers [1]. Initial studies demon-
strated that the anticancer effect of 5-FU is mediated by anabolism, which is determined
by the rate of catabolism or clearance of the drug. In recent years, 5-FU toxicity and effi-
cacy has been demonstrated to be related to the activity of dihydropyrimidine dehydro-

genase (DPD) (EC 1.3.1.2), the initial and rate-limiting enzyme in the catabolism of 5-FU
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[2]. Recent studies have suggested DPD deficiency may be caused by allelic variants
within the DPYD gene [3]. To date, > 21 reported variants (mutations and polymor-
phisms) have been described and ongoing studies are continuing to examine the relation-
ship between DPYD genotypes and DPD phenotypes [4-6]. Other studies have demon-
strated an association between DPD levels and tumor response to 5-FU [7, 8], suggesting
DPD levels may be a potentially valuable pharmacogenomic marker of 5-FU efficacy.
This review summarizes the background and recent advances in the development of

pharmacogenetic and pharmacogenomic tests for DPD assessment.

THE ROLE OF DPD IN 5-FU METABOLISM

Synthesized over 40 years ago, Heidelberger et al. designed 5-FU to exploit the
increased avidity of tumors for uracil [9]. As a uracil analog, 5-FU was found to exert its
antitumor effects mainly through the inhibition of thymidylate synthase (TS), disrupting
intracellular nucleotide pools necessary for DNA synthesis. Other possible sites of action
include incorporation into RNA with the resultant disruption of RNA synthesis following
its anabolism and incorporation into DNA resulting in fragmentation [2].

Biochemical analysis of the DPD enzyme began with its characterization in rat
and pig liver [10, 11]. In 1992, Lu et al. purified human DPD enzyme to homogeneity,
thus allowing a more extensive molecular and biochemical characterization [12]. DPD
was found to be a homodimeric enzyme (consisting of two 100 kDa subunits) encoded by
a 150 Kb gene (DPYD) on chromosome 1p22 [13]. Subsequent studies have shown that
the DPYD gene has 23 exons that are translated into a 1025 amino acid protein containing

FMN, NADPH and flavin adenine nucleotide (FAD) binding sites and four iron sulfur
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motifs [14, 15]. Harris et al. showed DPD activity to follow a circadian rhythm with
highest and lowest peaks occurring at 1 a.m. and 1 p.m. respectively [16]. However, the
regulatory determinants of DPD activity have not been well understood. Both positive
and negative regulatory elements in the DPYD promoter have been identified [17] but
their role in DPD regulation has not been well characterized.

The significance of DPD in 5-FU metabolism emerged from observations demon-
strating the inherited nature of DPD deficiency in patients with severe 5-FU toxicity. In
1985, Tuchman et al. observed pyrimidinemia and pyrimidinuria in the family of a pa-
tient with severe fluorouracil toxicity, suggesting a hereditary basis for inadequate 5-FU
metabolism [18]. A major link was established when our laboratory correlated this imbal-
ance to deficiencies in DPD activity in the family of a patient with severe 5-FU toxicity
and pyrimidinemia [19].

Biochemical characterization of DPD in the catabolism of 5-FU has helped to
provide a basis for these observations. The cétabolic pathway was found to convert 5-FU
to 5-fluoro-B-alanine in three steps mediated by bPD, dihydropyrimidinase, and (-
alanine synthase enzymes respectively (Figure 1) [2]. The products of this pathway were
excreted in the urine‘ [20]. As the initial and rate-limiting enzyme of catabolism, DPD
therefore was a major determinant of 5-FU clearance. Pharmacokinetic studies deter-
mined that ~ 85% of administered 5-FU doses were catabolized, with 1-3% of the drug
anabolized, suggesting that catabolism had a major role in determining 5-FU clearance
[2, 20]. Hence, deficiencies in DPD activity reducing 5-FU catabolism resulted in in-

creased drug exposure and 5-FU toxicity.
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THE PHARMACOGENETICS OF DPD DEFICIENCY

Many studies now suggest that, in a high proportion of individuals, 5-FU toxicity
can be attributed to reduced DPD activity. In cancer patients with 5-FU toxicity, Van
Kuilenburg et al. found 59% with a reduced DPD activity [21], while Johnson ef al. ob-
served a frequency of 43% [22]. Furthermore, two studies examining DPD activity in un-
selected patient populations demonstrated that approximately 3-5% of the general popula-
tion is at risk of 5-FU toxicity [7, 23]. These results suggest that a small yet significant
proportion of the population may benefit from measurement of DPD activity before 5-FU
treatment.

This possibility has prompted the development of a number of optimized proto-
cols for measuring DPD activity [24, 25]. These assays have been uséd retrospectively to
confirm DPD deficiency in a number of patients demonstrating 5-FU toxicity [26], al-
though some of the limitations of the assays need to be resolved before they may be of
any clinical utility prior to treatment.

One limitation has been the contention over the use of peripheral blood mononu-
clear cells (PBMCs) as a source for measuring DPD activity. While studies suggest that
the liver is the primary site of 5-FU catabolism [2] and hence the most suitable tissue for
measuring DPD activity, its poor accessibility for assay has meant that many protocols
have relied on PBMCs as a surrogate source for DPD measurement. However, the corre-
lations between PBMC and liver DPD activity is significant but weak (r = 0.56, p =
0.002) [27]. Furthermore, studies investigating the association between PBMC DPD ac-

tivity and 5-FU clearance have reported good [28], weak [7], and no correlation [29].
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Additionally, Etienne et al. observed no association between PBMC DPD activity and the
development of 5-FU toxicity [7].

A second limitation has been the circadian regulation of DPD activity. As dis-
cussed earlier, studies have shown 2-fold differences in DPD levels within the same indi-
vidual as a result of circadian regulation [16], making sampling time an impoftant issue
in determining DPD activity. A third difﬁculfy has been the large tissue requirement,
long analysis time, and radioactivity of many current activity assays, making them poorly
amenable to routine laboratories. These issues remain to be resolved.

In the last decade, the discovery of a linkage between DPYD allelic variants and
reduced DPD activity suggested that pharmacogenetic testing for DPD deficiency may be
possible. In 1995, Meinsma et al. demonstrated a familial linkage of an allelic variant in
the DPYD gene from a patient with DPD deficiency, thus establishing a correlation be-
tween the DPYD variant and reduced activity [3]. This variant consisted of a G— A muta-
tion in an exon/intron splice site leading to the omission of exon 14, presumably resulting
in a catalytically inactive enzyme. This mutation (now designated DPYD*2A4 [5]) has
since been independently correlated with DPD deficiency in other case studies and pedi-
gree analyses [2, 21, 26, 30-32].

To assess the potential of detecting the DPYD*24 variant as a pharmacogenetic
marker of 5-FU toxicity, a number of population studies have been conducted. In these
studies, DPYD*2A variants have been found in 4/332 (1.2%) [33], 6/250 (1.2%) [34], and
8/851 (0.94%) [35] individuals, suggesting that ~1 in 100 individuals may benefit from

DPYD variant detection to identify 5-FU toxicity prior to its administration.
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Currently, however, the value of DPYD variant detection to identify individuals
prone to 5-FU toxicity remains to be determined. Studies on populations of individuals
deficient in DPD activity and patients with 5-FU toxicity detected DPYD*24 variants in
only 14/22 (64%) [36] and 6/25 (24%) [35] cases respectively, suggesting that other fac-
tors may be involved in these phenotypes. Indeed, since identification of the DPYD*24
allelic variant, > 21 others have been identified (Table 1). To address the increasing num-
ber of reported allelic variants, nomenclature system has been devised [5]. However, the
significance of these variants currently remains unclear. In many cases, the variant allele
frequencies and their effects on DPD activity remain to be evaluated. Furthermore, in the
cases where they have been investigated, there has been little consensus, particularly in
the determination of the functional effects of the variants.

The reasons for these discrepancies remain unclear, but some methodological and
biological factors can be identified. Differences in analytical sensitivity and population
selection may have contributed to variations in allele frequency between studies. The dif-
ferent end points for functional activity used between studies may be a significant source
of disparity between observed findings. While some studies have relied on clinical end
points of 5-FU toxicity or DPD deficiency, others have evaluated functional activity of
variants in artificial expression systems. Other possible explanations offered have in-
cluded the compound heterozygosity of variants and the lack of comprehensive sequence,
haplotype and pedigree analysis [37], and the unknown influence of epigenetic regulatory
events such as DPD autoregulation [38], allelic regulation [6], and ubiquitination [26]
between individual cases. Clearly, these issues will need to be resolved before the phar-

macogenetic potential of DPYD variants can be clarified.
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THE PHARMACOGENOMIC ROLE DPD IN 5-FU EFFICACY

The role of DPD in catabolism suggested that it may also be a significant deter-
minant of 5-FU efficacy in tumors. This prompted investigators to examine whether tu-
mor DPD activity may influence tumor response to 5-FU. In 1994, Beck et al. provided
support for this hypothesis when they observed a correlation betweén low bPD activity
and increased 5-FU sensitivity in cancer cell lines [39]. This was followed by Etienne et
al. who confirmed this association in tumors resected from head and neck cancer patients
[40]. These studies have suggested that DPD activity could be used as a pharmacoge-
nomic marker of tumoral 5-FU response.

In recent years, the use of DPD as a prognostic indicator of 5-FU response has
been investigated using a new generation of assays. The large tissue requirement and la-
borious nature of DPD enzyme activity assays have resulted in studies investigating the
feasibility of antibody and polymerase chain reaction (PCR)-based methods for measur-
ing DPD protein and mRNA levels as surrogates for DPD enzyme activity. Results show-
ing correlation between DPD activity, immunohistochemical score [41], protein [42] and
mRNA levels [43, 44] in colorectal tissue have demonstrated the validity of these meth-
ods.

Results from these new methods for assessing DPD have demonstrated associa-
tions between DPD levels and tumor response. In an examination of five colorectal can-
cer cell lines, Nita et al. demonstrated an association between DPD protein levels and 5-
FU response [45]. Other studies correlated DPD mRNA levels with response in gastroin-

testinal cell lines [46], human xenografts [47], and gastric tumors [48].
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However, the association between DPD mRNA and protein levels and patient
survival is currently unclear. In a recent immunohistochemical study of 119 breast cancer
patients, Horiguchi et al. observed a significant correlation between high DPD protein
levels and poor patient survival after treatment with 5-FU or 5-FU derivatives [49]. How-
ever, other studies investigating protein levels in non-small cell lung [50], gastric [51],
liver, and colorectal [52] cancers and DPD mRNA levels in gastric cancer [53] found no
significant association.

Recently, studies have suggested that the prognostic index of DPD levels may be
improved by its combined assessment with levels of other 5-FU metabolic enzymes.
Fujiwaki et al. demonstrated a high thymidylate phosphorylase (TP):DPD ratio was an
independent marker of poor survival in ovarian cancer patients [54]. Studies conducted
by Salonga and others have shown that, while 11 of 22 nonresponding patients could be
identified based on DPD mRNA levels alone, all 22 could be discriminated by assessing

DPD, TP and TS mRNA levels together [8].

EXPERT OPINION
Numerous studies have now proven the principle that DPD can potentially be a
useful pharmacogenetic and pharmacogenomic marker of 5-FU toxicity and efficacy.
Biochemical and pharmacokinetic studies have characterized the important role DPD has
in 5-FU catabolism and determining its bioavailability. Pedigree studies have ;iemon-
strated a familial linkage between 5-FU toxicity and DPD deficiency as well as sequence

variants in the DPYD gene. Translational studies have shown correlations between DPD

levels and tumor response and patient survival. However, a number of issues pertaining
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to DPD measurement and controversial findings need to be resolved before it may be
widespread clinical use.

New approaches for measuring enzyme activity, currently the most reliable
method of identifying DPD deficiency, need to be developed to make this assay amenable
for use before the onset of toxicity in patients receiving 5-FU chemotherapy. Sampling
issues and use of radioisotopes need to be eliminated and these new assays must be tested
prospectively. Lastly, a rapid, easy-to-use assay is desirable.

While the detection of allelic variants may provide a useful pharmacogenetic test,
the current discrepancies in the characterization need to be resolved (Table 1). This in-
cludes achieving a consensus on the incidence of these variants and the relationship be-
tween genotype and the DPD deficient phenotype.

Although many studies have correlated DPD levels with 5-FU response, the poor
correlation with patient survival needs further investigation. Elucidation of the factors
(including the role of other genes involved in drug metabolism) responsible for this dis-
parity will help to provide a better understanding of the true value of determining DPD
levels. The new generation assays are of potential clinical interest as they promise to pro-
vide high-throughput, inexpensive alternatives for assessing DPD mRNA and protein
levels. However, the reliability and feasibility of these assays remain to be rigorously
evaluated.

Another important consideration that needs to be further explored is the regulation
of DPD activity. Understanding the mechanism through which this occurs will help the

optimization of therapeutic strategies.
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Finally, the issue of standardization needs to be addressed. Any assays that show
clinical promise need to be incorporated into standardized protocols and independently

validated in prospective trials.

OUTLOOK

DPD has the potential of becoming one of the leading examples of the application
of pharmacogenetics and pharmacogenomics in oncology. Further studies of DPD phar-
macogenetics and pharmaco genomiés may help to clarify the role of DPD as a marker for
chemotherapeutic applicatioﬁ o/f 5-FU based drugs. The resolution of current issues may
occur through the characterization of the entire DPYD gene, particularly the identification
of allelic variants in the introns and promoter. This will lead to a better understanding of
its relationship to DPD deficiency and the development of pharmacogenetic tests to iden-
tify patients prone to 5-FU toxicity. Elucidation of the factors affecting DPD regulation
and its relationship to patient prognosis will lead to the development of standardized pro-
tocols for improved patient stratification and 5-FU efficacy, providing a more individual-

ized approach in the application of 5-FU based therapies.
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Highlights

o 5-FU is currently one of the most widely administered chemotherapeutic agents used
for the treatment of breast, colon, and skin cancers.

o The efficacy of 5-FU is determined by anabolism of the drug.

o DPD is the rate-limiting enzyme of the catabolic pathway and has a major role in de-
termining 5-FU anabolism, degradation and clearance.

e 5-FU toxicity has been attributed to deficiencies in DPD activity.

e Reduced DPD activity may be a result of allelic variation in the DPYD gene, sug-
gesting a pharmacogenetic test for DPD deficiency may be of clinical benefit.

e Over 21 DPYD allelic variants have now been identified, however the relationship
between these variants and alterations in DPD activity remains unclear.

e TFuture characterization of DPYD variants and determination of other factors in-
volved in DPYD gene regulation and DPD activity may clarify the role of DPD as a
potential pharmacogenetic marker of 5-FU toxicity.

e Studies have correlated tumoral DPD levels with 5-FU efficacy, suggesting that it
may be a potentially useful pharmacogenomic of response to 5-FU-based therapy.
However, before DPD may be considered to be an independent marker for tumor re-
sponse and patient survival, additional studies must be performed.

e The clinical utility of a new generation of assays for quantitating DPD are currently
being investigated.
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Table I Known DPYD Allelic Variants and Their Reported Relationship to DPD

Activity
Allelic Reported effect on DPD
frequency (%)  activity; [Ref.]
Allelic Exon Nucleotide Amino [Ref)] Reduced Nomnal ~ Unclear
variant acid
DPYD*24 14 Intron 14 Exon 14 0.7 [31], 3,21,26, [6]
GlA skipping 1.3 [6] 30-32]
DPYD*2B 13/14 Intron 14 B543v/
GlA+A1627G  Truncated
profein
DPYD*3 14 1897delC Truncated [55]
protein
DPYD*4 13 G1601A S534N 0.8 [56] ~ [31] [6, 56]
DPYD*54 13 A1627G 1543V 23 [6], [21] [56]
28 [56]
DPYD*5B 13/ntron13  A1627G + 1543V + 23 16] [6]
Intron 13 Infron 13
C39T C39T
DPYD*6 18 G2194A V7321 5.8 [56], [21] [6, 56]
9.5 [6]
DPYD*7 4 295298delT-  Truncated [57]
CAT protein
DPYD*8 7 C703T R235W [57]
DPYD*94 2 T85C C29R 3.7 [58], [21,59] [6,37]
33.8 [6]
DPYD*9B 2/21 T85C+ C29R+ [59]
G2657A R886H
DPYD*10 23 G2983T VI95F [60]
DPYD*11 10 G1003T V335L [61]
DPYD*12  2/11 G62A + R21Q+ [61] [61]
G1156T E386 Ter (B386Ter)  (R21Q)
DPYD*13 13 T1679G 15608 1.35[6] [6, 37]
F632F 14 T1896C F632F 9.8 [58] [58]
H25R 2 A74G H25R 0.46 [58] [58].
L5722V 13 C1714G L572V 0.46 [58] , [58]
M166V 6 A496G M166V [21] [37]
812delT 8 812delT NA 0.46 [58] [58]
D949V 22 A2846T D949V [21]
Intron 10T-15C  Infron 10 T-15C NA 21.6 [6] [6]
Intron 13G40A.  Tntron 13 G40A NA 29.7 [6] [6]

DPD: Dihydropyrimidine Dehydrogenase
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Fig. 1. The role of DPD in 5-FU metabolism.
The diagram illustrates the distribution
of 5-FU to its metabolic pathways. DPD:
Dihydropyrimidine dehydrogenase;
FBAL: 5-Fluoro-B-alanine;

FU: Fluorouracil,
FUH,: Dihydrofluorouracil;
FUPA: 5-Fluoroureidopropionic acid.
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SPECIFIC AIMS

The overall objective of this dissertation research was to improve 5-FU chemo-

therapy by developing an assay which could be used to rapidly screen cancer patients for

DPD deficiency. The following specific aims were examined:

1. Utilize a comparative genetic approach to prioritize DPYD sequence varia-

tions (occurring within the coding region of the gene) for functional charac-

terization and inclusion in genotypic tests by identifying variations that occur

in evolutionary conserved regions:

g.

Clone and sequence the complete mouse liver DPD cDNA;

Align the translated mouse liver DPD ¢cDNA to the reported DPD amino
acid sequences from pig, rat, human and cow;

Identify homologous amino acid sequences from C. elegans and D.
melanogaster;

Perform a multiple sequence alignment of human and nonhuman DPD
amino acid sequences;

Determine the identity and homology between human and nonhuman se-
quences;

Determine the identity and homology of DPD substrate and cofactor inter-
action sites between human and non-human sequences;

Identify DPYD sequence variations occurring in highly conserved domains
of the DPD amino acid.

2. Develop and optimize a [2-'>C] uracil breath to phenotypically detect DPD

" deficiency:

a.

Recruit subjects with normal DPD enzyme activity or known DPD defi-
ciency;
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b. Perform dose optimization studies with fixed and weight-adjusted doses of
[2-*C] uracil to determine the dose which provides maximal separation
between the 1*CO, breath profiles from normal and DPD deficient sub-
jects;

¢. Determine the UraBT duration which allows inspection of the elimination
phase of the '*CO, breath profiles from DPD deficient subjects;

d. Determine UraBT inter-assay and intra-assay variability;
e. Recruit subjects with unknown DPD enzyme activity;
f. Phenotypically assess PBMC DPD enzyme activity by radioassay;

g. Genotypically assess the DPYD gene of DPD deficient subjects by
DHPLC;

“h. Characterize *CO, breath profiles from normal and DPD deficient sub-
jects;

i. Compare UraBT indices (Cmax, Tmax, AUC, and PDR) from normal and
DPD deficient subjects;

j. Identify a UraBT parameter to correctly classify normal and DPD deficient
subjects; .

k. Calculate UraBT sensitivity and specificity using the radioassay as the
standard;

1. Determine *CO, retention by breath bags.

3. Validate the UraBT by comparing to other phenotypic methods to assess
DPD enzyme activity:

a. Determine plasma [2-'*C] uracil and [2-*C] dihydrouracil concentrations
from blood samples collected from subjects while they are performing the
UraBT;

b. Compare plasma [2-13C] uracil and [2-"°C] dihydrouracil pharmacokinet-
ics from subjects with normal DPD enzyme activity and partial and pro-
found DPD deficiency;

c. Correlate UraBT DOBsq concentrations to markers of £2-13 C] uracil ca-

tabolism (e.g. plasma [2-1*C] uracil clearance and [2-°C] dihydrouracil
appearance);

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32

d. Correlate PBMC DPD enzyme activity to markers of [2-°C] uracil catabo-
lism (e.g. plasma [2->C] uracil clearance and [2-1*C] dihydrouracil ap-
pearance);

e. Correlate PBMC DPD enzyme activity to DOBs, concentrations.

4. Examine the feasibility and performance of the UraBT by screening Indians
for DPD deficiency:

a. Rapidly screen Indian subjects for DPD deficiency using the UraBT;

b. Validate the UraBT DOBsy classification by determining the PBMC DPD
enzyme activity of all subjects;

¢. Use DHPLC to screen the DPYD gene of DPD deficient subjects for the
DPYD*2A sequence variation.

5. Evaluate pyrimidine catabolism in the African American and Caucasian popu-
lations:

a. Characterize the distribution of PBMC DPD enzyme activity from African
Americans and Caucasians;

b. Determine the prevalence of DPD deficiency in each population based on
the PBMC radioassay;

c. Characterize the distribution of the UraBT DOB;, from African Ameri-

cans and Caucasians and the percent dose of [2-"°C] uracil catabolized to
13
CO..
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ABSTRACT

A pharmacogenetic syndrome caused by molecular defects in the dihydro-
pyrimidine dehydrogenase gene (DPYD) results in partial to complete loss of dihydro-
pyrimidine dehydrogenase (DPD) enzyme activity with patients exhibiting life-
threatening toxicity following administration of routine doses of 5-fluorouracil. To date,
more than 19 reported mutations have Been putatively associated with DPD deficiency
with 16 occurring within the open reading frame of the cDNA. The purpose of this study
was to examine the conservation of functional domains (including the uracil, flavine ade-
nine dinucleotide and NADPH binding sites) across three phyla (Chordata, Arthropoda,
and Nematoda) and the conservation of regions corresponding to the previously reported
mutations. Comparative analysis of the uracil and NADPH binding sites in mammals and
invertebrates demonstrated 100% amino acid identity between mammals and Drosophila
melanogaster. Caenorhabditis elegans demonstrated 89% and 88% identity in these do-
mains, respectively. The mammalian sequences demonstrated 100% identity in two iron
sulphur motifs (amino acids 953‘-964 and 986-997) with significant conservation in D.
melanogaster (92% and 92% identity, respectively) and C. elegans (100% and 92% iden-
tity, respectively). Comparative aminé acid analysis revealed nonconservation in the loci
of four DPYD mutations [DPYD*12 (R21Q), DPYD*5 (I1543V), DPYD*6 (V732I),
DPYD*94 (C29R)]. Seven mutations occurred in highly conserved regions [M166V,
DPYD*8 (R235W), DPYD;‘ 11 (V335]), DPYD*4 (S534N), DPYD*9B (R886H), D949V,
DPYD*10 (V995F)]. In summary, this comparative analysis identified conserved regions
which may be critical to enzyme structure and/or function. The conservation of loci

where DPYD mutations occur was also examined to evaluate their functional significance
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on DPD enzyme activity. These data should prove useful in the evaluation of newly dis-

covered mutations in the DPYD gene.

INTRODUCTION

Dihydropyrimidine dehydrogenase (EC 1.3.1.2, dihydrouracil dehydrogenase, di-
hydrothymine dehydrogenase, DPD) is the initial and rate-limiting enzyme responsible
for the reduction of uracil and thymine to 5,6-dihydrouracil and 5,6-dihydrothymine, re-
spectively [1,2]. Pharmacokinetic studies have demonstrated that DPD catabolizes more
than 85% of an administered dose of the antineoplastic drug, 5-fluorouracil (5-FU) to the
inactive metabolite, 5,6-dihydro-5-fluorouracil [3]. Although early studies focused on the
anabolic pathway (responsible for the cytotoxicity of 5-FU), the catabolic pathway has
been shown to determine the amount of 5-FU available for anabolism [4]. The impor-
tance of the catabolic pathway in 5-FU toxicity has been dramatically demonstrated in
Japan where 16 deaths occurred following concurrent administration of 5-FU and the
antiviral drug sorivudine [5], a potent inhibitor of the DPD enzyme [6, 7].

The toxicity observed in the Japanese patients has also been observed in cancer
patients with a metabolic defect that significantly decreases DPD activity (DPD defi-
ciency) [8-10]. In humans, this pharmacogenetic syndrome (which results from molecular
defects in the DPYD gene) can result in a range of enzymatic deficiency that spans from
partial to profound (complete) loss of enzyme activity with approximately 3-5% of the
“normal” population demonstrating partial deficiency [11]. The clinical significance of
DPD deficiency was recently examined in 103 cancer patients who developed grade IV

toxicity after receiving standard 5-FU chemotherapy [10]. Examination of DPD enzyme
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activity in these patients revealed a large over-representation (43%) of DPD deficient in-
dividuals [10].

In humans, the DPYD gene is located on chromosome 1p22 and consists of 23
exons which encode a 1025 amino acid protein containing uracil, flavine mono-
nucleotide (FMN), NADPH, and flavine adenine dinucleotide (FAD) binding sites, along
with four iron sulphur motifs [12-17]. To date, more than 19 mutations have been re-
ported to be associated with DPD deficiency, with 16 occurring in the open reading frame
of the DPD ¢cDNA [18-20]. While several of these reported mutations result in significant
changes in the translated DPD protein (e.g. DPYD*24 resulting in a deletion of exon 14,
and DPYD¥*3 resulting in an altered reading frame), 14 reported mutations result in single
amino acid substitutions where the functional significance remains unclear'[19].

In this study, we examine the conservation of the DPD functional domains
through sequence analysis of five mammals (human, mouse, rat, cow and pig) and two
invertebrates (Drosophila melanogaster and Caenohabditis elegans). The loci where
DPYD mutations occur were also examined in these species to gain insight into their con-

servation and functional significance.

MATERIALS AND METHODS
Sequence Analysis
DPD nucleotide and amino acid sequences were aligned using Assembly Align
and MacVector 4.5 Sequence Analysis software (Scientific Imaging Systems, New Ha-
ven, Connecticut, USA). Conserved domains ranging from 12 to 43 amino acids were

used in NCBI BLAST (http://www.ncbi.nlm.nih.eov) and Blocks
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(http://www.blocks.fhere.org) searches of GenBank to identify additional homologous

sequences in nonmammalian species. The mouse DPD cDNA was used to identify ho-

mologous sequences in the mouse dbEST data base (http://www.ncbi.nlm.nih.gov).

DNAMAN software (Lynnon Biosoft, Vaudreuil, Quebec, Canada) was utilized to per-
form a multiple alignment from which a homology tree was constructed and two se-
quence alignments to establish percentage identity and homology between human and

nonhuman sequences [21]. These sequences were then examined for O-glycosylation

sites (NetOGlyc 2.0, http://www.cbs.dtu.dk/servicies/NetOGlyc).

Cloning the Murine DPD cDNA

The murine DPD cDNA was cloned and sequenced using methods previously de-
scribed by our laboratory [22]. Briefly, murine total liver RNA was extracted from a snap
frozen murine liver using TRIzol (Life Technologies, Grand Island, New York, USA)
and primed with random hexamers using a First Strand cDNA Synthesis kit (Pharmacia,
Piscataway, New Jersey, USA) according to the manufacturer’s instructions. Polymerase
chain reaction (PCR) primers were designed from conserved domains shared between
porcine, bovine, rat and human DPD cDNA sequences (Table 1). The entire murine DPD
c¢DNA was cloned in four overlapping fragments. The 5’ untranslated region of the cDNA
was obtained by rapid amplification of cDNA ends (RACE) using Marathon Ready
cDNA following protocols supplied by the manufacturer (Clontech, Palo Alto, California,
USA). The 3' untranslated region of the mouse was amplified using a murine DPD spe-
cific forward primer obtained directly from sequence data and oligo (dT) from the First

Strand Synthesis kit (Pharmacia, Piscataway, New Jersey, USA). PCR products were
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subcloned into the Invitrogen pCR 2.1 vector (Carlsbad, California, USA). DNA pre-
pared from positive clones was analyzed for insert size by digestions with EcoRI and se-
quenced three times using an ABI Prism 377 Sequencer (PE Applied Biosystems, Foster

City, California, USA).

RESULTS
Murine DPD cDNA
The murine DPD cDNA is 3364 nucleotides in length and contains a 101 bp 5'
untranslated region with the initiating ATG occurring at nucleotides 102-104. The open
reading frame is 3079 bp which encodes a 1025 amino acid protein. The murine DPD
cDNA contains a 186 nucleotide 3' untranslated region with a termination codon (TAA)
occurring at bp 3177-3179. Examination of the mouse dbEST database identified 50 par-

tial clones which varied in size from 19-814 bp.

Identification and Comparison of Homologous Amino Acid Domains

Alignment of mammalian species revealed several conserved domains (e.g. .the
uracil binding site occurring at amino acids 661-678). These were subsequently used in
Blast and Blocks searches of GenBank to identify homologous sequences in other ge-
nomes. Sequences from two invertebrate species (C. elegans and D. melanogaster) were
shown to be homologous to human DPD. Sequence analysis demonstrated that the trans-
lated human sequence had the greatest identity to the pig (93% identity and 96% homol-
ogy) and cow (92% identity, 96% homology), with less identity to mouse (89% identity,

94% homology) and rat (89% idéntity, 94% homology). Analysis of invertebrate se-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39
quences revealed a 1034 amino acid overlap between Drosophila and human sequences
which demonstrated 65% identity and 93% homology, while C. elegans and human se-
quences demonstrated 65% identity and 79% homology in a 1031 amino acid overlap.
Figure 1 depicts a homology tree that was constructed from a multi-sequence alignment
of the seven species.

Utilizing the data generated with human, cow, rat and pig, putative catalytic do-
mains were evaluated (Fig. 2). The structure of the human DPYD gene [15] was utilized

to delineate exon boundaries.

Conservation df DPD Functional Domains

Uracil/5-FU Binding Site

Sequence analysis of the uracil binding motif revealed that mammals and Droso—
phila exhibited 100% amino acid identity (Fig. 2). C. elegans exhibited 89% identity with
two conserved amino acid changes (A7031 and R717K; these position numbers corre-
spond to amino acids 664 and 678 in the mammalian sequence) (Fig. 2).

Five additional 5-FU interaction sites (N609, N668, S670, N736, and T737)
demonstrated 100% identity among the seven species. The four amino acids (T575, 1613,
M642, and N668), whose side chains form the pocket to accommodate the fluorine atom

of 5-FU, exhibited 100% identity among the seven species.
FMN Interaction Site

The sequences of the seven species were examined to assess the conservation of

the 332 amino acid FMN binding motif (corresponding to amino acids 527-858 in the
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mammalian sequences). This analysis reveéled that the human FMN binding region had
the highest homology to porcine (97%) followed by bovine (96%), murine (96%), rat
(95%) and C. elegans (84%) sequences. In addition the Drosophila and human se-
quences demonstrated 85% homology in a 332 amino acid region containing three gaps.
Within the FMN binding region are two lyseine residues (574 and 709) that inter-
act with the isoalloxazine ring of the FMN cofactor. These two amino acids demonstrated

100% identity among the seven examined species.

FAD Binding Site

Sequence analysis of the FAD binding motif revealed that C. elegans, rat, bovine,
porcine, and murine sequences have 91% identity with the human FAD binding motif
(Fig. 2). The human FAD binding motif is the only sequence that has an alanine (A) at
position 474. The four remaining mammalian species (mouse, rat, cow, and pig) each
contain a proline (P) at position 474, while C. elegans and Drosophila (amino acid 513 in
the C. elegans sequence and amino acid 472 in the Drosophila sequence) each contain a
lysine (K) at this position (Fig. 2). The FAD binding 1ﬁotif of Drosophila, when com-
pared with the human FAD binding motif, showed five amin§ acid changes demonstrat-
ing 54% identity (Fig. 2). Examination of the crystalline structure of the porcine DPD
enzyme revealed additional amino acids that direcﬂy interact with the FAD cofactor
(amino acids 129, 198, 218, 219, 226, 235, 261, 481 and 489). Analysis of these amino
acids revealed that amino acids 198, 218, 235, 481, and 489 demonstrated 100% identity
among all seven species (Fig. 2). The valine (V) present at amino acid 129 demonstrated

100% identity between the five mammals and Drosophila (position 131 in the Drosophila
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sequence). waever, C. elegans had a conserved valine (V) to isoleucine (I) amino acid
change at this position (position 169 in the C. elegans sequence) (Fig. 2). Examination of
the mammalian sequences at position 219 and C. elegans (position 257 in the C. elegans
sequence) demonstrated 100% identity. Drosophila had a conserved lysine (K) to argin-
ine (R) amino acid change at this position (position 216 in the Drosophila sequence) (Fig.
2). The leucine (L) at position 226 (mammalian sequence) demonstrated 100% identity in
C. elegans, Drosophila, human, mouse, rat and pig. However, the bovine sequence had a
conserved leucine (L) to isoleucine (I) amino acid change at this position (Fig. 2). The
leucine (L) present at position 261 (mammalian sequence) demonstrated 100% identity in
C. elegans, Drosophila, human, mouse, bovine, and pig. However, the rat sequence had a

conserved (L) to isoleucine (I) amino acid change in this position (Fig. 2).

NADPH Binding Site

At the NADPH binding motif, the mammalian species and Drosophila demon-
strated 100% identity. The C. elegans sequence demonstrated 88% identity, 100%
homology, due to two conserved amino acid changes [isoleucine (I) to valine (V) and
phenylalanine (F) to methionine (M)] at positions 375 and 384 (Fig. 2). The crystalline
structure of the porcine DPD enzyme revealed additional amino acids that directly inter-
act with the NADPH cofactor (amino acids 364, 365, 371, 438, and 481) which demon-

strated 100% amino acid identity among mammals and invertebrates.
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Iron Sulphur Motif

The coordinating amino acids of the first N-terminus Fe-S motif (amino acids 79,
82, 87, and 140) demonstrated 100% identity among mammals and invertebrates. The
coordinating amino acids of the second N-terminus Fe-S motif [three cysteine residues
(amino acid 91, 130, and 136) and one glutamine (amino acid 156)] also demonstrated
100% identity across the seven species.

The third iron sulphur motif (amino acids 953-964 in the mammalian sequences,
989-1000 in the C. elegans sequence and 953-964 in the Drosophila sequence) demon-
strated 100% identity among mammals and C. elegans (Fig. 2) while Drosophila demon-
strated 92% identity with one nonconserved asparagine (N) to alanine (A) amino acid
substitution at position 964 (in the Drosophila sequence) (Fig. 2). The coordinating cys-
teines of the third Fe-S motif (cysteines 953, 956, 959, and 996) demonstrated 100%
identity across the seven species.

At the fourth iron-sulphﬁr motif (amino acids 986-997 in the mammalian and
Drosophila sequences and amino acids 1023-1034 in the C. elegans sequence), the
mammals exhibited 100% identity (Fig. 2). However, one nonconserved amino acid
change [leucine (L) to tyrosine (Y)] occurred in C. elegans (at position 1030 in C. ele-
gans sequence) resulting in 92% identity. Drosophila sequence contained one conserved
leucine (L) to valine (V) change (at position 993 in the Drosophila sequence) resulting in
92% identity and 100% homology (Fig. 2). Cysteines 963, 986, 989, and 992 coordinate
the fourth Fe-S motif. These four amino acids demonstrated 100% amino acid identity

among the seven species.
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Analysis of the DPYD* Mutations

The amino acid sequences of the seven species were analyzed to identify the de-
gree of conservation in regions that correspond to the loci of the human DPYD mutations
(Table 2; Fig. 2). All seven species exhibited 100% identity in the loci of seven DPYD
mutations [DPYD*4 (S534N), DPYD*8 (R235W), DPYD*10 (V995), DPYD*11
(V335L), M166V and D949V]. DPYD*9B contains two mutations C29R together with
R886H. The first mutation (C29R) demonstrated nonconservation between species while
the R886H mutation demonstrated 100% identity among human, murine, rat, swine, and
invertebrate sequences (Table 2; Fig. 2).

DPYD*12 contains two mutations R21Q together with a change resulting in a stop
codon at amino acid 386. The first mutation (R21Q) demonstrated 100% identity between
mammals and Drosophila while C. elegans contained a conserved change from arginine
(R) to lysine (K) (Table 2; Fig. 2). However, Drosophila demonstrated a conserved valine
(V) to glycine (G) change at amino acid 732 (Table 2; Fig. 2).

The locus of DPYD*5, 1543V was nonconserved among the seven species. Hu-
man and porcine sequences each contained an isoleucine (I) at this locus while both in-
vertebrates contained a glutamic acid (E), and both rodents each contained a proline (P).
The bovine sequence contained a threonine (T) at this locus. In the region corresponding
to the locus of DPYD*9A4, C29R the human locus contained a cysteine (C), the rodent and
bovine sequences each contained an arginine (R), and both invertebrates contained a

valine (V) (Table 2; Fig. 2).
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Predicted Post-Translational Modifications of the Seven Homologous Sequences

The sequences of the seven species underwent analysis to identify potential O-
glycosylation sites. One potential O-glycosylation site (corresponding to amino acid 550
in the mammalian sequence, amino acid 545 in the Drosophila sequence and amino acid
589 in the C. elegans sequence) was conserved among the seven species. A second poten-
tial O-glycosylation site was conserved among mammals and C. elegans (corresponding
to amino acids 595 and 634, respectively). Two additional sites (threonine 471 and 981)
were conserved among the mammalian species; however, this conservation did not ex-

tend to the invertebrate sequences (Table 3).

DISCUSSION

In this study alignment of human [14], cow [22], mouse, rat [23], and pig [14, 17]
amino acid sequences permitted the comparison of functional and catalytic domains of
the DPD enzyme. These analysis extend earlier studies from our laboratory and others
examining the kinetic and biochemical properties of DPD purified from human, bovine,
rat, and pig liver [12, 24-27]. In addition, the conservation of regions corresponding to
loci associated with DPD deficiency was examined.

Earlier studies had utilized radioactive substrate to identify the uracil binding mo-
tif in tryptic digests of purified bovine liver DPD [26]. Examination of this motif demon-
strated 100% identity among the five mammalian species. The high degree of conserva-
tion of this region permitted additional Blast and Blocks searches to be performed which,
ultimately, identified homologous sequences in two invertebrate species (Drosophila and

C. elegans). Further examination of this region demonstrated 100% homology among the
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seven species. Of interest is a highly conserved 21 amino acid region that occurs immedi-
ately after the uracil binding motif. Although the high homology suggests that this region
is critical for uracil binding or FMN interaction, detailed kinetic analysis remains to be
performed in order to elucidate whether mutations occurring in this region may interfere
with substrate binding. Recent studies examining the crystalline structure of the recombi-
nant porcine DPD revealed additional amino acids involved in substrate binding (amino
acids 609, 668, 670, 736, and 737) [17] which demonstrated 100% conservation among
the seven species.

Kinetic studies of the purified enzyme demonstrated that DPD required FAD as a
cofactor [12, 16, 25, 26]. The human and porcine FAD binding motif [14] was identified
by homology to the FAD binding regions (TXXXXVFAXGD, where X represents any
amino acid) of several FAD reductases [28]. At this binding motif, five mammalian spe-
cies (human, mouse, rat, pig, and cow) and C. elegans demonstrated 92% identity (100%
homology), while Drosophila demonstrated only 54% identity (72% homology). Of in-
terest is the significant amount of conservation the five mammalian and the C. elegans
sequences exhibit within the TXXXX region of the FAD binding motif (100% and 80%
homology in the mammalian species and C. elegans, respectively). However, Drosophila
demonstrated only 40% homology in this region. Further examination of the TXXXX
region using site-directed mutagenesis needs to be performed to clarify its role on FAD
binding and enzyme activity.

Biochemical studies demonstrated that DPD required FMN as a cofactor
[12,16,25,26]. The FMN binding domain for the DPD enzyme was initially identified

through homology to the FMN binding region of dihydroorotate dehydrogenase from
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Lactococcus lactis [29]. This 332 amino acid domain demonstrated regions of variable
conservation among the seven species. However, recent studies have localized the FMN
binding region to amino acids K574 and K709 [17] with both demonstrating 100% iden-
tity among the seven examined species. This significant degree of conservation suggests
that these amino acids may have a critical role in enzyme function through acceptance of
electrons after reduction of FAD [17]. To assess the effects of K574 and K709 on enzyme
function, detailed kinetic studies using mutated DPD would need to be performed.

Iron and sulphur were present in the purified DPD enzyme [12, 25]. Based upon
homology to the previously described Fe-S motifs of an iron sulphur protein from bovine
mitochondrial complex I [30], two Fe-S motifs were identified in the C-terminus of the
porcine and human DPD enzyme [14]. Examination of the two C-terminus Fe-S motifs
revealed significant conservation in both the mammalian and invertebrate sequences. Ad-
ditional studies later identified the presence of two novel Fe-S motifs in the N-terminus of
the DPD enzyme that are coordinated by amino acids 79, 82, 87, and 140 in the first mo-
tif, and aminoﬁ acids 91, 130, 136, and 156 in the second motif [16, 17, 29]. The coordi-
nating cysteines of both motifs demonstrate 100% identity among the seven species sug-
gesting these amino acids may be redox active, having a critical role in electron transport.

Several recent reports examining DPD deficiency have focused on the identifica-
tion of mutations in the DPD ¢DNA in individuals demonstrating unanticipated 5-FU tox-
icity. Due to differences in evolutionary pressure, amino acids located in regions critical
for DPD structure and/or catalytic function would be expécted to be chsérved. Signifi-
cant conservation of the loci corresponding to DPYD*4 (S534N), DPYD*6 (V7321),

DPYD*8 (R235W), DPYD*9B (R886H), DPYD *10 (V995F), DPYD*11 (V335I),
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DPYD*12 (R21Q), M166V, and D949V was demonstrated among mammals and inverte-
brates. These data suggest a critical role for these amino acids in the maintenance of DPD
structure and/or function. Assessment of the 1543V amino acid substitution present in
DPYD*2B, DPYD*S5, and DPYD*5B, revealed a lack of conservation among mammals
and invertebrates. The amino acids present at the loci of DPYD*9A4 (C29R) also demon-
strated a lack of conservation, suggesting that amino acids occurring in these two regions
may not be critical to DPD structure and/or function. This observation is supported, in
part, by the identification of the DPYD*94 (C29R) mutation in individuals with normal
DPD enzyme activity (data not shown).

Analysis of the amino acid sequence of the seven species demonstrated that sev-
eral DPYD mutations occur near the two N-terminus iron sulphur motifs including:
DPYD*12 (R21Q), DPYD*94/9B (C29R) and M166V. Two mutations [D949) and
DPYD*10 (V995F)] occur near or within the two C-terminus Fe-S motifs, respectively.
Mutations occurring in the regions of the Fe-S motifs may disrupt electron transport from
FAD to FMN and thus influence DPD enzyme activity. Several of the mutations occur-
ring in this region were previously reported to result in lowered DPD enzyme activity
(DPYDf“9A, DPYD*9B, and DPYD*10) [18, 31, 32]. However, the effects of other muta-
tions (DPYD*12, M166V, and D949V) on DPD enzyme activity remain to be determined.

Further examination also demonstrated that two previously reported mutations
(DPYD*4 and DPYD*5) occur within exon 13 (which encodes for the first FMN interac-
tion site) (Fig. 2). Since previous reports suggest that these mutations do not have an ap-
preciable effect on enzyme activity [18, 33-35], they may occur too far upstream (40 and

31 amino acids, respectively) to affect FMN binding in this region.
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Sequence analysis also demonstrated that one mutation (DPYD*8) occurs at a
conserved locus that is responsible for interaction with FAD. Studies utilizing human re-
combinant DPD demonstrated that this mutation results in loss of enzyme activity [36].

Further examination of uracil/5-FU interaction sites with respect to proximity to
DPYD mutants demonstrated that one mutation (DPYD*6) occurs at a conserved locus
that is four amino acids upstream from a uracil/5-FU interaction site that occurs at amino
acid 736. A previous study of this mutation has demonstrated that this mutation has no
effect on enzyme activity [18, 33-35].

A recent report examining regulation of DPYD gene suggests that there are criti-
cal regulatory elements located downstream of the transcription start site [37]. Further, a
6-fold variation in DPD enzyme activity in healthy and cancer patient populations [11] as
well as a circadian variation in human [38] and rat species [39] suggest that the DPD en-
zyme is highly regulated. One possible mechanism by which this may occur is through
the regulation of DPD mRNA levels. Several studies have demonstrated a correlation be-
tween DPD mRNA levels and enzyme activity which suggests rapid mRNA and protein
turnover [9, 40, 41]. Numerous AU rich domains (which have been shown to affect
mRNA stability) [42] were identified in the DPD 3’ untranslated region of all five mam-
malian species (data not shown). Further studies measuring mRNA half-life in these spe-
cies should clarify the role of mRNA stability in determining DPD enzyme activity.

In summary, we compared the conservation of functional domains critical to DPD
enzyme structure and/or function in five mammalian and two invertebrate species. In ad-
dition, the conservation of loci where previously reported mutations have been described

was examined. Alignment of these sequences allowed us to determine the proximity of
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these mutations to catalytic domains. These analyses were used to assess which mutations
were relevant in DPD deficiency. As new DPYD mutations continue to be identified, this

approach should prove useful in further evaluation of their functional significance.
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Table 1 Sequence of Primers Used for PCR Amplification of the Mouse DPD cDNA

Primer Fragment
Designation Primer Sequence (5' to 3' Orientation) Length
DPD-1F ACTCACTATAGGGCTCGAGCGGC 1181 bp
DPD-1R AGAGTGACAGGCGCACATTCC

DPD-2F TGGCTACAGAGCTGCATTTATTGG 1563 bp
DPD-2R CCACTTTCAGCTGAGTCAATTCC

DPD-3F ATCGCAAGAGCAGCAAAGGAA 742 bp
DPD-3R GCCAGAGTCATTACAGGTCATGTA

DPD-4F AGCAAAATCAGACAGAAAGATCA 631 bp
DPD-4R AACTGGAAGAATTCGCGGCCGCAGGAAT; s

The four pairs of primers used to clone the mouse DPD cDNA. F, forward primers; R,
reverse primers.
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Table 2  Previously Defined DPYD Mutations [18,19]

Mouse

Reported Mutations Human Rat Cow Pig Drosophila C. elegans
DPYD*2B* (DPYD* 24+ 1543V) N/A N/A N/A N/A N/A N/A N/A
DPYD*3 termination at 633 P P P P P P P
DPYD*4 S534N S S S S S S. S
DPYD*5* 1543V I p* P* T I E** E**
DPYD*5B* 1543V +intron 13 C39T N/A N/A N/A N/A N/A N/A N/A
DPYD*6 V7321 v \' Vv .V Vv G* A\
DPYD*7 truncated protein S S - S S S S S
DPYD*8 R235W R R R R R R R
DPYD*94 C29R C R** - R** R** H** A% Vr*
DPYD*9B C29R + R886H R R R C** R R R
DPYD*10 V995F \% \% \% A% A% A% v
" DPYD*11 V335L v A% \Y% A% v A2 \%
DPYD*12 R21Q R R - R R R R - K*
DPYD*]2 (386) E E " E E E E E
MI66V M M M M M M M
D949V D D D D D D

*The conservation of the 1543V mutation present in DPYD*2B, DPYD*S and DPYD*5B was assessed. The human DPYD mutations,

change, **nonconserved amino acid change

. and their respective amino acid changes, are listed in column 1. The remaining columns note the amino acids present in the regions
corresponding ta the loci of human DPYD mutants in the sequence of specified mammal or invertebrate. *Conserved amino acid
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Table 3 Potential O-Glycosylation Sites in the DPD Protein

Species O-Glycosylation Site®
Mammals 471, 550, 595, 981
Drosophila melanogaster 545
Caenorhabditis elegans , 589, 634

Amino acids that may be O-glycosylated in human, rat, mouse, bovine, pig, Drosophila
and C. elegans. *The software used to determine O-glycosylation sites was previously
reported to identify 83% of glycosylated and 90% of non-glycosylated serine and
threonine residues from a previously known and verified mucin O-glycosylation site [43].
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Fig. 1. Homology tree of the five mammalian
' DPD amino acid sequences and two

homologous sequences from
invertebrates. Human, murine, rat,
bovine, and porcine translated cDNA
sequences were aligned and conserved
regions were identified. These regions
were then used in NCBI Blast and
Blocks searches to identify homologous
sequences in Drosophila and C. elegans.
These seven sequences then underwent
multisequence alignment to establish the
percentage identity and construct a
homology tree. The percentages shown
at each branch-point represent the
percentage identity between the
specified species and the remaining
homologs.
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Fig. 2. Amino acid alignment of the seven
species, delineation of catalytic regions,
and regions corresponding to the DPYD
mutations. The amino acid sequences of
the seven species underwent ‘
multisequence alignment. The C-
terminus of the Drosophila sequence
contains an unaligned region of 6 amino
acids (data not shown). The N-terminus
of the C. elegans sequences contains an
unaligned region of 37 amino acids (data
not shown) and the C-terminus contains
an unaligned region of 21 amino acids
(data not shown). Exon boundaries were
delineated based upon the structure of
the DPYD gene. Catalytic binding motifs
for uracil, FAD, NADPH and Fe-S
motifs are indicated (boxed and
labelled). Additional substrate and
cofactor interaction sites based on the
recent crystal studies of the recombinant
porcine are also defined (boxed and
labelled). Regions that correspond to
human DPYD mutant loci are also
indicated (boxed and labelled).
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Human lymph ADAHChKSSe IR YGEAAKMIFSDNPLGLT! SDILENGG LYATEEGPINIGG Y FATI BPQ 170
IIIIIIIIIIIIIIIIIIIIIIIIIIII ||IIII|III IIIIIIIIIIIIIIII 1l
Mouse liver IT. PTSDL NIGGLEFA PQ 170
. ||I||I||IIIIIII |||IIII|||I IIIIIII | IIIIIIIIIIIIIIIIIIIII ]
Rat liver 'SDLEVGE] WFATEVF PQ 170
) : III IIIIIIIIIIIIIIIIIIII IlllIIIIIIIIIIIIIIIIIIIIII PCLLEEI T
Bovine liver SDLYVGG OYATEV. PQ 170
IIIII IIIIIIIIIIIIIIIIIIIII | I IIIIIIIIIIIII IIIIIIIIII LITEI T
Pig liwver LGL SDUVGHIILYATEEGS INIGGT "'ASEVI" Q 170
) IIIIIIIIIIIIII IIIIIIIIIII TN (O [ |
Drosophila NPLGLTL PTSDLIVGT QASEAGR INIGGLIMOFATEV. RQ 172
IIIIIII!III IIIIIIIIIII CEIEE DY 1 L DL |
C.elegans I8N PLGL! SOLEVGSINLQASEEGAINIGGLERYACDV RG 210
Coardinates Coordinates
Second FE-8 Motif First FE-S Motif
Coordinates
Second FE-$ Motif
DYPD*ER—H; Interacts with FAD
igoalloxazine ring system
EXON 7
Human lymph IRNPSLPPPEKMSEA SAK ALFGAGHRS ISCASFLARLGYSDITI FERREYVGE R TSEI PQFNLPYDVVNFEIELMKDLGVKI T 258
. IIIIIIIIIIII II IIIIIII IIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Mouse liver IRNPSLPPPEHMPRA ALFGAG CASF YVGHESTSEI PQEH 258
) H IIIIIII IIIIIIIIIII IIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Rat liver  IRS AYSAKIA FG}\ CASFLARLGYSD GRLETSEIPQERLPYDVVN 254
. IIIIIIIIIII ||IIII||I LHTERELEE T IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Bovine liver IRNP LPFPEKMPE&YS CASFLARLGYHN TSEIPQERLPYDVVNFEIE 258
L T T IIIIIIIII TR LT HULLLEEL IIIIIIIIIIIIIIIIIIIIIII
Pig liver ITNFCLPSQEIOIPEAYSAK ALLGA ﬁs RLGYS| GGL,STSEIPQ HI PYDVVNFE “ I “ | | 258
LLLLELE L M TRELHEL L I
Drosophila RRe e+ o+ TPOAEANPLESQKIALVGGE CAT AREYPQ nx PIDTWE{I?TDLVRDLGVRTEI‘G 255
L i L W1
C.elegang IVSea KEVRENRNASHKEQVALIGCOG CASPLARLGYT LESAEIPOFRLPYDVVDFEIGLARDIGVQIETN 236
FAD
interaction site
Binds FAD's diphosphate moiety
FAD interaction site DPYD*12 V=L
EXON B RXCH & T
L NADH/NADPH
Human lymph VNEMTLSTLKERGYKAAFIGIGL KDAI FUGLTODOGRYTSKDFLPLVAKGSKAGMCACY v HSPLPSIRG 344
IIIII ||| II IIIIII Il IIIIIII IIIIIIIIIIIIIII T IIIIIIIII PLLLELLD
HMouse liver KKDHIFQGLTQ LPLVAKSSKTGMOACY sHSPLPSIRGAMIVLGAGDTA 344
||I|||I|I IlI II IIIIIII 1 IIIIIII IIIIIIIIIIIIIIIIII L L WL |
Rat liver TDEMTLSTLKENGYKAAFIGIGLPEPKKDHI FQGLTQVQGFYTSKD:! GMCACI'HSPLPSVR AMIVLUAGDTA 344
III [T IIIIIIIIIIIIII II IIIIIIIIIIIIIIIIIIIIIII IIIIIIII IIII II L
Bovine liwver VNDI TLETLKEEGYKAARFTIG. IFPQGLTQDQGFYT RG GAGDT. 344
[ 11 II IIII IIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIII IIIIIIII IIIIIIII IIIIIII
Pig liver SEENEIT! IPKTDDIFIQGLTQDQGE"ITSKD ‘ ll?hﬂﬂclkcu SPIIPSI B ||I| 144
I || ] 111 LILET 3T | I !
Droscphila I(DLTIQGLLSTGHD}WFVGIG PEPKLNPIPAG!..QPSNGFYTSWFLPLVSDGSKPGLCACKMAGLPKL HG. hGDTA 343
Cb T e b e e [ [11]
C.elegans RYP P 383

- KDGLTLAKLRKEQGARAVFIGIGNPEPKIDPLFEGLT IENGF Y TSKNY LPAVARASKPGHOGCKRT ¢ PLE'TMRG!
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Human lymph
Mouse liver
Rat liver
Bovine liver
Pig liver
Drosophila

C.elegans

Human lymph
Mouse liver
Rat liver
Bovine liver
rig liver
Drosophila

C.elegans

DPYD*12 R21Q+E=—termination

EXCOW 11
!DCATSI ! RFLPFLSPRKVIVKGGRIVAMQFVRTEQDETGKWNEDEDQMVHLKAD
Illll [} || IHHIIIIIII! IIIIIIIIIIH I IHIIIIHIIIIII HI R
POCATEA F QW
IIIIHI IIII IIIII 3 lIIIIIHIlI IHIIHIIHI | lII | | IHI
FDCATSA EEMELAKE! QDETGHNWVEDEEQIVRL]
1111 IIII 11| IIIIIIIIIIIHIIIIIlIIIIIIIIIIIIIII I IIlI
FDCATEX PEE
FELTLE IHI |IIH I III!IlHIHIIIHII HIIIIIIIIIIIIIIIII llllll
EDCAT FL AVQPVR
L1111 IIIHIII II!IHIIIII IIIIIIIII IIIII III
FDCAT: RAVPEEVELARDER(R LPYLSPRKVIVKDGLIT EFPCRTEQNENDEWVEDERQTQRLKAN
P CVUEEE TEERONEEL T e e i e bl
MDCAT SN REVPEEMEARKEEKGEPLPFSAPRKINVKDGRIVEIEFNKTEQDDNGKWYEDEEQIVILKCD
NARDPH interaction site
NADPH and FAD interaction site
BXON 12
FAD r

VVISARSVLSDPKVKEALEPT KFNRWGLPEVD ETM EAWVF, NMYGLANTI ESVNDSKOASWY THKY VQSQYGASVAAKDE
HIHIHII IIHIIIHIIIHIIIIIH [T IIl LTI IIIIIIHIHIIIIIIIH | Hi |
VVI, DPKVKEALSPIKFHNRWG. VNEETMUTBEPWVIACGLVVEMANT Q YGTSVPSQPT
1 IlII Il|! IIIIIIIIHHHII !HIIIII IIIHHIII IHHIIIIIHIIIIIII 4| I
VIS GMANTEWVESYNDG YIQAQYGALVPSQPT
IIIII|IIIIIIIHIIIIIIIHIH IIHHHIIIII HI ELIE IIIIII IHIJIIIHH IIIIIHIIIHI
WIS KVEBALS EFETMJTSEPWVF. VG IANTINVEAVRDGROASW
IHIIIIIII IIIIIlIIIIIIllII IIHIIHIIIII [T1TA101 1 IHIIIIII!IIIIIIIIIH } lIIHIIIIII
VVISAFIGSVLRDPKVKEALS NRWDLPEVDPETMJTSEFHVY. IVGMANTENE. VNDGKQA YIHKY IQAQYGASV.
IIII[II [ L II IR IRl eI
i T i N HTTIH’FA?V?NTTH|1H|TVTA"SIRC?L?T"?L I

S TLKEDAVLSALOPCOLNKNGE IEVDSTTOUTSEXHVE, VAGVAETIVESVNDGK IAARNMHR Y I DSLUGNGVSETPR

Bovine liver
Pig liver
Drosophils

C.elegans

Interacts with FAD
isoalloxazine ring system

DPYDS IV Interacts
REYD*q SON with FMN ring
EXON 13
LPLFYTPIDLVL IS PFGLASATPATSTSMI RRAFEAGWGFALTH SI.D)(LIV’I‘NVSPRIIRG’ITSGPMYGPGQSSFL
L T 1 lllllllllllilIIIIIII!IIIIIII IIIIHIIIIIHIIIIIIIIIIHIIIIJII
HPLFYTPVDLVDIH FGLASATP. il
LU LT IHIIHIIIIHIIIIIlHIIIHIH lIIlIHIIIIlIIIIIIlIIIlHIIIIIII
LPLFYTPVDLVDISVE PMIR! KD IVINVSERIIRGTTSGRLYGPGQSSE
IHIIIIIIIIIIIIH IlI lIIIHIIII ll IIIIHIIIII IIIl IIHHI||IIIIIIIHIIIIIIHIIIHII
LPLFYTRIDLVDISNVE KDIVINVSP TTSGPMYGPGOS
IIIHII IIIIIIIIIIIII IlIIIIII | II IlIIIIIIIIHIHI IIIIIIIIIIIIIII HIHIIHHIIIHI
LPLFY PEG KDIVTHVSP
lIllIIIl IIIHII RIERIAN |I|Ill‘llllll IIlI IHIHIIHIIII,III l II
LPLFYTDIDAVDISMEMCGIR PRGLASAPPTTSTAMIRRAFEQGWGFVVY XDLVINVSPRIVRGTTSEYKYGEPQQGCFL
Il IIIIIIth{I I NN |||| L L LT L

PFPGLASAPPTTSCGPMURRAFEQGWGFILY Ni" KGLOKOLVTNVSPRIVRGETSGPLYGPNOGSFM

Pocket

5 FU interaction site

Human lywph
Mouse liwer
Rat liver
Bovine liver
Pic liver
Drosophila

C.elegang

protein Pocket

EXCN 15

DPYp*3 Truncated

EXON 16
b.uxdlng s:.te

E. YWCQVTELKAD

lHH”H“H |H|||||| |||||“H|||||H|||||||||!
NEEL

| |H||H||||| ||||“||| |||||i||||||||l|l|||||||||
ik ELIE EKTAAYHCHSVTELKADHE Ih

VWL REL LR R ||||||]| |||||!||||||||||l||||||“|
NEELIBEKRTAAYHCOSVTELKADHADNIVIAS IMCSYNRNDWME!

1 |||l|||||||||l|| H |||l||||H||l|||||||||”||
NLELI Bmmmcosvmm S YNKND

I ||||l||||||||1||||||| ||
#man EKRAEYYLKSIGELKRDRY PHEMGER v QTSR
IR e 1 |||||||[|| il
NP ELEKSCEYHLQCTRELIRDH HOMGERGMGLACGQSPRIVKEICR

Pocket S«FU interaction sites
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DPYD*§ Y-k
EBXON 17 EXON 18
Human lymph WYRQAVQIPFEARLTPNVTDIVS IARARKEGGA LMGLKSDGTWPAVGIAKRHYGGVSCJTMRPIALRAVTSImm 784
HLH IIIIIIIIIIIIIIIIIIIIIIIII III IIIIIIIIII IIIIIIIIIIIIIIIIIIIII 111
Mouse liver HWVRQAVR TPNVTDIVSIARARKEGS SGL KADGTEWPAVG VTAIARR 784
, L] IIII IIIIIIIIIIIIIIIIIII J III [ IIIIIIIIIII IIIIIIII | IIII
Rat livex WRQSVRVPFF SIARARKEGGAD! LMGLKADGSPHE s s KRTTYG PIALRAVTAL 784
) L TR IIIIIIIIIIIIIIIIIIIII HiT IIIIIIIII IIIIIIIIIIIIIIII II i III
Bovine liver WVRQAVRIPFRARLTENVIDIVSIARAAKEGGAN GLMGLKAD RAVTTIA 784
N IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIII
Pig livex WVRQAVQIPFF. SIARARKEGGAD b LMGL: TAIRPIALRAVT 784
. my IIIIIIIIIIIIIIIIIIIII I IIIIIIIIIIIII IIIIIIIII [ 11 ] II
1 0 R T
| f |
¢.elegans WYRACVKIPFFPEMTPNITDVREIARARRDGGAS SLMHMKADGNAWPAIGSTKRTTYGGMSGSAIRPIAMKAVSSIANE 823
FMN interaction site 5 FU interaction sites
EXON 19 EXON 20
Human lymph LPGFPILATGGIDSAESGLOFPLHSGASVLQVCSAIQNQDFTVIEDYCTGLEALLYLKSIBELOD v ¢ WDGOSPATVSHQKGKPVPRI  B6S
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII L T
Mouse liver L FPILATGGIDSAESGLQFLRSGASVLQVCSAIQNQDFTY KSIEELAD® « sWDGQSPPIISKQKGKFVPRY 868
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIII|IIIIIIIIIII I LI IIIIIIIII
Rat liver L QFLHSGASVLQVCSAT QNQ GLKALLY + ¢ $WDGQSPP QKGKPVPH 868
[ IIIIIIIIIIIIIIIIIIII IIIIIIIII [ IIIII I IIIIIIIIIIIIIIIIIIII T IIIIIIIII |
Bovine liver LPEFPILATGGIDSAESGLQFLHOG ASVLQ CSAIONODYTIIN KSIEELQDe® » s KDUQSPATKS 853
PULCEH LT EE R T L T IIIIIIIIIIIIIIIIIII FLEI IIIIIIIII |
Pig liver LPGFPI LATGGIDSAESGLOFLESGASYLQVCSAVQNQDFTVIQDYCTGLKALLYLKSTEELQG ¢ WDGQSPGTESHQKGKPVPRI 8§68
. CEDLLE G M et II IIIIIIIIIIIII IIIIIIII ] IIIIII I IIIIIII I
Drogophila VPGFPILGIGGIDSGEVALOF IHAGATVLQIC KANPPPVIGEFWDGOSPPTPVHOKG! 866
I EEL BT (e T III IIIIIII I||IIIIIIII| [ 1 IIIIII IIIIII
C.elegans DGFPIMATGEGIESARTGLGFLMAGASVLQVC QDFTVVDDYCTGLKALLYLSGARSLKN# ¢ sWDGQSFPIBKHQOKGKPILLY 907
DPYD#9B R—H amd C29R DY4sV
| BXON 21 EXON 22
e Lmen I'II‘I“‘LITI’TT“II“ TR ITTI;‘I‘II?I“II’TI’I‘I’}T‘I"?WTI’II’I’“ T
Mouse livex LMGQKLESFGP ! l RE# &% s NDONRAS RIHFNSOKPIPAIKDVIGKSLOYLGTFGEMSIMEQVVALIDEEM 952
IIII IIIIIIIIIIIIIIII II | Il II [ 1l IIIIIII IIIIIIIIII (g
Rat liver LEK «» s KXENVTVLPLERNHFISQKP IPATKDVIGKS: LNIMEQVVALIPEEM 952
. : III IIIIIIIIIIIIIIIII II IIIIIIIII IIIIIII IIIIIIIIIIIIIIII [T g
Bovine liver A Y LEQRK! RLe o » s KECNAAFPPLERKPF. POVHKDVIGKALGYLGTYGELNNTEQVVAVIPDEEM 952
IIII IIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIII III lIIIIIIIIIIIIlIIIIII IIIII il {1
1P 952
H

Pig liver LMGKKLPSFGPYLEQRK] NVAFSPLERNCFIPKKPIPATIKDVI
|

[ IIIIIIIIIII IIIII

EM
I I [

IRD TKMARLRSQKGALWDAEQVKATPPASH ‘GAPNFAPRIKDVIGA&LD GSYNKLDI\]'KQQK"»”‘'r L Ufl‘l 952
oM

I 1 1T

(L1l
KLEATKLSESe e vNLLOTENYHFASRPDTOVSRVPTVEDVIGKALPRIGPYVTLDNQEOKVALT

Drosophila TGEGKATLGFFGPYQR()

C.elegans GG v« e KKMPPPOKYRDE

PPYXD*1Q VF

FR-S8 motif FE-S motif
EXON 2%
Human lymph QAIQFDPBTHLETITs = KMVSRTTPYEP'KRGVPLSVNPVC 1025
IIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIII III IIII III ELEE T
Mouge liver o PsKRGLPLAVKPVC 1025
IIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIII III IIII IIIII N III
Rat liver I PsKRGLPLAVKPVC 1025
IIIIIIIIIIIIIIIIIIIIIIIIIIIII IIlIIIIIIIIIIII IIIIIIIIIIIIII UL
Bovine livar |GQI. oy IDCIKMVSRTTPYEP»KRGLEPLAVNEPVS 1025
IIIIIIllIIIIIIIIIIIIIIIIIIIII LRG0 D R R Ay
Pig liver E’TVT L IDCIRMVSRTTPYEP*KRGLPLAVNEVC 1028
lIIIIIIIIIlIIIIIIIII Il 0L R | 17l
Drosophila EFDKDTHI PHVR » DI CLCY IDCITMVPKKIPHVI*KRGVEEKIFYTH 1025
IIIIIIIIIIIIIIIIIIIIIIIII A (O il
C.elegans T. SCYQAITFIRVTIHQPEVTED PECTEMVPRTGPWKAPKRGVKPSVEPGT 1063
Coordinates Caordinates COORDINATES
3= FE-8 motif 4:x FE-5 motif 3 FE-S motif
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ABSTRACT

Purpose: Dihydropyrimidine dehydrogenase (DPD)-deficient cancer patients
have been shown to develop severe toxicity after administration of 5-fluorouracil. Rou-
tine determination of DPD activity is limited by time-consuming and labor-intensive
methods. The purpose of this study was to develop a simple and rapid [2-"°C] uracil
breath test, which could be applied in most clinical settings to detect DPD-deficient can-
cer patients.

Experimental Design. Fifty-eight individuals (50 “normal,” 7 partially, and 1
profoundly DPD-deficient) ingested an aqueous solution of [2-*C] uracil (6 mg/kg).
BC0, levels were determined in exhaled breath at various time intervals up to 180 min
using IR spectroscopy (UBiT-IR3¢0). DPD enzyme activity and DPYD genotype were
determined by radioassay and denaturing high-performance liquid chromatography, re-
spectively.

Results: The mean (£SE) Ciax, Tmax, 0 Over baseline values at 50 minutes
(DOBs) and cumulative percentage dose recovered (PDR) for normal, partially and pro-

foundly DPD-deficient individuals were 186.4 £ 3.9, 117.1 £ 9.8, and 3.6 DOB, 52 *2,
100 + 18.4, and 120 min, 174.1 £ 4.6, 89.6 + 11.6 and 0.9 DOBs, and 53.8 £ 1.0, 36.9
2.4, and < 1 PDR, respectively. The differences between the normal and DPD-deficient
individuals were highly significant (all Ps <0.001).

Conclusions: We demonstrated statistically significant differences in the [2-"*C]
uracil breath test indices (Cmax, Tmax, DOBsp and PDR) among healthy and DPD-

deficient individuals. These data suggest that a single time-point determination (50 min)
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could rapidly identify DPD-deficient individuals with a less costly and time-consuming

method that is applicable for most hospitals or physicians’ offices.

INTRODUCTION

Dihydropyrimidine dehydrogenase (DPD) deficiency is an autosomal codomi-
nantly inherited pharmacogenetic syndrome with a variable phenotype that ranges from
partial to complete loss of DPD enzyme activity (1, 2). The clinical impact of DPD defi-
ciency has been dramatically demonstrated by studies showing that 43—60% of the pa-
tients with severe toxicity (including death) after administration of standard doses of 5-
fluorouracil (5-FU) are partially or profoundly DPD deficient (3, 4). Population studies
have shown the prevalence of partial and profound DPD deficiency to be 3—5% and 0.1%
in the general population, respectively (5-7).

Several methods including high-performance liquid chromatography, mass spec-
trometry, thin layer chromatography, and denaturing high-performance liquid chromatog-
raphy (DHPLC) have been developed to identify DPD deficiency in cancer patients (8-
11). Unfortunately, these methods remain too complex and time consuming for routine
clinical use and are unavailable in most treatment facilities. The availability of a method
to accurately determine exhaled °C in breath offers a novel approach for the detection of
DPD deficiency through the administration of [2-"*C] uracil. Recent studies have suc-
cessfully used a similar approach to diagnose Helicobacter pylori infection in a Food and
Drug Administration-approved B3C-urea breath test and to examine metabolic abnormali-

ties in carbohydrate, lipid and amino acid metabolism (12-16).
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In the present study, we describe the deveiopment of a rapid, simple, and nonin-
vasive [2-13 C] uracil (UraBT), which can be performed in most cancer-treatment facilities
or physicians’ offices. After oral administration of [2-2C] uracil, *CO, in exhaled breath
was measured and indices [Chax, Tmax, 0 Over baseline values at 50 min (DOBsp), and
cumulative percentage of 1BC dose recovered in breath (PDR)] were assessed for their

ability to discriminate between healthy and DPD-deficient individuals.

MATERIALS AND METHODS
Principle of the UraBT

The principle of the UraBT is based on metabolism of [2-13C] uracil by the en-
zymes of the pyrimidine-catabolic pathway to produce BCO, (see below, Eq. A). In
DPD-deficient individuals, reduced [2-"C] uracil catabolism would be expected to result
in decreased exhaled *CO, levels.

BC0, and '2CO, in exhaled breath samples is measured byIR spectrometry using
the UBiT-IR3q (Meretek Diagnostics, Lafayette, CO). The amount of BCO, present in
breath samples is expressed as a & over baseline ratio that represents a change in the
BC0, / 2CO, ratio of breath samples collected before and after [2-1C] uracil ingestion
(see Eq. B; Ref. 17).

The amount of [2-">C] uracil metabolized and released into the breath as BCo,
was determined for each time point using the equation described by Amarri ez al (18).
These results were expressed as PDR. The UBiT-IR;3q0 instrument used to calculate the

13C0, / 2CO, ratio is discussed in detail elsewhere (17).
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NADPH*  NADP*

[2-3C] Uracil «——>——""+ [2-13C] Dihydrouracil

Dihydropyrimidine
Dehydrogenase

Dihydropyrimidinase

(A)
[2-13C] B-Ureidopropionate ———» B-Alanine + NH, + @
B-Ureidopropionase

Detected by infrared
spectrophotometry
B)
DOB = |*CO,| ___  |BCO,
12CO, 2¢O,

post-dose sample pre-dose sample

Study Design

Informed consent was obtained from each volunteer who participated in this insti-
tutional review board-approved study at the University of Alabama at Birmingham. Ex-
clusion criteria for healthy individuals included respiratory or metabolic disorders.

Preliminary studies in four healthy individuals [one man and three women; mean
age, 32 years (range: 2248 years)] and three partially DPD-deficient individuals (one
man and two women, ages 27, 23, and 31, respectively) evaluated the dose of [2-">C]
uracil and time course that could provide maximal separation of breath patterns between
these groups. Doses of [2-°C] uracil included fixed doses of 100, 200, or 300 mg as well
as doses adjusted to body weight (1, 3, 6, or 12 mg/kg) examined from 0 to 180 min after
ingestion.

After dose optimization and determination of the time frame to be examined, sub-

sequent studies used a 6 mg/kg dose of [2-1*C] uracil evaluated over 180 min. The UraBT
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indices (Cmax, Tmax, DOBsg and PDR) were determined in 50 healthy individuals [19 men
and 32 women; mean age, 30 years (range, 19-70 years)] and seven partially DPD defi-
cient individuals [six men and one woman; mean age, 35 years (range, 23—59 years)] and
one profoundly DPD-deficient individual (one woman; age, 58 years). Two of the par-
tially DPD-deficient individuals who participated in the initial dose escalation studies
also participated in this phase of the study. In addition, all individuals participating in this
study were phenotypically characterized by a DPD radioassay and genotypically charac-
terized for known sequence variations associated with DPD deficiency by DHPLC with

confirmation by sequence analysis as described below.

Uracil Breath Test
Following an overnight fast, volunteers started the protocol at approximately 8:00 a.m.
All volunteers were weighed and baseline breath samples were collected in 1.2-liter alu-
minum-lined bags (Otsuka Pharmaceuticals, Tokushima, Japan). Volunteers then in-
gested an aqueous solution (over a period of 15 s) containing 6 mg/kg bodyweight of [2-
B3C] uracil (99.9 %; Cambridge Isotope Laboratories Inc., Andover, MA). This was fol-
lowed by the collection of 21 breath samples over 180 min (obtained every 5 min for 30
min and then every 10 min thereafter). The *CO, / "2CO; ratio of each breath sample was
determined by IR spectroscopy using the UBiT-IR3¢ instrument and data analysis per-

formed as described above.
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DPD Radioassay
Sixty ml of blood was drawn from a volunteer’s peripheral vein at approximately
12 p.m. on the same day as their UraBT to limit variation resulting from the circadian
rhythm in DPD enzyme activity (19). DPD activity in peripheral blood mononuclear cells
(PBMC) was determined using a radioassay described previously (8). Individuals with

PBMC DPD activity < 0.18 nmol/min/mg protein were considered to be DPD-deficient

(5).

DHPLC Analysis of the DPYD Gene
DHPLC analysis was used to genotype the coding region of the DPYD gene of
“normal” and DPD-deficient individuals as described previously (11). All DPYD se-
quence variants identified by DHPLC were confirmed by DNA sequencing using a dide-
oxynucleotide chain termination method (Big Dye Kit; Applied Biosystems, Foster City,
CA) and capillary electrophoresis on an ABI 310 Automated DNA Sequencer (Applied

Biosystems).

Discrimination of “Normal” and DPD-Deficient Individuals
Statistical comparisons between the 50 healthy and eight DPD-deficient individu-
als (seven partially and one profoundly deficient) for each of the UraBT indices (Crax,
Tmax, DOBsg and PDR) were made using the two-sample ¢-test and the signed rank Wil-
coxon test. The performance of the UraBT as a potential diagnostic test was evaluated
through statistical classification procedures using linear discriminant functions (a mathe-

matical rule for categorizing subjects as DPD deficient or healthy based upon their breath
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patterns). The accuracy of the resulting classification was assessed through the observed
false positive rate (FPR = proportion of healthy individuals incorrectly categorized as
DPD-deficient) and the observed false negative rate (FNR = proportion of DPD-deficient
individuals incorrectly categorized as healthy). The sensitivity and specificity of the
UraBT were defined as the percentage of healthy and DPD-deficient individuals that
were correctly classified [(1-FPR) x 100% and (1-FNR) x 100%, respectively]. Addi-
tionally, the performance of this classification scheme was further evaluated using cross-

validation.

Assay Variability

Interassay variability was examined using repeated measures ANOVA to find any
significant differences between breath test profiles within seven individuals (four healthy
and three partially DPD-deficient) who repeated the UraBT from 1 to 8 months after their
initial examination. Additionally, equivalence between the individuals’ different UraBT
profiles was examined using a bioequivalence test as described by Phillips (20) and Dil-
etti et al. (21). Intra-assay variability was examined among four healthy individuals (five
repetitions), analyzed using repeated measures ANOVA, and summarized by coefficient

of variation.

Assessment of Breath Collection Bag Integrity with Time
The integrity of the breath collection bags was assessed following storage at room
temperature for up to 210 days. One hundred and thirty-two samples from 24 volunteers

underwent duplicate analysis 90 (n=30), 120 (n=32), 150 (n=20), 180 (n=25) or 210
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(n=25) days after their initial examination. Integrity was analyzed using repeated meas-

ures ANOVA and summarized by coefficient of variation.

Statistical Analysis
All statistical summaries and analyses as described above were produced in SAS®
Version 8.2, using procedures such as MEANS, GLM, MIXED, NLIN, NPARIWAY

and DISCRIM.

RESULTS
Preliminary UraBT Studies

Preliminary studies demonstrated that the administration of [2-">C] uracil dose ad-
justed to kilogram (body weight) generated less variable 1¥CO, breath patterns and indi-
ces (Cimax Tmax, DOBso, and PDR) than single-fixed doses of 100, 200 or 300 mg. The
variability in breath patterns between the largest (107 kg) and smallest (50 kg) volunteers
(Volunteers A and D, respectively) when a fixed 300-mg dose of [2-*C] uracil is admin-
istered is shown in Fig. 14. The reduction in variability following standardization of the
dose of [2-"*C] uracil to 6 mg/kg is shown in Fig. 1B. Similar results were also observed
in the breath patterns from the other volunteers who received both fixed and weight-
adjusted doses (data not shown). Preliminary studies also demonstrated that the optimal
dose of [2-*C] uracil that was needed to achieve maximal separation between the breath
patterns of healthy and partially DPD-deficient volunteers was 6 mg/kg (data not shown).

Time course studies from 0 to 180 min demonstrated that the elimination phase of Bco,
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breath patterns from normal and DPD-deficient individuals could be examined within

180 min (data not shown).

Discrimination of Normal and DPD-Deficient Volunteers Using the UraBT

The CO, breath patterns and PDR (mean + SE) from normal, partially, and pro-
foundly DPD-deficient volunteers are shown in Figs. 2 and 3, respectively. Highly sig-
nificant differences in the UraBT indices (Cpax, Tmax, DOBso and PDR) were observed
between normal and DPD-deficient individuals (all Ps < 0.001; Table 1) .

Multiple linear discriminant functions were computed to determine which UraBT
indices best classified DPD-deficient individuals. The discriminant function fitted on the
DOBsy was demonstrated to be the optimal classification rule over all other time points.
Subjects having a DOBs, < 128.9 were classified as DPD deficient and those with a
DOBsy value > 128.9 were classified as normal. Using these criteria, the UraBT demon-
strated an observed 100% sensitivity (with ‘all of the DPD-deficient individuals correctly
identified as DPD deficient) and 96% specificity (with 48 of 50 individuals correctly

classified as normal).

Inter- and Intra-Assay Variability
Assessment of the interassay variability of the UraBT demonstrated the results
were reproducible with no significant differences observed between original breath pat-
terns and those obtained from a second UraBT repeated several months later. Bioequiva-
lence was significantly demonstrated at a 5% level of significance. All intraassay coeffi-

cient of variations were less than 5%.
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Integrity of Breath Collection Bags
13C0O, content in breath collection bags stored at room temperature was assessed
90, 120, 150, 180, or 210 days after their initial examination. No significant differences
were observed between the *CO, content of sample bags before and after storage. CO,
levels of breath samples before and after storage were highly correlated (R? > 99%; Fig.

4).

DPD Enzyme Activity by Radioassay
The DPD enzyme activity of all individuals enrolled in this study was determined.
The mean (+ SE) PBMC DPD activity of the 50 “normal” individuals was 0.30 £+ 0.01
nmol/min/mg protein (range, 0.19 to 0.44). The mean PBMC DPD activity of the seven
partially deficient individuals was 0.10 + 0.02 nmol/min/mg protein (range, 0.03 to 0.17).

The PBMC DPD activity of the profoundly deficient individual was undetectable.

DPYD Genotype

No sequence variants previously associated with DPD deficiency were identified
in the DPYD gene of the “normal” individuals (data not shown). Table 2 summarizes the
sequence variations identified in the partial and profoundly DPD deficient individuals (D-
1 through D-8). D-1, D-2, D-3, and D-4, demonstrated a heterozygous DPYD*2A4
(IVS14+1G>A) genotype and a partially DPD-deficient phenotype. D-3 also demon-
strated an additional heterozygous sequence variant in exon 19 (2329G>T, A777S). D-6
demonstrated a homozygous DPYD*24 (IVS14+1G>A) genotype and a profoundly

DPD- deficient phenotype (no detectable DPD enzyme activity). D-7 demonstrated three
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heterozygous sequence variations [DPYD*13 (1679T >G, 1560S), DPYD*94 (85 T>C,
C29R) and 496 A>G, (M166V)] and a partially DPD-deficient phenotype. D-5 and D-8
had no known sequence variants previously associated with DPD deficiency within the

coding region of the DPYD gene, although a partially DPD-deficient phenotype was

demonstrated.

DISCUSSION

In the United States, adverse drug reactions (ADR) have been shown to account
for over 100,000 fatalities/year and remain the fourth leading cause of death after heart
disease, cancer, and stroke (22). It is estimated that 31-34% of the 2 million patients who
receive 5-FU/year exhibit severe toxicity (including death) and that approximately 50%
of these patients with adverse drug reactions secondary to 5-FU have reduced DPD activ-
ity or no DPD activity (3, 23-25). Although the frequency and lethality of DPD defi-
ciency distinguishes this syndrome from other pharmacogenetic disorders (i.e. thiopurine
methyltransferase deficiency), the clinical diagnosis of DPD deficiency remains difficult
because the appearance of life-threatening toxicity is typically the first symptom of this
pharmacogenetic syndrome. Despite over 10 years of research, clinically feasible assays
to identify DPD-deficient individuals are not yet available in cancer treatment facilities.

In the current study, a facile, non-invasive UraBT was developed and optimized
to discriminate between healthy, partially or profoundly DPD deficient individuals. This
approach exploits the difference in [2-1*C] uracil catabolism between normal and DPD-
deficient individuals. Previous pharmacokinetic studies from our laboratory in a pro-

foundly DPD-deficient patient demonstrated reduced 5-FU catabolism with prolonged

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

elimination half-life compared to the “normal” population (26). Additional studies by our
laboratory using eniluracil (a potent DPD inhibitor) showed similar results (27). Taken
collectively, these data suggested that the reduced catabolism of [2-">C] uracil in DPD
deficient individuals should result in a subsequent decline in *CO; levels in breath.

Preliminary studies of the UraBT demonstrated that an administered dose of 6
mg/kg [2—13C] uracil generated less variable breath indices (Cpax, Tmax) than single-fixed
doses of 100, 200 or 300 mg (Fig. 1) and that the elimination phase of *CO; in normal
and DPD-deficient individuals could be examined within 180 min. Administration of 6
mg/kg of [2-"*C] uracil to normal, partially and profoundly DPD-deficient individuals
showed a significantly reduced Cpax, DOBso and PDR and a significantly increased Tmax
in deficient individuals compared to normal individuals (Figs. 2 and 3; Table 1). The
maximal °CO, & over baseline differences in breath pattern indices were observed at 50
min comparing normal and DPD-deficient individuals (p < 0.001). Applying a cutoff
value of 128.9 DOBs, min, all eight DPD-deficient individuals were correctly identified
(100 % sensitivity). In addition, 48 of 50 normal individuals were also correctly identi-
fied (96% specificity). These data suggest that one time point (50 min) may be used to
discriminate between normal and DPD-deficient patients, however, larger population
studies are required to clearly establish the optimal time point where § over baseline cut-
off values would provide maximal separation.

To determine whether exhaled breath samples could be stored and shipped to dis-
tant sites for analysis, the integrity of the breath collection bags were examined for
changes in BC0, levels after storage at room temperature for up to 210 days. As shown

“in Fig. 4, no significant changes were observed in the B0, levels. Taken collectively,
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the ability to use one time point to discriminate between normal and DPD-deficient indi-
viduals and the stability of the breath samples suggests that the UraBT offers the first po-
tentially useful diagnostic assay for the identification of DPD-deficient individuals.

Interestingly, there was no strong correlation between PBMC DPD activity and
any of the UraBT indices. This is likely because determining DPD enzyme activity from
a single tissue (PBMC) cannot be directly compared to the systemic metabolism of [2-
8] uracil by multiple organs (i.e. liver, colon, lung, brain, spleen, and PBMC) which are
known to have various levels of DPD (28, 29).

All DPD deficient individuals examined in this study were genotyped to identify
the molecular basis of their DPD deficiency (Table 2). Individuals D-1 through D-4
(with a partially DPD-deficient phenotype) demonstrated a heterozygous DPYD*2A4
genotype, whereas D-6 (with a profoundly DPD deficient phenotype) demonstrated a
homozygous DPYD*24 genotype. D-3 demonstrated a heterozygous sequence variation
in exon 19 (2329G>T, A777S) which has been observed previously in a partially DPD-
deficient patient (30). D-7 (with a partially DPD-deficient phenotype) demonstrated a
heteroéygous DPYD*13, DPYD*94 and M 166V genotype. Both DPYD*24 and
DPYD*13 have been confirmed by our laboratory and others to result in DPD deficiency,
while DPYD*94 and M166V have been observed in individuals with “normal” activity
(31-33). Interestingly, D-5 and D-8 were identified as DPD deficient (using both the ra-
dioassay and UraBT), however no known sequence variants were identified in the coding
region of the DPYD gene. The molecular basis for DPD deficiency in these individuals

remains unknown and may be due to sequence variations occurring in an untranslated
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region of the DPYD gene (including the promoter, 5’ untranslated region, 3’ untranslated
region or intronic regions).

Previous studies have suggested that approximately 50% of cancer patients with
severe 5-FU toxicity are DPD deficient; however, the etiology of 5-FU toxicity in the re-
maining patients is unclear. Increased 5-FU toxicity has also been linked to deficiencies
in the dihydropyrimidinase and B-ureidopropionase enzymes and alterations in the
thymidylate synthase promoter (34-37). Future studies will examiné whether similar
methodologies may be used to identify patients with these other pyrimidine-catabolic
disorders.

In summary, this study demonstrates that the UraBT can rapidly discriminate be-
tween normal, partially, and profoundly DPD-deficient individuals (within 50 min) and
offers a useful screening method that can be applied in most clinical settings (e.g., hospi-
tals and physicians’ offices) to identify DPD-deficient individuals before 5-FU chemo-
therapy. Furthermore, this novel approach may be used to collect samples at remote loca-

tions with silbsequent analysis at a centralized reference laboratory
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Table I Uracil Breath Test Indices
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Crnax Tinax DOBs

Percentage dose

Volunteers” (DOB)” (minutes)? (DOB)® recovered”
Normal (n = 50) 186.4+3.9 52.0+£2.0 174.1%4.6 53.8+1.0.
Partially DPD’ deficient 117.1+98 100+184 89.6+11.6 369+2.4
(n=7) |
Profoundly DPD deficient 3.6 120 0.9 <1
(n=1)

? Fifty normal and eight (seven partially and one profoundly) DPD-deficient individuals
Eerformed the [2->C] uracil breath test as described in “Materials and Methods.”

Highly significant differences in [2-*C] uracil breath test indices were observed be-

tween normal and DPD-deficient individuals (all Ps < 0.001).
The data shown are expressed as a mean +SE.

‘DOBs, d over baseline 50 min following [2-PC] uracil ingestion; DOB, § over baseline;
DPD, dihydropyrimidine dehydrogenase.

Table 2 Sequence Variants Identified in the Coding Region of the DPYD gene in DPD

Deficient Volunteers
Location of DPYD
sequence variant DI° D2 D3 D4 D5 D6 D7 D8
Exon 2 DPYD®WA
&T>C
C29R
Exon 6 496A>G
MievV
Exon 13 DPYD*13
169G
15608
Exon 14 DPYDR2A DPYDRA DPYD*®RA DPYD®2A DPYD*2A
IVSI4+IGCA  IVSI4+IGCA IVSU+IGEA IVSI4+IGRA VSH4+IG>A
Exon 19 2329G>T
ATTIS
DPD enzyme 007 017 006 014 008  Undetectable 003 017
activity
(nmol/min/mg)

*Data from Johnson et al
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Fig.1. Examination of variability of 13C02
breath patterns after administration of a
fixed dose (300 mg) and a weigh -
adjusted dose (6 mg/kg) of [2-"C]
uracil. Shown are the °CO, breath
patterns from two healthy volunteers
[volunteers A () and D ()] after
administration of a fixed 300-mg dose
(4) and a weight-adjusted (6 mg/kg)
dose (B) of [2-"C] uracil. Less
variability was observed in breath
patterns when the dose of [2-">C] uracil
was standardized to weight (6 mg/kg). In
the fixed dose studies (4), the dose
adjusted to weight for largest (107 kg)
individual (volunteer A) corresponded to
2.8 mg/kg, whereas the dose adjusted to
weight for smallest (50 kg) individual
(volunteer D) corresponded to 6 mg/kg.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A Fixed Dose (300 mg)
250 - Volunteer D (50 kg)
£ 200
[
3
@ 150 -
3
O 100 -
8
@
o 50 -
Volunteer A (107 kg)
0 g 1 T T 1
0 25 50 75 100
Time (minutes)
B Weight-adjusted Dose (6 mg/kg)
950 - Volunteer D (50 kg)

2

'§ 200 -

@

§ 150 -

o

& 100 -

[

a

50 - Volunteer A (107 kg)
0« | T I |
0 25 50 75 100

Reproduced with permission of the copyright owner.

Time (minutes)

Further reproduction prohibited without permission.

&3



Fig. 2. BCO, breath patterns from 50 normal
and 8 DPD-deficient volunteers. Normal
(@), partially 1), and
profoundly (A) DPD-deficient
individuals ingested a 6 mg/kg oral
solution of [2-"*C] uracil. Breath
samples were collected for 180 min after
ingestion and the amount of ">C label in
breath (expressed as d over baseline)
was determined for each time point
(mean + SE).

Fig. 3. Percentage of >C dose recovered from
the breath of 50 normal and 8 DPD-
deficient volunteers. Normal (@),
partially (0), and profoundly (A) DPD-
deficient individuals ingested a 6 mg/kg
oral solution of [2-">C] uracil. Breath
samples were collected for 180 min after
ingestion, and the percentage of °C dose
recovered in breath was determined for
each time point (mean + SE).
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Fig. 4. Integrity of breath collection bags.
One hundred thirty-two breath
samples underwent duplicate
analysis after storage at room
temperature for 90 (n = 30), 120
(n=32), 150 (n = 20), 180 (n = 25),
or 210 (n = 25) days after their initial
examination to establish the ability
of breath collection bags to retain
B3Co,.
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ABSTRACT
Purpose: Dihydropyrimidine dehydrogenase (DPD) deficiency is critical in the

predisposition to 5-fluorouracil dose-related toxicity. We recently characterized the phe-
notypic [2->C] uracil breath test (UraBT) with 96% specificity and 100% sensitivity for
identification of DPD deficiency. In the present study, we characterize the relationships
among UraBT-associated breath *CO, metabolite formation, plasma [2-">C] dihy-
drouracil formation, [2-"*C] uracil clearance, and DPD activity.

Experimental Design: An aqueous solution of [2-"C] uracil (6 mg/kg) was orally ad-
ministered to 23 healthy volunteers and 8 cancer patients. Subsequently, breath Bco,
concentrations and plasma [2->C] dihydrouracil and [2->C] uracil concentrations were
determined over 180 minutes using IR spectroscopy and liquid chromatography-tandem
mass spectrometry, respectively. Pharmacokinetic variables were determined using non-
compartmental metﬁods. Peripheral blood mononuclear cell (PBMC) DPD activity was
measured using the DPD radioassay.

Results: The UraBT identified 19 subjects with normal activity, 11 subjects with partial
DPD deficiency, and 1 subject with profound DPD deficiency with PBMC DPD activity
~within the corresponding previously established ranges. UraBT breath 3C0, DOBsy sig-
nificantly correlated with PBMC DPD activity (1, = 0.78), plasma [2-*C] uracil area un-
der the curve (r, =-0.73), [2-2C] dihydrouracil appearance rate (1, = 0.76), and proportion
of [2-1*C] uracil metabolized to [2-*C] dihydrouracil (r, = 0.77; all Ps < 0.05).
Conclusions: UraBT breath *CO, pharmacokinetics parallel plasma [2-1*C] uracil and
[2-"*C] dihydrouracil pharmacokinetics and are an accurate measure of interindividual

variation in DPD activity. These pharmacokinetic data further support the future use of
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the UraBT as a screening test to identify DPD deficiency before 5-fluorouracil-based

therapy.

INTRODUCTION

Dihydropyrimidine dehydrogenase (EC 1.3.1.2, DPD) is the rate-limiting enzyme
in uracil and 5-fluorouracil (5-FU) catabolism, converting > 80% of an administered dose
of 5-FU to inactive metabolites (1, 2). The initial step of catabolism is mediated by DPD
converting 5-FU to 5-dihydrofluorouracil, with subsequent catabolism by dihydro-
pyrimidinase and B-ureidopropionase enzymes to ultimately produce fluoro-f3-
alanine, ammonia, and CO,. The latter final metabolic end-products are excreted in the
urine and breath (3).

The pharmacogenetic syndrome of complete and partial DPD deficiency is preva-
lent in ~0.1% and 3% to 5% of the general population, respectively (4). DPD deficiency
is a significant pharmacogenetic factor in the predisposition of cancer patients to in-
creased risk of altered 5-FU pharmacokinetics and associated toxicity. Specifically, 60%
of patients presenting with severe 5-FU-related hematologic toxicity showed reduced
DPD activity (5).

Recent studies have investigated the predictive value of the ratio of plasma dihy-
drouracil area under the curve (AUC) to uracil AUC (DUUR) for the assessment of DPD
activity and potential individualization of 5-FU therapy. Specifically, 5-FU dose optimi-
zation may be based on the plasma DUUR observed before 5-FU administration (6). Ji-
ang et al. have also showed that the pre-5-FU treatment DUUR may be a good index of

DPD activity (7, 8).
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Our laboratory recently reported the rapid noninvasive phenotypic [2-1C] uracil
breath test (UraBT) for assessment of DPD activity with 96% specificity and 100% sensi-
tivity (9). Application of the UraBT to a large population of cancer-free subjects (n =
255) showed an observed 86% sensitivity (with 12 of 14 DPD-deficient subjects identi-
fied as DPD deficient) and 99% specificity (with 239 of 241 subjects with DPD activity
in the reference range identified as normal; ref. 10). To date, however, the clinical rela-
tionship between pharmacokinetics of the [2-°C] uracil probe substrate and its metabo-
lites in plasma and breath remains to be elucidated. Based on our initial characterization
of the UraBT, we hypothesize that (a) [2-"C] uracil metabolite pharmacokinetic variables
in the breath and plasma are reflective of DPD activity and (b) breath *CO, concentra-
tions as measured through the UraBT correlate with plasma [2-*C] uracil metabolite
pharmacokinetics. In the present study, we provide a detailed characterization of the
UraBT showing the relationship among breath *CO, metabolite formaﬁon, plasma [2-

13C] dihydrouracil formation, [2-1*C] uracil clearance, and DPD activity.

MATERIALS AND METHODS
Subjects
Thirty-one subjects (16 men and 15 women; ages 19-70 years) participated in this
institutional review board-approved pharmacokinetic examination that was conducted at
the General Clinical Research Center at the University of Alabama at Birmingham. Eight
subjects were cancer patients who were referred by their oncologist due to known or sus-
pected DPD deficiency. Twenty-three subjects were participants from the University of

Alabama at Birmingham campus who volunteered for examination after reading an insti-
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tutional review board-approved advertisement placed in the campus newspaper. Due to
the rarity of DPD deficiency in the general population, we included six DPD-deficient
individuals previously phenotyped [UraBT and DPD peripheral blood mononuclear cell
(PBMC) radioassay] and genotyped (denaturing high-performance liquid chromatogra-
phy analysis of the DPYD gene) in the current pharmacokinetic examination (9). Subjects
with a history of gastric (i.e., dyspepsia) or respiratory (i.e., asthma) disease were ex-

cluded from the study.

DPD Radioassay

PBMC DPD activity was determined for all subjects as described previously (11,
12). To minimize interassay variation in enzyme activity, 60 mL whole blood was col-
lected into heparinized vacutainers at ~12 p.m. on the day of testing and processed within
10 minutes of collection. After Ficoll separation of whole blood, isolated PBMCs were
washed with PBS and lysed. The cytosol was collected after cellular debris was removed
by centrifugation. The concentration of cytosolic protein was quantified by the Bradford
method (13). A reaction mixture containing 250 pg cytosolic protein, NADPH, buffer A,
and [6-'*C] 5-FU was incubated for 30 minutes. Every 5 minutes, 130 puL aliquots were
removed and added to an equal volume of ice-cold ethanol. This mixture was incubated
overnight at -80°C, thawed, and filtered to remove protein before high-performance lig-
uid chromatography analysis. [6-14C] 5-FU and [6-"*C] FUH, were separated and quanti-
fied using a previously described reverse-phase high-performance liquid chromatography
method (11, 12). The amount of [6-'*C] FUH, formed at each time point (Y axis) was

plotted against time (X axis). Linear regression analysis was used to calculate the equa-
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tion of the line and determine the formation rate of [6-'*C] FUH,. DPD enzyme activity
was calculated by dividing the formation rate of [6-"*C] FUH, by the amount of protein
used in the reaction mixture (i.e., nmol/min/mg protein). Subjects were considered to be
partially DPD deficient by radioassay when their fresh PBMC DPD activity was < 0.18
nmol/min/mg protein (11). Subjects were considered to be profoundly DPD deficient by

radioassay when their PBMC DPD activity was undetectable.

Uracil Breath Test

The UraBT principle and detailed methodology has been described previousty (9).
At ~8 a.m. on the day of testing, fasting subjects were weighed and an aqueous solution
containing 6 mg/kg [2-*C] uracil (Cambridge Isotope Laboratories, Inc., Andover, MA)
was prepared. Subjects donated three baseline breath samples into 1.2 L breath bags
(Otsuka Pharmaceutical, Tokushima, Japan) followed by oral administration of the [2-
13C] uracil solution. Post-dose breath samples were collected into 100 mL breath bags
(Otsuka Pharmaceutical) during the 180-minute period immediately following [2-°C]
uracil administration. IR spectrophotometry (UBiT-IR3q9, Meretek, Lafayette, CO) was
used to measure breath >CO, concentrations, which were reported in delta over baseline
(DOB) notation as described previously (9). Breath profiles were constructed' by plotting
the concentration of ?CO, in breath at each time point (Y axis) against time (X axis). The
percent dose of [2-">C] uracil recovered in the breath as *CO, (PDR) was calculated as
described elsewhere (14). Breath *CO, maximum plasma concentration (Cp.x), time to
Cumax (Tmax), and DOBs (*CO, concentration in breath 50 minutes after [2-*C] uracil

administration) were determined by inspection of breath profiles (9). Subjects showing a
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DOBso < 128.9 DOB were classified as DPD deficient (9). Subjects showing a DOBso >

128.9 DOB were classified as having normal DPD activity (9).

Liquid Chromatography-Tandem Mass Spectrometry Analysis of Plasma [2-'*C] Uracil
and [2-°C] Dihydrouracil Concentrations

While each subject performed the UraBT, whole blood was simultaneously col-
lected via a heparin lock placed in the participant’s arm. A baseline blood sample was
collected immediately before oral administration of the [2-">C] uracil solution. Post-dose
blood samples were collected into heparinized (green-top) vacutainers at 5, 10, 15, 20,
25, 30, 50, 60, 90, 120, and 180 minutes following [2-13 C] uracil administration. Blood
was immediately processed after collection and plasma was isolated as follows: 3 mL
whole blood was centrifuged at 4°C for 10 minutes at 2200 x g; plasma was immediately
pipetted into polypropylene tubes and then stored at -80°C until analysis by liquid chro-
matography tandem mass spectrometry. Detection and quantification of plasma [2-*C)
uracil and [2-">C] dihydrouracil was done following minor modification of a previously
described liquid chromatography-tandem masé spectrometry method (15). Briefly, iso-
tope-labeled [*Cs,'°N,] uracil and [*Cs, "’ N3] dihydrouracil (Cambridge Isotope Labora-
tories) were used as internal standards. Plasma protein was precipitated by adding 500 pL
of a saturated ammonium sulfate solution and 4 mL acetronitrile to 500 uL plasma. Fol-
lowing centrifugation, the organic layer was collected, evaporated, and reconstituted in
200 pL purified water. The mixture was injected into the liquid chromatography tandem
mass spectrometry system (TSQ7000, Thermo Finnigan, San Jose, CA). [2'—13C] Uracil
and [2-°C] dihydrouracil were separated on a Develosil RAPQUEOUS reverse-phase

column (5 um, 2.0 x150 mm; Normura Chemical Co., Ltd., Seto, Japan) in a mobile
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phase of 1:99 (v/v) methanol/water. Atmospheric pressure chemical ionization was used
to form protonated analytes and fragment them. Selected reaction monitoring was used to
detect the fragmentation pattern of parent and daughter ions and quantify the concentra-

tions of [2-"*C] uracil and [2-"C] dihydrouracil.

Pharmacokinetic Analysis

Concentration-time profiles of plasma [2-">C] uracil and [2-°C] dihydrouracil
were constructed. Noncompartmental methods (WinNonlin version 4.1, Pharsight Corp.,
Mountain View, CA) were used to determine the pharmacokinetic variables of [2-3C]
uracil in plasma, [2-">C] dihydrouracil in plasma, and 3C0, in breath. Calculated phar-
macokinetic variables were AUCT , Cpax, Trmax, apparent clearance (CL/F), terminal ap-
parent distribution volume (Vz/F), and elimination half-life (t;,2). AUCt was determined
using the trapezoidal rule (16). Cpmax and Ty, were taken directly from the observed con-
centration-time data. CL/F was calculated as dose/AUCrt . Vz/F was calculated as dose
divided by the product of terminal elimination rate constant, A,, and AUCrt . The elimina-
tion rate constant was determined by linear regression of the terminal elimination phase
concentration-time points; ty, was calculated as In(2)/ A,.

[2-BC) Dihydrouracil may only be produced in appreciable quantities in vivo by
the DPD-mediated catabolism of [2-">C] uracil. To assess formation of [2-*C] dihy-
drouracil (metabolite) from [2-1*C] uracil (probe substrate) by DPD, the [2-13C] dihy-
drouracil appearance rate, amount of [2-">C] dihydrouracil formed, and proportion of [2-
(] uracil metabolized to [2—13 C] dihydrouracil were estimated. The [2-*C] dihy-

drouracil appearance rate in plasma was determined from the slope of the line following
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regression analysis of the plasma [2->C] dihydrouracil concentration-time plot from
baseline (t = 0 minute) to Cpax. The amount of [2-13 C] dihydrouracil formed was calcu-
lated by multiplying [2-*C] dihydrouracil AUCT and clearance (17). The proportion of
[2-"*C] uracil metabolized to [2-"*C] dihydrouracil was calculated by dividing the amount
of [2-*C] dihydrouracil formed over 180 minutes by the amount of orally administered

[2-"C] uracil.

Statistical Analysis

Summary data stratified by DPD activity are presented as mean + SD. Compari-
sons of plasma [2-">C] uracil and [2-">C] dihydrouracil concentrations and pharmacoki-
netic variables between subjects with normal DPD activity and subjects with partial DPD
deficiency were assessed by bootstrap ¢ tests of hypotheses using PROC MULTTEST in
SAS version 9.1. The bootstrap Ps were compared with the raw Ps to assess nonnormal-
ity of inferences. If the bootstrap P was close to the normality-assuming P, we concluded
that nonnormality was not a concern for the particular variable. For comparisons between
the subjects with normal DPD activity and the one subject with profound DPD defi-
ciency, we used the ¢ test to perform a single mean comparison to test the mean of sub-
jects with normal DPD activity for each variable against the value for the profoundly
DPD-deficient individual. Correlations among UraBT DOBsy, PBMC DPD activity, and
plasma [2-"C] uracil and [2-"*C] dihydrouracil pharmacokinetic variables were evaluated
using Pearson’s correlation coefficient. For all analyses, P < 0.05 was deemed statisti-

cally significant.
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RESULTS
Determination of PBMC DPD Activity
The DPD enzyme activity was determined for all subjects (mean + SD). Nineteen
subjects showed normal DPD activity (0.27 + 0.06 nmol/min/mg), 11 subjects showed
partial DPD deficiency (0.11 £ 0.05 nmol/min/mg), and 1 subject showed profound defi-

ciency (undetectable DPD activity).

Detection of DPD Deficiency by UraBT

UraBT indices (mean = SD) obtained in subjects with normal and reduced DPD
activity are summarized in Table 1. The UraBT showed 100% agreement with the PBMC
radioassay. Subjects with DPD activity in the reference range showed UraBT DOBs >
128.9 DOB. All partially and profoundly DPD-deficient subjects showed DOBsy < 128.9
DOB. Altered breath *CO, concentration-time profiles were also observed in all DPD-
deficient subjects. Specifically, profoundly and partially DPD-deficient subject(s) showed
an increased UraBT Tmay and reduced UraBT *CO, Cinax, DOB3o, AUC, and PDR com-
pared with subjects with normal DPD activity (all Ps < 0.05). UraBT DOBs, also showed

significant correlation with PBMC DPD activity (Fig. 1A).

Comparison of Plasma [2-"°C] Uracil Pharmacokinetics in Subjects with Normal and
Reduced PBMC DPD Activity

Plasma [2-"*C] uracil pharmacokinetic variables (mean + SD) obtained from sub-
jects with normal and reduced DPD activity are summarized in Table 2. [2-"*C] Uracil
was detectable in the plasma of most subjects 5 minutes after oral administration (Fig.

2A). No statistically significant differences were observed in plasma [2-">C] uracil Cpay
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between subjects with normal activity and those with partial or profound DPD deficiency.
No significant difference was observed in plasma [2-">C] uracil Trayx from subjects with
normal DPD activity and subjects with partial DPD deficiency. However, a significant
difference was observed in plasma [2-13 C] uracil Ty from the subjects with normal DPD
activity and the profoundly DPD-deficient subject.

Reduced [2-*C] uracil catabolism was observed in all DPD deficient subjects
(Fig. 2A). Both profoundly and partially DPD-deficient subject(s) showed increased
plasma [2-13C] uracil t;, and AUC and reduced plasma [2-*C] uracil clearance compared
with subjects with normal DPD activity (all Ps < 0.05).

PBMC DPD activity was significantly correlated with several pharmacokinetic
variables of uracil catabolism. Specifically, PBMC DPD was significantly correlated with
plasma [2-C] uracil clearance (Fig. 1B) and inversely correlated with plasma [2-1%C]
uracil AUC and ty; (all Ps < 0.05; Table 3).

The UraBT DOBs, were also significantly correlated with several pharmacoki-
netic variables of uracil catabolism. Specifically, the UraBT DOB5, were significantly
correlated with plasma [2-1*C] uracil clearance and inversely correlated with plasma [2-

B3¢ uracil AUC (Fig. 1C) and 5, (all Ps < 0.05; Table 3).
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Comparison of [2-">C] Dihydrouracil Plasma Pharmacokinetics in Subjects with Normal
and Reduced PBMC DPD Activity

Plasma [2-">C] dihydrouracil pharmacokinetic variables (mean + SD) obtained in
subjects with normal and reduced DPD activity are summarized in Table 4. Altered
plasma [2-"C] dihydrouracil concentrations were observed in DPD deficient subjects
(Fig. 2B). The profoundly deficient subject showed plasma [2-1*C] dihydrouracil concen-
trations beneath the limit of detection; thus, pharmacokinetic variables could not be de-
termined. Partially deficient subjects showed significantly decreased plasma [2-">C] di-
hydrouracil Cpax and increased plasma [2-13C] dihydrouracil Tpmax and t1» compared with
subjects with normal DPD activity (all Ps < 0.05). Partially deficient subjects also
showed a significant reduction in the proportion of [2-1*C] uracil metabolized to [2-°C]
dihydrouracil, [2-">C] dihydrouracil appearance rate, amount of [2-*C] dihydrouracil
formed, and plasma DUUR (all Ps < 0.05).

[2-1*C] Dihydrouracil formation and concentrations were significantly correlated
with PBMC DPD activity (Table 3). Specifically, PBMC DPD activity was significantly
correlated with the proportion of [2-'*C] uracil metabolized to [2-">C] dihydrouracil, [2-
1] dihydrouracil appearance rate, amount of [2-13C] dihydrouracil formed, plasma Ciax,
and plasma DUUR (all Ps < 0.05). PBMC DPD activity was also inversely correlated
with plasma [2-">C] dihydrouracil Ty (P < 0.05).

[2-1*C] Dihydrouracil formation and concentrations were significantly correlated
with UraBT DOBs, (Table 3). In particular, UraBT DOBs, were significantly correlated
with the proportion of [2->C] uracil metabolized to [2-'*C] dihydrouracil, [2-"C] dihy-

drouracil appearance rate, amount of [2-1*C] dihydrouracil formed (Fig. 1D), plasma
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DUUR, and plasma [2-">C] dihydrouracil Cpay (all Ps < 0.05). UraBT DOBs, were in-

versely correlated with plasma [2-"*C] dihydrouracil Tumax (P < 0.05).

DISCUSSION
Identification of DPD-deficient cancer patients is important in optimizing 5-FU
chemothefapy and minimizing life threatening dose-related toxicity. We developed the
UraBT, which may be used to screen cancer patients for DPD deficiency before admini-
stration of 5-FU (9). The principle of the UraBT was based on earlier metabolic studies
that showed uracil and 5-FU are both degraded by the enzymes of the pyrimidine cata-
bolic pathway, with the DPD enzyme having similar affinities for 5-FU and uracil (18—
20). These studies provided a basis for use of the nontoxic [2-'*C] uracil probe substrate
in the UraBT to assess in vivo pyrimidine catabolism. Our initial examination of 50 vol-
unteers and 8 DPD-deficient subjects suggested that the UraBT may be a good indicator
of DPD activity. In this study, significantly reduced breath *CO, concentrations (DOBsj,
v Cmax, AUC, and PDR) were observed from enrolled subjects with DPD deficiency versus
those with normal DPD activity. Furthermore, the UraBT detected DPD deficiency with
-96% specificity and 100% sensitivity (9). A more recent study of 255 subjects has cor-
roborated our initial findings, with the UraBT showing 99.2% specificity and 85.7% sen-
sitivity for detecting DPD deficiency (10). In the present study, we further validate the
UraBT in a population of subjects with normal and reduced DPD activity by comparing
breath *CO, kinetic profiles to plasma [2-">C] uracil and [2-"*C] dihydrouracil kinetics.
Examination of plasma [2-°C] uracil concentration-time profiles showed that

orally administered [2-">C] uracil was rapidly absorbed and detected in the plasma of
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most subjects within 5 minutes of administration. This observation is in agreement with
an earlier animal study, which also reported rapid absorption following oral administra-
tion of [2-*C] uracil (15).

Following absorption of [2-*C] uracil in subjects with normal DPD activity, the
[2-PC] uracil was observed to peak at ~28.9£9.5 minutes. Subsequently, plasma con-
centrations decreased reflecting both metabolism and elimination as indicated by the ap-
pearance of [2-"*C] dihydrouracil in the plasma (within 10 minutes) and BCO, in the
breath. Following absorption of [2-">C] uracil in subjects with partial and profound DPD
deficiency, significant differences in both metabolism and elimination were noted as in-
dicated by decreased plasma [2-1*C] uracil clearance, decreased appearance of [2-1*C]
dihydrouracil in plasma, and decreased CO, concentrations in breath compared with
subjects with normal DPD activity. In particular, a significant reduction in the appearance
of [2-*C] dihydrouracil in the plasma was observed between partially DPD-deficient
subjects and subjects with normal DPD activity, whereas the profoundly DPD-deficient
subject showed no detectable plasma [2-*C] dihydrouracil (Fig. 2B). These results sug-
gest that the [2-"C] dihydrouracil appearance rate may be a direct indicator of DPD ac-
tivity. This conclusion is based on the rationale that DPD-mediated metabolism of [2-C]
uracil to [2-"*C] dihydrouracil is the exclusive and singular source of plasma [2-C] di-
hydrouracil, with 1 mol [2-*C] uracil being converted to 1 mol [2-"C] dihydrouracil by
DPD.

Several previous studies of DPD-deficient cancer patients have reported reduced
5-FU clearance with an increased 5-FU t;, and AUC after oral and i.v. 5-FU administra-

tion (21-24). Our observations with orally administered [2-*C] uracil parallel these find-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

ings. Specifically, we observed significantly reduced plasma [2-1*C] uracil clearance in
partially and profoundly DPD-deficient subjects, which resulted in increased plasma [2-
B C] uracil t;, and AUC compared with subjects with normal DPD activity. Several clini-
cal studies of plasma 5-FU concentrations in cancer patients have also observed inverse
correlations between plasma 5-FU concentrations or ti, and DPD activity as well as posi-
tive correlations between 5-FU clearance and DPD activity (25, 26). Our observations
with orally administered [2-1*C] uracil also parallel these studies. We reported inverse
correlations between PBMC DPD activity and both plasma [2-13C] uracil AUC and ty, as
well as a positive correlation between PBMC DPD activity and plasma [2-1*C] uracil
clearance.

Using [2-">C] uracil, we noted significant correlations between PBMC DPD activ-
ity and several [2->C] dihydrouracil pharmacokinetic variables. In particular, PBMC
DPD activity was significantly correlated with plasma [2->C] dihydrouracil appearance
rate, amount of [2->C] dihydrouracil formed, and [2-"*C] dihydrouracil Cpay. In turn, a
significant correlation between DPD-mediated plasma [2-2C] dihydrouracil formation

" and breath °CO, formation was observed, suggesting that the UraBT 13COz kinetic vari-
ables are an accurate and sensitive index of systemic DPD activity. This conclusion is
supported by the biochemical pathway of uracil catabolism where 1 mol C0, is pro-
duced for every 1 mol [2-"C] uracil reduced to [2-1C] dihydrouracil by DPD.

Although we observed significant correlations between PBMC DPD activity and
[2-"3C] uracil clearance as well as between PBMC DPD activity and [2-13C] dihy-
drouracil formation, not all the variability in these pharmacokinetic variables could be

attributed to variability in PBMC DPD activity. In fact, wide variation in DPD activity
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levels have been observed throughout various tissues (i.e., PBMC, kidney, colon, and
liver), with the primary site of pyrimidine catabolism being the liver. Hence, the BCo,
detected in our assay should be primarily formed in the liver. However, ethical considera-
tions prevented the measurement of hepatic DPD in this human study. An examination of
the relationship present between the UraBT and hepatic DPD activity in dogs suggested
that systemic DPD activity may be more accurately reflected in breath ¥CO, concentra-
tions than PBMC DPD activity (15). Hepatic DPD activity was significantly correlated
with systemic DPD-mediated reduction of [2-1*C] uracil as measured in breath Bco,
concentrations (r = 0.9999; ref. 15). This animal study suggests that hepatic DPD activity
shpuld strongly correlate with breath *CO, formation in humans.

5-FU is characterized by a narrow therapeutic index and significant interpatient
Vériability in its pharmacokinetics, which are both implicated in the wide interpatient
variation in efficacy and toxicity (6, 26-29). These observations have led to the develop-
ment of assays to measure plasma DUUR (or 5-dihydrofluorouracil/5-FU ratio) as a po-
tential index on which 5-FU dose individualization strategies may be based (6, 28, 30).
Notably, Jiang et al. suggested the importance of monitoring the formation of dihy-
drouracil under physiologic conditions, by examining the DUUR, to assess variability in
DPD activity and 5-FU pharmacokinetics (7). Our results also parallel their observations.
Specifically, we observed a significant correlation between PBMC DPD activity and
DUUR. We also observed a significant correlation between UraBT DOBsy and DUUR.

In summary, we evaluated the UraBT with respect to PBMC DPD activity and
plasma [2-"°C] uracil and [2-1*C] dihydrouracil concentrations in subjects with normal

and reduced DPD activity. In the present study, we showed significant differences in [2-
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BC] uracil and [2-13C] dihydrouracil kinetics and UraBT B0, concentrations (e.g.,
DOB3y) in subjects with decreased DPD aétivity versus those with normal DPD activity.
The significant correlations between DPD activity and either plasma [2-1*C] uracil clear-
ance, [2-°C] dihydrouracil formation, or CO, breath concentrations provide further
support that the UraBT may be useful for assessment of DPD deficiency before admini-

stration of 5-FU.
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Table I Comparison of UraBT Indices from Subjects with Normal DPD Activity and
Partial and Profound DPD Deficiency

Partial DPD Profound DPD
Normal Activity Deficiency Deficiency

(n=19) (n=11) (n=1)
DOBs, (DOB) * 183.2+31.2" 83.7+25.3" 0.9
Cuax (DOB) * 193.8 +28.11 121.8 £36.7" 3.6
Tomax (min) * 50.5 +10.8" 125.4 +43.2" 120.0
AUCt (Yoo min) *  21,597.1+2,63427  15,572.9 £4,327.4 348.7"
PDR* 55.7+4.9" 39.8 9.9 - <Lof
DPD activity 0.27 + 0.06% 0.11 +0.05% Undetectable

(nmol/min/mg) *

NOTE: Data were obtained from 19 subjects with normal DPD activity, 11 subjects with
partial DPD deficiency, and 1 subject with profound DPD deficiency following oral ad-
ministration of [2-'>C] uracil (6 mg/kg dose). Data are mean = SD.

*DOBsg, *CO; concentration in breath (DOB) 50 minutes after [2-*C]uracil administra-
tion; Cmax, maximum concentration of BCo,in breath; Tiax, time t0 Cpax;

AUCrt , area under the ?CO, breath curve; PDR, percent dose of [2-13C] uracil recovered
in the breath as *CO,; DPD activity, fresh PBMC DPD enzyme activity.

+P < 0.05 for both pairwise comparisons (normal DPDactivity versus partial DPD defi-
ciency and normal DPD activity versus profound DPD deficiency).

+P < 0.05 (normal DPD activity versus partial DPD deficiency).
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Table 2 Comparison of Plasma [2->C] Uracil Pharmacokinetic Variables from Subjects
with Normal DPD Activity and Partial and Profound DPD Deficiency

Normal Partial DPD Profound DPD
Activity Deficiency Deficiency
(n=19) (n=11) (n=1)
[2-"C] Uracil t (min)* 159+ 1.7 39.3+31.27 306.6'
[2-"*C] Uracil AUCrt 257.5+93.41 480.3 + 187.6" 1236.17
(min pg/mL)*
[2-3C] Uracil CL/F 26.6 +10.57 14.1 £ 6.0 1.3
* (mL/min/kg)*
[2-*C] Uracil Cax 8.45 +3.09% 8.87 + 3.88* 10.19°
(hg/mL)*
[2-°C] Uracil Tyex (min) ~ 28.9 9.5 332+ 13.8° 60.0/

NOTE: [2-*C] Uracil (6,g/kg) was orally administered to 19 subjects with normal DPD
activity, 11 subjects with partial DPD deficiency, and 1 subject with profound DPD defi-
ciency. Following quantification of plasma [2-°C] uracil concentrations, [2-13C] uracil
pharmacokinetic variables were determined. Data are mean + SD.

*t,, elimination half-life; AUCTt , area under the plasma [2->C] uracil concentration-
time curve; CL/F, apparent clearance; Cy.x, maximum concentration of [2-*C] uracil in
plasma.

+P < 0.05 for both pairwise comparisons (normal DPD activity versus partial DPD defi-
ciency and normal DPD activity versus profound DPD deficiency).

+P > 0.05 for both pairwise comparisons (normal DPD activity versus partial DPD defi-
ciency and normal DPD activity versus profound DPD deficiency).

sP > 0.05 (normal DPD activity versus partial DPD deficiency).

| < 0.05 (normal DPD activity versus profound DPD deficiency).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

Table 3 Pharmacokinetic Variables of [2-"*C] Uracil Catabolism Correlate with DPD
Activity and the UraBT

DPD activity UraBT DOBs
(nmol/min/mg)* (DOB)*

[2-"C] Uracil CL/F (mL/min/kg) 0.67 0.59
[2-"C] Uracil AUCt (min pg/mL) -0.72 -0.73
[2-13C] Uracil ty (min) -0.54 -0.59
[2-C] Uracil metabolized (%) 0.67 0.77
[2-">C] Dihydrouracil appearance rate (jg/mL/min) 0.59 0.76
[2-1C] Dihydrouracil formed (mg) 0.61 0.82
DUUR' 0.67 0.65
[2-3C] Dihydrouracil Cax (ng/mL) 0.43 0.70
[2-"*C] Dihydrouracil Ty (min) -0.64 -0.68

*All Pearson correlation coefficients (1) are significant (all Ps < 0.05).
+DUUR, ratio of plasma dihydrouracil AUC/uracil AUC; Cpax, maximum concentration
“of [2-"°C] dihydrouracil in plasma.
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Table 4 Comparison of Plasma [2->C] Dihydrouracil Pharmacokinetic Variables From
Subjects with Normal DPD Activity and Partial and Profound DPD Deficiency

Partial DPD Profound DPD

Normal Activity Deficiency Deficiency*
(n=19) (n=11) (n=1)
[2-°C] Dihydrouracil Cpax 2.00 £ 0.53" 1.36 + 0.437 -
(pg/mL)
[2-2C] Dihydrouracil Tpax 66.3 +22.57 125.4 +29.4 -
(min)

[2-3C] Dihydrouracil ty; (min) 70.4 +24.21 367.9 + 354.0 -

[2-1C] Dihydrouracil formed 380.0 + 86.27 153.7 + 80.97 -
(mg)

[2-"*C] Dihydrouracil appear- 0.03 +0.01" 0.01 + 0.007 -
ance rate (ug/mL/min)

DUUR 0.9 + 0.4 0.4 =03 -
[2-2C] Uracil metabolized (%) 75.4 + 9.8 31.6+19.47 -

NOTE: [2-"*C] Uracil (6 mg/kg)was orally administered to19 subjects with normal DPD
activity, 11 subjects with partial DPD deﬁciencg/, and 1 subject with profound DPD defi-
ciency. Following quantification of plasma [2-"°C] dihydrouracil concentrations, [2-C]
dihydrouracil pharmacokinetic variables were determined. Data are mean + SD.

*No [2-"*C] dihydrouracil was detected in the plasma from the profoundly DPD-deficient
subject.

+P < 0.05 (normal DPD activity versus partial DPD deficiency).
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Fig. 1. Correlation of PBMC DPD activity, the
UraBT, [2-*C] uracil clearance, and [2-
13C] dihydrouracil formation. Nineteen
subjects with normal DPD activity (.@ ),
11 subjects with partial DPD deficiency
(M), and 1 subject with profound DPD
deficiency (&) ingested a 6 mg/kg oral
solution of [2-"*C] uracil and performed
the UraBT. DPD activity was
determined as described. Plasma
samples were collected for 180 minutes
after [2-°C] uracil ingestion and the
concentration of [2-"C] uracil and [2-
(] dihydrouracil was determined for
each plasma sample. [2-">C] Uracil
clearance, [2-">C] uracil AUC, and
amount of [2-'°C] dihydrouracil formed
was determined as described. Significant
correlation was shown between PBMC
DPD activity and UraBT DOBs (4; P <
0.05), PBMC DPD activity and [2-"*C]
uracil clearance (B; P < 0.05), UraBT
DOB;g and [2-*C] uracil AUC (C; P <
0.05), and UraBT DOBs, and amount of
[2-*C] dihydrouracil formed (D; P <
0.05).

Fig. 2. Plasma [2-°C] uracil (4) and [2-"C]
dihydrouracil (B) concentrations from
subjects with normal DPD activity and
partial and profound DPD deficiency.
The plasma concentration-time profiles
(mean + SD) of [2-"*C] uracil (4) and [2-
By dihydrouracil (B) from 19 subjects
with normal DPD activity (@), 11
subjects with partial DPD deficiency @),
and 1 subject with profound DPD
deficiency (M) are shown. Points, mean;
bars, SD
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ABSTRACT

Background: Dihydropyrimidine dehydrogenase (DPD) deficiency is prevalent in
3-5% of the Caucasian population; however, the frequency of this pharmacogenetic syn-
drome in the Indian population and other racial and ethnic groups remains to be eluci-
dated. Patients and methods: We describe an Indian patient who presented to clinic for
the treatment of gastric adenocarcinoma with 5-fluorouracil (5-FU) therapy who subse-
quently was diagnosed with DPD deficiency by using the peripheral blood mononuclear
cell (PBMC) DPD radioassay. This observation prompted us to examine the data gener-
ated from healthy (cancer-free) Indian subjects who were enrolled in a large population
study to determine the sensitivity and specificity of the uracil breath test (UraBT) in the
detection of DPD deficiency. Thirteen Indian subjects performed the UraBT. UraBT re-
sults were confirmed by PBMC DPD radioassay. Results: The Indian cancer patient
demonstrated reduced DPD activity (0.11 nmol/min/mg protein) and severe 5-FU toxici-
ties commonly associated with DPD deficiency. Of the 13 Indian subjects [ten men and
three women; mean age, 26 years (range: 21— 31 years)] enrolled in the UraBT, 12 Indian
subjects demonstrated UraBT breath profiles and PBMC DPD activity within the normal
range; one Indian subject demonstrated a reduced breath profile and partial DPD defi-
ciency. Conclusions: DPD deficiency is a pharmacogenetic syndrome which is also pre-
sent in the Indian population. If undiagnosed, the DPD deficiency can lead to death. Fu-
ture epidemiological studies would be helpful to determine the prevalence of DPD defi-

ciency among racial and ethnic groups, allowing for the optimization of 5-FU chemother-

apy.
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INTRODUCTION

5-Fluorouracil (5-FU) and its derivatives (e.g., capecitabine) are widely pre-
scribed in the management of gastro-intestinal cancers. Despite widespread use, ap-
proximately 31-34% of cancer patients develop severe 5-FU related toxicities [1]. In ap-
proximately 61% of these cases, the etiology of 5-FU related toxicities has been linked to
reduced activity in the dihydropyrimidine dehydrogenase (DPD) enzyme [2]. As the ini-
tial and rate-limiting enzyme of the pyrimidine catabolic pathway, DPD degrades
thymine, uracil, and the anticancer drug 5-FU to dihydrothymine, dihydrouracil, and 5-
fluoro-dihydrouracil, reépectively [3, 4]. Pharmacokinetic studies have suggested reduced
DPD activity (DPD deficiency) may reduce S-FU catabolism resulting in a clinically
dangerous increase in 5-FU half-life and severity of 5-FU related toxicities [5, 6].

DPD deficiency is a pharmacogenetic syndrome which manifests primarily as se-
vere life-threatening toxicity subsequent to administration of standard doses of 5-FU [7,
8]. Symptoms frequently observed following the administration of 5-FU include mucosi-
tis, granulocytopenia, neuropathy, and death [2, 8, 9]. The prevalence of this autosomal
codominantly inherited pharmacogenetic syndrome is approximately’ 3-5% in the Cauca-
sian population and 8% in the African-American population [10-13]. However, the
prevalence in the Indian population has not been determined. We report on an Indian pa-
tient with DPD deficiency who developed 5-FU toxicity in the course of his treatment for
gastric adenocarcinoma. A literature search suggests that this is the first description of
DPD deficiency in an Indian cancer patient. The observation prompted us to further

evaluate peripheral blood mononuclear cell (PBMC) DPD activity and uracil breath test
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(UraBT) profiles from Indian subjects who were enrolled in a large population study to

examine correlation among DPD enzyme activity and the UraBT [14, 15].

PATIENTS AND METHODS

Case Report of an Indian Cancer Patient with Dihydropyrimidine Dehydrogenase
Deficiency

A 59-year-old Indian male underwent a distal subtotal gastrectomy with a Bill
Roth (B) I reconstruction on 11/17/01. Six of seven lymph nodes were tumor positive
with a tumor score of T3N1IMO. On February 6, 2002 the patient was started on an adju-
vant chemotherapy/radiotherapy based on the McDonald Study for gastric cancer [16].
After completing the initial 5 days of 5-FU/leucovorin therapy for cycle 1, the patient
was seen in the oncology clinic with complaints of diarrhea, mouth sores and ulcers asso-
ciated with bleeding upon minor traufna, and multiple areas of bruising around the area of
his central line. His diarrhea was described as loose watery stools, without blood or mu-
cous, with an average of five bowel (range 4-7) movements per day (grade 2). The mu-
cositis had made him unable to tolerate oral intake, causing him to lose eight pounds. He
reported significant bruising at the sight of his central line, but denied active bleeding.
The patient denied fevers, night sweats, or any other bruising. He also denied peripheral
neuropathy, insomnia, and loss of consciousness. He did admit to some dizziness. The
physical examination was remarkable for severe mucositis apparent as confluent ulcers
encroaching his lips, with notable thrush. The ulcers bled easily upon touching (grade 3).
He had a 4-5- cm area of bruising around his porta catheter on the left side of chest with
small petechiae around it, without active bleeding (grade 2). Neurologically, the patient’s

cranial nerves, motor and sensory functions were intact. His laboratory workup including
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a complete blood count, fluid balance profile, and liver function tests were within normal
limits.

Given the patient’s presentation of severe mucoéitis, diarrhea, and bruising after 1
week of 5-FU chemotherapy, DPD deficiency was a major diagnostic concern. DPD ac-
tivity was evaluated by radioassay using PBMC as previously described [14]. The patient
was given cisplatin 60 mg/m2 with concurrent radiation from 3/4/02 to 4/5/02, which he
tolerated well.

Unfortunately, in July of 2002, the patient developed a metastatic small bowel ob-
struction which was deemed inoperable. After Having a discussion with his family, the

patient opted for hospice care. The patient died shortly thereafter.

Pilot Study for Detection of Dihydropyrimidine Dehydrogenase Deficiency in the Indian
Population

Uracil Breath Test Subjects

Thirteen Indian subjects [ten men and three women; mean age, 26 years (range:
21-31 years)] were recruited as a part of a larger population study at the University of
Alabama at Birmingham. Following an explanation of procedures, informed consent was
obtained from all subjects prior to initiation of this IRB approved protocol. To be eligible
for this study, healthy subjects were at least 19 years old, cancer-free, and had no history

of metabolic or respiratory disease.

Rapid Oral UraBT
The UraBT principle and methodology is described in greater elsewhere [15]. To

minimize variation resulting from a circadian rhythm in DPD activity [17], the UraBT
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protocol started at approximately 8:00 a.m. Fasting subjects were weighed and an aque-
ous solution containing 6 mg/kg [2—13C] uracil (Cambridge Isotope Laboratories Inc.,
Andover, MA) was formulated. Subjects donated three baseline breath samples into 1.2-1
bags (Otsuka Pharmaceuticals, Tokushima, Japan) prior to administration of the non-
radioactive oral solution. Twenty-one post-dose breath samples were collected into 100-
ml breath bags (Otsuka Pharmaceuticals, Tokushima, Japan) during the 180-min period
immediately following ingestion. Post-dose breath samples were collected every 5 min
for the first 30 min and every 10 min thereafter. The concentration of >COj, in breath,
reported in delta over baseline (DOB) notation, was determined by infrared spectropho-
tometry (Meretek, Lafayette, CO; [18]). These data were graphed [DOB (y axis) versus
time (x axis)] and Cmax, Trmax, and DOBsg (*CO, concentration in breath 50 min follow-
ing [2-3C] uracil ingestion) were determined by inspection. The percentage dose of [2-
13C] uracil, recovered in the breath as >CO, (PDR), was calculated as described else-
where [19]. Subjects were considered to be DPD deficient by UraBT when their DOBso <

128.9 DOB [15].

Peripheral Blood Mononuclear Cell DPD Radioassay

UraBT results were confirmed by DPD radioassay, which is described in greater
detail elsewhere [14, 20]. To minimize variation resulting from a circadian rhythm in
DPD activity [17], 60 cc of whole blood was drawn from a peripheral vein into
heparinized vacutainers at approximately 12:00 p.m. PBMCs were isolated by separation
on a ficoll gradient. These cells were washed three times with PBS and lyzed by sonica-

tion in an ice bath. The lyzed cells were then centrifuged to remove cellular debris and
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the cytosol was collected. The protein concentration of the cytosol was quantitated by a
Bradford assay [21]. Two-hundred-fifty micrograms of cytosolic protein was added to a
reaction mixture containing NADPH and [6-%C] 5-FU. The reaction mixture was incu-
bated at 37°C for 30 min. One-hundred-twenty-five microliters of aliquots of the reaction
mixture were removed every 5 min during the incubation period and added to an equal
volume of ice-cold ethanol to terminate the reaction. This mixture was incubated over-
night at -80°C, thawed, and then filtered prior to HPLC analysis. Reversed-phase HPLC
was used to separate [6-"*C] 5-FU from its catabolite, [6-14C] FUH,. The amount of [6-
"4C] FUH, formed at each time point was quantified and then graphed against time as de-
scribed elsewhere [14, 20]. From these data, the formation rate of [6-'“C] FUH, was cal-
culated. DPD enzyme activity was determined by standardizing the formation rate of [6-
'4C] FUH, to the amount protein used in the reaction mixture (i.e., nmol/min/mg protein).
Based upon previous population studies by our laboratory, subjects were considered to
have DPD enzyme activity within the normal range when their fresh PBMC DPD activity
was > 0.182 nmol/min/mg protein, partially deficient when their fresh PBMC DPD activ-
ity was < 0.182 nmol/min/mg protein but > 0.10 nmol/min/mg protein, and profoundly
DPD deficient when their fresh PBMC DPD activity was < 0.10 nmol/min/mg protein

[14, 20].

Genotypic Screening for the DPYD*2A Sequence Variant by Denaturing High
Performance Liquid Chromatography

The DPYD gene of DPD deficient patients and subjects was evaluated for the
DPYD*2A sequence variation by using a previously described denaturing high perform-

ance liquid chromatography (DHPLC) method [22].
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RESULTS
Case Report: Quantification of DPD Activity from an Indian Patient Treated with 5-FU
The fresh PBMC DPD activity was 0.11 nmol/min/mg protein, demonstrating par-

tial DPD deficiency.

Pilot Study: Identification of DPD Deficiency in an Indian Subject by Rapid UraBT
Breath profiles from 12 Indian subjects with DPD activity in the normal range and

one Indian subject with partial DPD deficiency are shown in Fig. 1. From this study
population, we identified a second partially DPD deficient Indian subject. The Indian
subject with partial DPD deficiency demonstrated lower UraBT values compared to In-
dian controls with DPD activity within the normal range. Specifically, this partially DPD
deficient Indian subject demonstrated a lower Cy,.x, PDR, and DOBsg than Indian subjects
with DPD activity within the normal range (Table 1). The partially DPD deficient Indian
also demonstrated an increased Tmax compared to Indian subjects with normal DPD activ-

ity (Table 1).

Genotypic Screening of the DPD Deficient Cancer Patient and Volunteer
DHPLC analysis demonstrated that DPYD*24 was not present in the DPYD gene
from either the DPD deficient Indian cancer patient or the DPD deficient Indian volun-

teer.
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DISCUSSION

5-FU and its derivatives are widely prescribed to treat epithelial cancers [23]. Al-
though 5-FU is generally well tolerated at standard doses, approximately 40—60% of can-
cer patients that develop severe, life-threatening 5-FU toxicities are DPD deficient [24,
25]. The presented Indian patient defnonstrated toxicities consistent with 5-FU toxicity.
Specifically, we observed mucositis, thrush, and bruising around his central line. He also
had complained of diarrhea. The patient’s Indian ethnicity was particularly noteworthy,
as the given the incidence of DPD deficiency in this population group is not known. We
confirmed partial DPD deficiency following measurement of PBMC DPD activity by ra-
dioassay.

Most phenotypic assays that are currently available to detect this pharmacogenetic
syndrome, including the PBMC radioassay, are too labor-and-time intensive to be rou-
tinely used to screen cancer patients prior to 5-FU administration [15]. Recently, we de-
veloped and validated an oral UraBT which may potentially be used as a screening
method to rapidly detect DPD deficiency in cancer patients prior to S-FU administration
[15]. This in vivo assay utilizes [2-">C] uracil, which has a similar substrate affinity for
the DPD enzyme as 5-FU [26]. As the [2-°C] uracil substrate is degraded by DPD and
other enzymes of the pyrimidine catabolic pathway, the BC probe is released as °CO;
[15]. The >CO; present in breath can then be quantified by infrared spectrophotometry
[15]. Previously, we demonstrated DPD deficient individuals have an impaired ability to
catabolize the [2-'*C] uracil, which results in altered *CO, breath profiles (e.g., signifi-

cantly lower Cpax, PDR, and DOBsg, and increased Tmax; reference [15]).
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Several genotypic methods have been described to rapidly examine the DPYD
gene for sequence variations; however, the clinical relevance and application of genotyp-
ing will continue to be limited as long as the genotype/phenotype relationship remains
unclear. To date, the more than 30 sequence variations in the DPYD gene have been de-
scribed [27]. Yet, only DPYD*24 and DPYD*13 have been consistently associated with
DPD deficiency [28]. Genotypic screening for DPYD*2A may benefit only a limited
number of cancer patients due to the low frequency of this variation in the general popu-
lation (0.94% frequency in the Caucasian population [29]). Furthermore, effect of genetic
and epigenetic events on DPD enzyme activity is not well understood. Recently, our
laboratory observed aberrant methylation in the DPYD promoter of several DPD deficient
individuals who demonstrated no sequence variations in their DPYD gene [30]. Altema—
tively, another laboratory has proposed allelic regulation of the DPYD gene as a potential
mechanism to explain the normal DPD enzyme activity observed from a DPYD*2A4 het-
erozygous individual [31]. In the current study, we screened the DPYD gene from the
DPD deficient Indian cancer patient and the DPD deficient Indian volunteer for the
DPYD*2A sequence variation. DPYD*2A4 was not detected in the DPYD gene from either
individual. Additional genotypic studies of the DPYD gene from these individuals con-
tinue to be performed by our laboratory.

Several ethnic studies to phenotypically and/or genotypically evaluate DPD have
been conducted in African (Eqyptian, Kenyan, and Ghanaian), Asian (Japanese, Korean,
Indian, Pakastani, and Sri Lankan) and European Caucasian (British, German, and Dutch)
populations [32-38]. As a part of a larger population study, we examined 13 cancer-free

Indians for DPD deficiency using a novel, rapid, and non-invasive UraBT. Indian sub-
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jects with DPD activity in the normal range demonstrated UraBT values (Cax, Trmaxs
DOBs5y, and PDR) similar to those observed from normal subjects who participated in
earlier studies to develop and validate the UraBT [15]. These earlier volunteers were pri-
marily Caucasian or African American. Alternatively, the partially DPD deficient Indian
subject demonstrated altered >CO, breath levels and UraBT indices similar to those pre-
viously observed from other partially DPD deficient subjects [15]. Although Indians
(N=43) were included in a previous examination of the distribution of DPD activity in
Southwest Asians [33], a large population study to examine the frequency of DPD defi-
ciency in Indians is warranted and is now feasible by utilization of UraBT. Furthermore,
additional studies of the Indian population should be undertaken to establish whether the
genetic basis of DPD deficiency is unique and evaluate the allelic frequency of activity-
reducing DPYD variants in this population.

Another scintillating feature of this patient with DPD deficiency was the absence
of myelosuppression. Indeed, DPD-deficient cancer patients are at risk for developing
severe myelosuppression. Raida and colleagues have examined the relationship between
myelosuppression and DPD deficiency in a population (n=25) of cancer patients with se-
vere 5-FU toxicity (grades 3—4) [29]. Six of these cancer patients demonstrated either
heterozygosity (n=5) or homozygosity (n=1) for the DPYD*24 sequence variation, which
is commonly associated with reduced DPD enzyme activity. All six patients demon-
strated grade 4 myelosuppression. Our laboratory has also examined the relationship be-
tween DPD activity and 5-FU toxicity [24]. We observed that approximately 73% of par-
tially DPD deficient cancer patients (16/22) and 40% of profoundly DPD deficient pa-

tients (4/10) experienced moderate to severe granulocytopenia. Interestingly, myelosup-
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pression has also been observed in cancer patients who were administered the DPD inac-

tivator and eniluracil [39].

CONCLUSIONS

In summary, we describe DPD deficiency in two Indians: one cancer patient and
one healthy volunteer. DPD deficiency is an important pharmacogenetic syndrome to be
aware of when considering 5-FU chemotherapy administration. Several 5-FU related tox-
icities commonly associated with DPD deficiency include mucositis, granulocytopenia,
diarrhea, and neuropathy. If undiagnosed, DPD deficiency can lead to death. Treatment
consists of stopping 5-FU and is otherwise largely supportive. Further study would be
helpful to determine the epidemiological incidence of DPD deficiency among ethnic and
racial groups to determine ‘‘at risk’’ populations. This issue is of paramount importance,

as 5-FU remains the third most commonly used chemotherapy worldwide.
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Table 1 Uracil Breath Test and DPD Radioassay Indices from 13 Indians

Volnteers N Activity DOBsy  Thm(min)’  Cp(DOB)Y  Percentageof

(mol/minmg)®  (DOBY BC-uracil dose

recovered in

breath (%)°

Indianswith 12 029+£005  1724+273  508+108  1813+241  551+70
nomal DPD
activity

Indianswith 1 0.17 933 80 121.0 479
partial DPD
deficiency

*Thirteen cancer-free Indian subjects were examined by [2-C] uracil breath test and
DPD radioassay as described in Patients and Methods.

®The peripheral blood mononuclear cell DPD activity is shown. DPD activity within the
normal range was observed for 12 Indian subjects. One Indian subject demonstrated par-
tial DPD deficiency (data are shown as mean = SD).

“Lower [2-13C] uracil breath test indices (DOBso, Crax, percentage of BC-uracil recovered
in breath) were observed from the partially DPD deficient Indian subject compared to
those from Indian subjects with normal DPD activity (data are shown as mean + SD).

9A higher [2-"C] uracil breath test Tp.x was observed from the partially deficient Indian
subject compared to Indians with normal DPD activity (data are shown as mean £ SD).
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Fig. 1. The UraBT breath profiles from 12
Indian subjects (mean + SD) with DPD
activity in the normal range (filled
circles) and one partially DPD deficient
Indian subject are shown (filled squares).
All cancer-free subjects ingested a 6
mg/kg solution of [2-*C] uracil. Post-
dose breath samples were collected for
180 min after substrate ingestion and the
amount of *CO, in breath [expressed as
delta over baseline (DOB)] was
determined for each time point.
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ABSTRACT

Purpose: African American colorectal cancer patients have been observed to
have increased 5-FU-associated toxicity (leucopenia and anemia) and decreased overall
survival compared to Caucasian patients. One potential source for this disparity may be
differences in the metabolism of 5-Fluorouracil (5-FU), a chemotherapy drug widely used
in both adjuvant and advanced treatment of colorectal cancer as well as other malignan-
cies. Dihydropyrimidine dehydrogenase (DPD), the initial and rate-limiting enzyme of 5-
FU catabolism, has previously demonstrated significant (6-fold) inter-patient variability.
While distribution of DPD enzyme activity and the frequency of DPD deficiency have
been well characterized in the Caucasian population, the distfibution of DPD enzyme ac-
tivity and the frequency of DPD deficiency in the African American population are un-
known.
Experimental Design: Healthy African American (n=149) and Caucasian (n=109) vol-
unteers were evaluated for DPD deficiency using both the [2-2C] uracil breath test
(UraBT) and peripheral bldod mononuclear cell (PBMC) DPD radioassay.
Results: African Americans demonstrated significantly reduced PBMC DPD enzyme
activity compared to Caucasians (0.26 + 0.07 and 0.29 =+ 0.07 nmol/min/mg, respectively;
p=0.002). The prevalence of DPD deficiency was also 3-fold higher in African Ameri-
cans compared to Caucasians (8.0 and 2.8% respectively, p =0.07). African American
women demonstrated the highest prevalence of DPD deficiency compared to African
American men, Caucasian women, and Caucasian men (12.3, 4.0, 3.5 and 1.9%, respec-

tively). Conclusion: These results indicate that African Americans, particularly African
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American women, have significantly reduced DPD enzyme activity compared to Cauca-

sians which may predispose this population to more 5-FU toxicity.

INTRODUCTION

5-Fluorouracil (5-FU) and its fluoropyrimidine derivatives (e.g. capecitabine) are
widely prescribed in oncology practice to treat gastrointestinal malignancies and are often
used in the management of breast and head and neck cancer [1-4]. These agents are gen-
erally well tolerated; however, 34% of colorectal cancer patients are known to develop
severe 5-FU dose-related toxicities [5, 6]. One well-recognized determinant for these ob-
served differences in 5-FU toxicity is the marked (6-fold) variability in the activity of the
dihydropyrimidine dehydrogenase enzyme (DPD; EC 1.3.1.2) [7-10]. In particular, it is
estimated that 40-60% of cancer patients who present with severe 5-FU toxicity are DPD
deficient [11, 12].

Several studies demonstrate the pivotal role of DPD in 5-FU metabolism and re-
sponse. Earlier biochemical studies showed that DPD, the initial and rate-limiting en-
zyme of the pyrimidine catabolic pathway, degrades uracil, thymine, and 5-FU to dihy-
drouracil, dihydrothymine, and 5-fluoro-dihydrouracil respectively [13, 14]. Pharmacoki-
netic evaluation has further demonstrated that DPD catabolizes more than 80% of an ad-
ministered dose of 5-FU, thereby determining the amount of 5-FU available for anabo-
lism [8]. Furthermore, data from combined pharmacokinetic/pharmacodynamic studies in
cancer patients show that reduced DPD enzyme activity (DPD deficiency) is associated
with decreased 5-FU clearance, and increased 5-FU AUC, exposure and toxicity [8, 15,

16].
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Population studies by our laboratory and others have shown that approximately
3-5% of the Caucasian population is DPD deficient [2, 10, 17]. While the frequency of
this pharmacogenetic syndrome in the general population suggests that routine screening
for DPD deficiency should be performed prior to 5-FU administration to cancer patients,
the technical complexity of available genotypic and phenotypic assays limit application
to retrospective analysis of patients subsequent to the development of 5-FU toxicity [18,
19]. To address this problem, we recently developed a clinically-feasible oral [2-"C]
uracil breath test (UraBT) which detected DPD deficiency with 100% sensitivity and
96% specificity in less than 1 hour [19]. More recently, we validated the UraBT by
evaluating plasma [2-">C] uracil, [2-"*C] dihydrouracil and breath *CO, pharmacokinet-
ics in subjects with normal DPD enzyme activity as well as DPD deficiency. We showed
that UraBT *CO, concentrations are significantly correlated to DPD enzyme activity and
plasma [2-"C] uracil clearance and [2-">C] dihydrouracil formation [20]. These results
suggest that the UraBT may be utilized to rapidly assess variability in iz vivo pyrimidine
catabolism.

Several clinical studies have compared toxicity and survival among African |
American and Caucasian colorectal caﬁcer patients receiving 5-FU regimens. In particu-
lar, McCollum and colleagues observed increased toxicity (leucopenia and anemia) in
African American colorectal cancer patients compared to Caucasian colorectal cancer
patients, while Govindarajan, Alexander, Jessup, and colleagues observed decreased sur-
vival in African American colorectal cancer patients compared to Caucasian patients [21-
24]. One potential source for this disparity in response may be differences in 5-FU me-

tabolism, particularly 5-FU catabolism, between African Americans and Caucasians. No-
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tably, the distribution of DPD enzyme activity and frequency of DPD deficiency in the
African American population has not been characterized. A recent study of peripheral
blood mononuclear cell (PBMC) DPD enzyme activity from 150 Japanese subjects and
our previous study of an Indian cohort using the UraBT suggest that racial differences
may be present in the distribution of DPD enzyme activity and frequency of DPD defi-
ciency [1, 25]. In the current study, we utilized the UraBT to screen a population of
healthy African American and Caucasian volunteers for DPD deficiency. We examined
1) the distribution of peripheral blood mononuclear cell (PBMC) DPD enzyme activity in
African Americans vs. Céucasians; 2) the distribution of the UraBT DOBs, in African
Americans vs. Caucasians; 3) the frequency of DPD deficiency in African Americans vs.

Caucasians; and 4) gender differences in the frequency of DPD deficiency.

SUBJECTS AND METHODS
Subjects
One hundred forty-nine healthy African American volunteers (73 African American
women and 76 African American men) and 109 healthy Caucasian volunteers (57 Cauca-
sian women and 52 Caucasian men) participated in’this IRB approved protocol at the
University of Alabama Hospital’s General Clinical Research Center (GCRC, Table 1).
Volunteers less than 19 years of age were ineligible for participation. Volunteers were

also excluded from the study if they had respiratory, gastric, or metabolic diseases.
Dihydropyrimidine Dehydrogenase (DPD) Radioassay

The DPD radioassay was performed as described in greater detail elsewhere

[26]. To minimize variation resulting from a known circadian rhythm in DPD enzyme
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activity [27], sixty cc of whole blood was collected at approximately 12:00 p.m. from
each subject on the same day as their UraBT. PBMCs were isolated, suspended in Buffer
A (35 mM potassium phosphate, 2.5 mM magnesium chloride, and 10 mM 2-
mercaptoethanol; pH 7.4), and lysed by sonication. The protein concentration of PBMC
cytosol was determined by a Bradford assay [28]. Approximately 250 pg of total protein
was added to a reaction mixture containing 200 uM NADPH, Buffer A, 8.2 pM [6-'*C]
5-FU (56 mCi/mmol) and incubated at 37°C for 30 minutes. One-hundred-thirty pl ali-
quots of the reaction mixture were removed every 5 minutes and immediately placed into
termination tubes containing an equal volume of ice-cold ethanol. Protein was precipi-
tated by incubating the mixture at -80 °C overnight. The mixture was then thawed and
filtered. [6-'*C] FUH, and [6-'*C] 5-FU were separated by reverse phase HPLC and
quantified using previously described methods [26]. The amount of [6-'*C] FUH,
formed at each time point (Y axis) was plotted against time (X axis) and the formation
rate of [6-'“C] FUH, was computed. DPD enzyme activity was determined by dividing
the [6-'*C] FUH, formation rate by the amount of total protein added to the reaction mix-
ture. Based upon previous population studies by our laboratory, volunteers were consid-
ered to have DPD enzyme activity in the normal range when their fresh PBMC DPD en-
zyme activity was > 0.18 nmol/min/mg protein (95% distribution range), partial DPD de-
ficiency when their fresh PBMC DPD enzyme activity was < 0.18 but >0.10
nmol/min/mg protein (99% distribution range), profound DPD deficiency when their
fresh PBMC DPD enzyme activity was < 0.10 but > 0.00 nmol/min/mg protein (outside
of the lower limit of the 99% distribution range), and complete DPD deficiency when

PBMC DPD enzyme activity was undetectable 2, 10, 26].
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Uracil Breath Test

The UraBT principle and methodology is described in greater detail elsewhere
[19]. To minimize variation resulting from a known circadian rhythm in DPD enzyme
activity, the UraBT protocol commenced at §:00 a.m [27]. Baseline breath samples were
collected from overnight fasting volunteers in three 1.2 L bags (Otsuka Pharmaceuticals,
Tokushima, Japan). An aqueous solution of 6 mg/kg of [2-">C] uracil (Cambridge Iso-
tope Laboratories, Andover, MA, USA) was ingested and 21 breath samples were col-
lected in 300 ml bags (Otsuka Pharmaceuticals, Tokushima, Japan) over 180 minutes post
[2-1*C] uracil ingestion. The concentration of *CO, in post-dose breath samples, re-
ported in delta over baseline (DOB) notation, was measured using IR spectrophotometry
(UBiT-1R390, Meretek Diagnostics, Lafayette, CO, USA). The breath profile for each sub-
ject was constructed by graphing the concentration of 1*CO, in breath vs. time (y and x
axes respectively). UraBT indices {Tmax, Cmax, DOBsg (concentration of 13 CO; in breath
50 minutes after [2-°C] uracil administration}, and percent of [2-'>C] uracil dose recov-
ered in breath as >CO; over the 180 minutes post [2-">C] uracil ingestion (PDRg0) were
determined as previously described [19, 29]. Based on our previously published analysis,
the UraBT DOBs was determined to optimally identify volunteers with DPD deficiency
[19]. UraBT DOBs values < 128.9 DOB categorized volunteers as having DPD defi-
ciency [19]. Alternatively, UraBT DOBsy values > 128.9 DOB categorized volunteers as

having normal DPD enzyme activity [19].
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Statistical Analysis

The Kolmogorov-Smirnov test was used to examine whether UraBT DOBsy,
PDR g0 and PBMC DPD enzyme activity values were normally distributed. Mean values
of continuous outcomes (i.e. PBMC DPD enzyme activity and UraBT DOBsg) were com-
puted for each gender and race combination (i.e. Caucasian men, Caucasian women, Af-
rican American men and African American women). Mean values were compared for
each subgroup using generalized linear models with race, gender and the interaction of
race and gender covariates as predictors. The least square means and 95% confidence
intervals were also computed. The prevalence of DPD deficiency was computed as the
proportion of individuals demonstrating reduced PBMC DPD enzyme activity in each
race and gender subgroup. The prevalence of DPD deficiency among gender and racial
groups was compared using the chi-square or Fishers exact test. The odds ratio and 95%
confidence intervals were also computed. All analyses were conducted with SAS Version

9.1. For all analyses a p value of < 0.05 was deemed as statistically significant.

RESULTS
Distribution of PBMC DPD Activity
PBMC DPD enzyme activity from the entire study population (n=258) was nor-
mally distributed. The mean (+ SD) DPD enzyme activity observed for entire study popu-
lation (n=258) was 0.27 & 0.07 nmol/min/mg. Of the 15 volunteers that demonstrated
DPD deficiency (< 0.18 nmol/min/mg), 11 volunteers demonstrated partial deficiency
and 4 volunteers demonstrated profound DPD deficiency. No volunteers demonstrated

complete DPD deficiency.
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Distribution of PBMC DPD Activity in the African American and Caucasian
Population

The distributions of PBMC DPD enzyme activity observed in healthy African
American (n= 1‘49‘) and Caucasian (n=109) volunteers were both normal (Figure 1). The
distribution of DPD enzymé activity in the African American population was negatively
skewed (with the tail extending into the low range of DPD enzyme activity), whereas the
distribution in Caucasian population was positively skewed (with the tail extending into
the high range of DPD enzyme activity). However, the skewness of these distributions
was not significant (coefficient of skewness: -0.10 and 0.72, respectively).

African American volunteers had significantly lower DPD enzyme activity com-
pared to Caucasian volunteers (p = 0.002). The mean (= SD) DPD enzyme activity ob-
served for African Americans and Caucasians was 0.26 + 0.07 and 0.29 + 0.07

nmol/min/mg, respectively (Table 1).

Prevalence of DPD Deficiency in the Healthy African American and Caucasian
Population

The prevalence of DPD deficiency was 3-fold greater in the African American
population compared to the Caucasian population (p=0.07). The prevalence of DPD defi-
ciency in the African American population was 8.0%, with 12 of 149 volunteers demon-
strating DPD deficiency. Four of the 12 DPD deficient African American volunteers
demonstrated profound DPD deficiency while 8 of the 12 demonstrated partial DPD defi-
ciency. The prevalence of DPD deficiency in the Caucasian population was 2.8%, with 3

of 109 volunteers demonstrating partial DPD deficiency (Table 1).
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PBMC DPD Enzyme Activity and Prevalence of DPD Deficiency in African American
Women

Stratification of volunteers by gender demonstrated that women had significantly
lower DPD enzyme activity compared to men (0.25 + 0.07 and 0.29 + 0.07, respectively;
p <0.001). Further stratification of the volunteers by race and gender demonstrated that
African American women had a significantly lower DPD enzyme activity (0.24 + 0.07
nmol/min/mg) compared to African American men (0.28 * 0.07 nmol/min/mg), Cauca-
sian women (0.28 + 0.07 nmol/min/mg), Caucasian men (0.30 £ 0.07 nmol/min/mg; p
value < 0.003 for each pair-wise comparisons)k. African American women were also ob-
served to have the highest prevalence of DPD deficiency (12.3% with nine of 73 volun-
teers demonstrating DPD deficiency), compared to African American men (4.0% with
three of 76 volunteers demonstrating DPD deficiency, p=0.08), Caucasian women (3.5%
with two of 57 volunteers demonstrating DPD deficiency, p=0.12), and Caucasian men
(1.9% with one of 52 volunteers demonsfrating DPD deficiency; p=0.09). Three of the
nine DPD deficient African American women demonstrated profound DPD deficiency
while the remaining six volunteers demonstrated partial DPD deficiency. One of the
three DPD deficient African American men demonstrated profound DPD deficiency
while the remaining two demonstrated partial DPD deficiency. All cases of DPD defi-
ciency observed in Caucasian men and women were partial DPD deficiency; no profound

DPD deficiency was observed in Caucasians.
UraBT PDR and DOBsy Distributions in the Study Population

The PDR ;5o values and UraBT DOBs, concentrations from the entire study popu-

lation (n=258) were both normally distributed. The mean (= SD) PDR g value observed
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from entire study population was 53.1 £+ 7.4%. The mean (= SD) DOBs, concentration
observed from the entire study population (n=258) was 174.3 + 33.5 DOB. Based on the
previously established UraBT DOBsq cut-point, 19 volunteers (7.4%) were classified as

DPD deficient.

Characterization of UraBT PDR and DOBsg in Healthy African American and
Caucasian Volunteers

PDR g values from African American (n=149) and Caucasian volunteers (n=109)
were both normally distributed. The distribution of PDR g values in African Americans
and Caucasians were both positively skewed (with the tail extending toward higher
PDR 39 values). However, the skewness of these distributions was not significant (coeffi-
cient of skewness: 0.74 and 0.45, respectively).

African American volunteers also demonstrated significantly lower PDR g values
compared to Caucasian volunteers (p = 0.03). The mean (+ SD) PDR ;5 value observed in
African Americans and Caucasians was 52.3 + 7.7 and 54.3 + 6.9%, respectively (Table
).

~ The DOBsj; distributions observed from African American (n=149) and Caucasian
(n=109) volunteers were normally distributed (Figure 2). The DOBs distribution in Afri-
can Americans was negatively skewed (with the tail extending into the low range of
BCO, breath concentrations), whereas the distribution in Caucasian volunteers was posi-
tively skewed (with the tail extending toward higher *CO, breath concentrations). How-
ever, the skewness of these distributions was not significant (coefficient of skewness: -

0.23 and 0.19, respectively).
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African Americans also demonstrated a significantly lower DOBso concentrations
compared to Caucasians (p = 0.004). The mean (+ SD) DOBsg observed in African
Americans and Caucasians was 169.1 + 34.8 and 181.4 + 31.0 DOB, respectively (Table
1). Of the 19 volunteers who screened positive for DPD deficiency by UraBT, sixteen

were African American and three were Caucasian.

DISCUSSION

DPD deficiency predisposes cancer patients to severe, life-threatening 5-FU toxic-
ity. Recently, we developed and optimized the UraBT to rapidly (< 1 hour) screen cancer
patients for reduced DPD enzyme activity [19]. Subsequently, we performed a pharma-
cokinetic validation of the UraBT by characterizing relationships present among UraBT-
associated breath *CO, metabolite formation, plasma [2-*C] dihydrouracil formation,
plasma [2-"*C] uracil clearance, and PBMC DPD enzyme activity in normal and DPD
deficient subjects [20]. More recently, we demonstrated that the UraBT is a rapid method
suitable for population studies by screening 13 Indian subjects for DPD deficiency subse-
quent to our initial identification and characterization of DPD deficiency in an Indian
cancer patient with severe 5-FU toxicity [1]. In the current study, we utilized the UraBT
to screen for DPD deficiency in a population composed of 258 Caucasian and African
American volunteers.

Racial differences, resulting from genetic variability, have been observed in the
activity of several drug metabolizing enzymes such as cytochrome P450 2C19 (CYP
2C19), N-acetyltransferase, and thiopurine methyltransferase [30-32]. In the current

study, we demonstrated that racial differences are present in DPD enzyme activity. Spe-
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cifically, we observed significantly lower PBMC DPD enzyme activity in the African
American population compared to the Caucasian population. Others have also observed
racial differences in DPD enzyme activity. Sohn et. al. observed increased PBMC DPD
enzyme activity in Koreans (n=114) compared to the activities that had previously been
reported in Caucasians [33]. Comparatively, a large population study of 34,200 Japanese
infaﬁts did not detect DPD deficiency in any of the enrolled subjects [34].

Our observation of significantly lower PBMC DPD enzyme activity in African
American volunteers suggests that African Americans have significantly reduced in vivo
pyrimidine catabolism compared to Caucasians. Recently, we performed a pharmacoki-
netic evaluation of the UraBT and demonstrated that the UraBT DOBs5; is significantly
related to markers of [2-"C] uracil degradation (i.e. clearance, half-life, and AUC) and
[2-13 C] dihydrouracil formation (Cpax, Tmax, and rate of appearance) [20]. In the current
study, we observed that African Americans had significantly lower UraBT DOBs, values
compared to Caucasians. Furthermore, African Americans metabolized a significantly
lower percentage dose of [2-">C] uracil to >CO, compared to Caucasians. Taken to-
gether, these results suggest that African Americans have significantly lower in vivo
pyrimidine catabolism compared to Caucasians which may put them at risk for increased
DPD-mediated 5-FU toxicity.

A recent study of African American and Caucasian colorectal cancer patients ex-
amined whether racial differences in 5-FU toxicity were present [21]. African American
patients demonstrated significantly increased leucopenia and anemia compared to Cauca-
sian colorectal cancef patients [21]. Unfortunately, the DPD enzyme activity of the two

patient populations was not measured. Additional research examining racial differences
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in DPD enzyme activity and occurrence of DPD-mediated 5-FU toxicity in cancer pa-
tients are warranted.

Earlier clinical studies observed increased 5-FU toxicity in women compared to
men [35, 36]. This led to the hypothesis that women may have lower DPD enzyme activ-
ity comparéd to men. However, subsequent studies were unable to prove or disprove this
hypothesis [16, 17, 37-39]. In the currentvstudy, we obseﬁed significantly lower DPD
enzyme activity in women compared to men. Furthermore, stratification by gender and
race demonstrated that African American women had the lowest DPD enzyme activity of
any other race-gender group (p < 0.003 for all pairwise comparisons). These results sug-
gest that African American women, in particular, may be at increased risk of DPD-
mediated 5-FU toxicity. This is of interest as the DPYD gene is located on chromosome
1p22 and has been previously described as having an autosomal codominant inheritance
pattern [40, 41].

Recent clinical studies have observed reduced activity in other enzymes of the
pyrimidine catabolic pathway. In particular, reduced dihydropyrimidinase (DHPase) and
B-ureidopropionase (BUP) activities have been observed in a 5-FU toxic patient and chil-
dren with neurological abnormalities [42-45]. It may be possible to detect these deficien-
cies in pyrimidine catabolism using the UraBT. In order for BCO, be released in breath,
the [2-"*C] uracil substrate must be catabolized by DPD, DHPase, and BUP. Individuals
with reduced DHPase and BUP activities would be expected to have decreased 13C02_
breath concentrations compared to individuals with normal pyrimidine catabolism. In the
current study, we observed reduced UraBT DOBs, concentrations in four subjects with

normal DPD enzyme activity. Examination of the entire breath 13CO, concentration-time
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profiles from these four subjects demonstrated that two of the four subjects had breath
profiles with an early Tmax (30 and 40 minutes; data not shown) and a Cp.x above the
“cut-point” (142.8 and 139.2 DOB; data not shown). These data suggest that normal
pyrimidine catabolism is present in these two subjects. However, two of the four subjects
demonstrated reduced breath 13COz concentration-time profiles compared to normal sub-
jects (data not shown). These data suggest that altered pyrimidine catabolism rhay be
present. Genotypic evaluation of the DPYS and BUP genes from these two subjects are
currently being conducted by our laboratory.

In summary, we applied the UraBT to screen for DPD deficiency in a population
of African Americans and Caucasians. We demonstrated that the African American popu-
lation, particularly African American women, had an increased prevalence of DPD defi-
ciency and significantly reduced PBMC DPD enzyme activity and [2-"*C] uracil catabo-
lism. These results suggest that African Americans may be at risk for 5-FU toxicity re-
sulting from reduced catabolisrh. Currently, genotypic studies are being performed by
our laboratory to examine the DPYD gene of all volunteers with reduced DPD enzyme
activity to identify the molecular basis of DPD deficiency. Future studies will prospec-
tively apply the UraBT to identify cancer patients at risk of developing 5-FU toxicity due

to reduced DPD enzyme activity.
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Table 1. Characterization of PBMC DPD Activity and UraBT DOBs¢ and PDR in
Healthy African American and Caucasian Volunteers

Group N DPD Activity* Prevalence of DPD  DOBso *(DOB)  PDR* (%)
(nmol/min/mg) Deficiency (%)

African 149  0.26+0.07" 8.0 169.1+34.8" 523+7.7
American
Caucasian 109  0.29 +£0.07 2.8 181.4+31.00  543+69"

NOTE: Healthy African American (n=149) and Caucasian (n=109) volunteers were ex-
amined for DPD deficiency using the UraBT and peripheral blood mononuclear cell DPD
radioassay. Data are mean # SD.

T P < 0.05 for all pairwise comparisons (African Americans versus Caucasians).

* DPD activity, fresh PBMC DPD enzyme activity; DOBsy, BC0, concentration in
breath (DOB) 50 minutes after [2-'>C] uracil administration; PDR, percent dose of [2-
13C] uracil recovered in the breath as *CO,,
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Fig. 1. Distribution of PBMC DPD activity in
healthy African American and Caucasian
volunteers. Shown are the distributions
of PBMC DPD activity from healthy
African American (n=149; hatched bars)
and Caucasian subjects (n=109; white
bars). Each distribution was found to be
normally distributed by the
Kolmogorov-Smirnov test. For
reference, individuals with DPD
deficiency (PBMC DPD activity < 0.18
nmol/min/mg protein) are denoted by
red bars. African Americans were found
to have significantly lower PBMC DPD
activity than Caucasians (p = 0.002).
Twelve African Americans were DPD
deficient compared to three Caucasians.
The prevalence of DPD deficiency
among the African American and
Caucasian populations was 8.0% and
2.8% respectively.
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Fig. 2. Rapid detection of DPD deficiency in
healthy African American and Caucasian
volunteers. Shown are the UraBT DOBsy,
distributions from healthy African
American volunteers (n=149; hatched
bars) and Caucasian volunteers (n=109;
white bars). Each distribution was found
to be normally distributed by the
Kolmogorov-Smirnov test. For
reference, individuals who screened
positive for DPD deficiency (UraBT
DOBs, < 128.9 DOB) are denoted by red
bars. African Americans were found to
have significantly lower UraBT DOBsg
values than Caucasians (p=0.004). Based
on the UraBT DOB5, cut-point, nineteen
participants (7.4% of the study
population) screened positive for DPD
deficiency.
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DISCUSSION
DPD deficiency predisposes cancer patients to severe, life-threatening toxicity
subsequént to 5-FU administration [21, 38, 39]. Several genotypic and phenotypic meth-
ods have been developed to detect DPD deficiency. However, significant barriers are
present which prevent their clinical implementation to hospital laboratories [33, 40].
Therefore, the focus of this dissertation research was to develop a rapid, clinically-
feasible assay to detect DPD deficiency. While a genotypic approach was initially inves-

tigated, development, validation and use of a phenotypic UraBT was primarily pursued.

Utilization of an Evolutionary Approach to Study the Importance of Sequence Variations
in the DPYD Gene

Many high throughput, automated methods for detection of single nucleotide
polymorphisms (SNPs) are available [41], suggesting that development of a clinically-
useful genotypic test to screen cancer patients for DPD deficiency is possible. However,
before such assays may be applied, it is necessary to characterize DPYD sequence varia-
tions to understand their effect on enzyme activity. To date, more than 30 sequence varia-
tions have been observed in the DPYD gene of healthy human volunteers and 5-FU toxic
cancer patients [21]. However, linkage between phenotype and genotype is difficult due
to the polymorphic nature of the DPYD gene [23]. Presently, four sequence variations
have been characterized. DPYD *24 and DPYD *13 were shown to reduce activity fol-

lowing characterization by our laboratory in a three generation pedigree analysis which
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compared genotype and phenotype (PBMC DPD enzyme activity) [23]. DPYD* 8 and
DPYD *10 were characterized following expression of the wild-type and mutant enzyme
[42] in E. coli. Characterization of the remaining sequence variations remains to be a pri-
ority for the field of DPD pharmacogenetics.

Characterization of DPYD sequence variations could be more efficiently per-
formed if we better understood which regions of the DPD enzyme were critical to en-
zyme activity. Sequence variations, which result in amino acid changes at these critical
domains, could then be the first to be evaluated. In the present study, we utilized a com-
parative genetic approach to assess the conservation of loci where DPYD sequence varia-
tions occur. To accomplish this goal, we cloned and sequenced the mouse DPD cDNA.
Following alignment of the translated sequence to those from human, rat, pig, and cow,
we performed BLAST and BLOCKS searches to identify homologous amino acid se-
quences in Drosophila and C. elegans. These sequences where then aligned to those from
mammals.

The results of this study demonstrated that the DPD enzyme is well conserved
from mammalian to invertebrate species. Specifically, the homology observed between
human and pig was 96%, human and cow was 96%, human and mouse was 94%, human
and rat was 94%, human and Drosophila was 93%, and human and C. elegans was 79%.
Furthermore, amino acids involved in substrate and cofactor binding were also well con-
served demonstrating the importance of these loci to enzyme function.

Subsequently, we evaluated the conservation of the loci where DPYD sequence
variations occur. All seven species exhibited 100% identity in the loci of eight DPYD

mutations [DPYD*3, DPYD*4 (S534N), DPYD*7, DPYD*8 (R235W), DPYD*10
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(V995), DPYD*11 (V335L), M166V and D949V]. Interestingly, an earlier study (which
expressed DPD in E. coli) showed that DPYD*8 and DPYD*10 reduce DPD enzyme ac-
tivity [42]. Furthermore, DPYD*7, DPYD*8, DPYD*10, DPYD*11 and D949V have
been observed only in subjects with reduced DPD enzyme activity; no normal DPD en-
zyme activity has been observed in subjects with these sequence variations [33, 42-45].
Taken collectively, these results suggest that DPYD*7, DPYD*11 and D949V should be

among the first sequence variations to be characterized by our laboratory or others.

Development of a UraBT to Detect DPD Deficiency

The genetic and regulatory complexities of the DPYD gene have been significant
barriers to the development of a clinically feasible genotypic assay to detect DPD defi-
ciency [1]. Therefore, several phenotypic methods to evaluate DPD have been devel-
oped. However, many of these phenotypic assays are too time-consuming or complex to
be implemented by most hospital laboratories [21, 33, 40].

The recent Food and Drug Administration approval of a rapid and simple *C-urea
breath test to detect H. pylori infection suggested that use of *C-labeled substrates may
be a viable and safe way to measure in vivo pyrimidine catabolism [46-49]. Earlier stud-
ies of orally administered 5-FU showed that oral 5-FU was well absorbed, which lead us
to hypothesize that orally administered uracil would also be well absorbed [50, 51]. Fur-
thermore, previous kinetic studies by our laboratory and others demonstrated that DPD
has similar substrate affinities for 5-FU and uracil, which lead us to hypothesize that
uracil would also be metabolized with a similar efficiency as 5-FU [9, 52, 53]. Taken col-

lectively, these data were the basis for development of an orally administered UraBT to
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assess in vivo pyrimidine catabolism. It was hypothesized that individuals with normal
DPD enzyme activity would catabolize the orally administered [2-'>C] uracil to [-alanine,
NH; and *CO, [40]. A portion of the BCO, present in the body cavity would then be
expired into Breath [40]. Breath '*CO, concentrations could then be measured by infrared
spectrophotometry [54]. DPD deficient individuals, who have reduced [2-*C] uracil ca-
tabolism, would have decreased B0, breath levels.

Initially, we performed feasibility studies with four normal and three partially
DPD deficient subjects. These studies were performed to find the optimum dose and time
for the UraBT. Initial studies with 100, 200, and 300 mg doses of [2-*C] uracil demon-
strated that dose-proportionality was present. Specifically, individuals with a large body
mass demonstrated consistenﬂy lower CO, breath concentrations compared to the
smaller subjects. These data suggested that individuals with a large body masé have a
larger central compartment in which the BC-labeled uracil or metabolites could distrib-
ute. Therefore, we normalized the [2-"*C] uracil doses to weight. We evaluated several
weight-normalized doses (1, 3, 6, and 12 mg/kg). Using a weight-normalized dose of 6
mg/kg, we observed differences in the breath °CO, concentration-time profiles from
normal and DPD deficient subjects. Additionally, the elimination phase of the BCO, con-
centration-time profiles were observed from both normal and DPD deficient subjects
within thev 180 minute period subsequent to oral [2-">C] uracil administration.

We then applied the UraBT to examine a larger study population using the 6
mg/kg dose of [2-°C] uracil. Breath was collected from all subjects for the 180 minute
period subsequent to oral [2-">C] uracil administration. A second phenotypic test, the

PBMC DPD radioassay, was also used to measure the DPD enzyme activity of each sub-
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ject. Individuals with DPD deficiency were genotypically examined by DHPLC to iden-
tify the molecular basis for reduced DPD enzyme activity.

In these studies, we observed reduced breath *CO, concentration-time profiles
from DPD deficient subjects. In particular, DPD deficient subjects demonstrated signifi-
cantly reduced UraBT Cy.x, DOBso, and PDR values compared to normal subjects.
Evaluation of the UraBT breath *CO, concentration-time profiles sho§ved that breath
13C0, concentration-time profiles of normal and DPD deficient subjects were maximally
separated 50 minutes subsequent to [2-1*C] uracil administration. This permitted catego-
rization of subjects based upon >CO, conceptrations present in the breath 50 minutes fol-
lowing [2-">C] uracil administration (DOBs). Specifically, subjects were classified as
“DPD deficient” when breath DOBs, values were beneath 128.9 DOB. Alternatively,
subjects were classified with “normal” DPD enzyme activity when the breath DOBs5 val-
ues were equal to or greater than 128.9 DOB. Using these criteria, the UraBT demon-
strated 100% sensitivity and 96% specificity.

Taken collectively, these data suggest that the observed reduction in breath >CO,
concentration-time profiles and altered UraBT indices from DPD deficient subjects result
from a reduction of DPD mediated [2-">C] uracil catabolism. Pharmacokinetic studies

were performed to validate these results.

Pharmacokinetic Validation of the UraBT
The significant reduction in breath 13CO, concentrations from DPD deficient sub-
jects suggested that these subjects had reduced ir vivo catabolism of [2-"*C] uracil to [2-

13C} dihydrouracil.
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To test this hypothesis, we validated the UraBT by comparing breath *CO, ki-
netic profiles to plasma [2-13C] uracil and [2-"°C] dihydrouracil kinetics in a population
of healthy volunteers and cancer patients with normal and reduced DPD enzyme activity.
In order to minimize variability in plasma and breath pharmacokinetics resulting from a
known circadian variation, the UraBT commenced at approximately 8 a.m [15]. While
each subject performed the UraBT, whole blood was simultaneously collected via a hepa-
rin lock placed in the participants arm. Pre-dose blood samples were collected prior to
[2-1*C] uracil administration. Post-dose blood samples were collected over the 180 min-
ute period subsequent to [2-">C] uracil administration. Plasma was isolated from whole
blood and [2-"*C] uracil and [2-"°C] dihydrouracil concentrations were measured by LC-

- MS-MS [55]. Pharmacokinetic analysis of [2-1*C] uracil and [2-"*C] dihydrouracil con-
centration-time profiles were performed using non-compartmental methods. To minimize
Qariability resulting from a known circadian variation in PBMC DPD enzyme activity,
DPD enzyme activity was determined for each subject from whole blood collected at ap-
proximately 12 p.m [15]. Breath >CO, conqentrations were measured using IR spectro-
photometry.

In the present study, we observed reduced in vivo [2-"C] uracil elimination in
DPD deficient subjects compared to subjects with normal DPD enzyme activity. Specifi-
cally, DPD deficient subjects demonstrated significantly reduced [2-1*C] uracil clearance
and increased t;» and AUC compared to normal subjects. [2-*C] uracil clearance was
significantly correlated to PBMC DPD enzyme activity. These results are in agreement

with the results from several clinical studies which examined 5-FU pharmacokinetics in
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DPD deficient cancer patients [8, 17, 18, 56]. These data suggest that DPD deficient sub-
jects may have significantly reduced DPD-mediated [2-13C] uracil elimination.

" In our study, we also observed altered [2-">C] dihydrouracil pharmacokinetics in
DPD deficient subjects compared to normal subjects. Specifically, we observed signifi-
cantly increased plasma [2-"*C] dihydrouracil Tpayx and significantly reduced plasma [2-
13C] dihydrouracil Cpax and DUUR in partially DPD deficient subjects compared to nor-
mal subjects. These results are similar to a study of 5-FU and FUH; pharmacokinetics a
DPD deficient cancer patient with 5-FU toxicity [6]. Furthermore, the DPD mediated
conversion of [2-"*C] uracil to [2-"*C] dihydrouracil, as represented by the DUUR, was
significantly correlated to PBMC DPD enzyme activity. The profoundly DPD deficient
subject, with no detectable PBMC DPD enzyme activity, demonstrated no DPD-mediated
conversion of [2-">C] uracil to [2-°C] dihydrouracil. These data suggest that DPD defi-
cient subjects have significantly reduced DPD-mediated conversion of [2-PC] uracil to
[2-"C] dihydrouracil.

In this study, we also observed altered breath BCO, concentrations in DPD defi-
cient subjects compared to normal subjects. Specifically, we observed significantly re-
duced Dsto concentrations, Cpax values, and PDR in DPD deficient subjects compared
to normal subjects. DPD deficient subjects also demonstrated significantly increased
breath CO; Tpax. Furthermore, significant correlations were observed among PBMC
DPD enzyme activity, [2-1*C] uracil and [2-"*C] dihydrouracil pharmacokinetics and the
UraBT. In particular, UraBT DOBs concentrations were significantly correlated to
PBMC DPD enzyme activity, [2-1*C] uracil clearance, and DUUR. Taken collectively,

these data suggest that the reduced breath *CO, concentrations observed from DPD defi-
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cient subjects result from significantly reduced DPD-mediated catabolism of [2-2C]

uracil to [2-"*C] dihydrouracil.

Use of the UraBT to Screen for DPD Deficiency in an Indian Population

One well-recognized determinant of variability in drug metabolism and response
is race [57]. Genetic variability in polymorphic enzymes involved in drug metabolism
and elimination may be a potential mechanism for these observed differences. For exam-
ple, 50% of Caucasians and African Americans, compared to the 10-20% of Asians,
demonstrate slow drug acetylation (degradation) by the N-acetyltransferase (NAT2) en-
zyme placing them at increased risk for toxicity following administration of isoniazid,
hydralazine, and dapsone, or sulfasalazine [58].

Racial differences have been also been observed in DPD enzyme activity, with
Asians demonstrating increased PBMC DPD enzyme activity and a lower prevalence of
DPD deficiency. Specifically, Sohn and colleagues have observed increased PBMC DPD
enzyme activity in the Korean population (n=114) compared to those previously reported
for the French and North American Caucasian populations [59]. Comparatively, a large
population study of 34,200 Japanese infants showed that DPD deficiency was not present
in any of the enrolled children [31].

During the course of these studies, we observed partial DPD deficiency in an In-
dian cancer patient with severe 5-FU toxicity. A literature search demonstrated that DPD
deficiency had not been previously described in this population. To investigate whether

DPD deficiency was present in other Indians, we applied the UraBT to rapidly screen 13
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cancer-free Indian subjects for DPD deficiency in 4 days. UraBT categorization was con-
firmed by PBMC DPD radioassay.

We observed normal DPD enzyme activity in 12 of the 13 Indian subjects. These
normal subjects demonstrated breath >CO, concentration-time profiles and UraBT indi-
ces similar to those observed from normal subjects who previously enrolled in the initial
UraBT development and validation studies. We also observed partial DPD deficiency in
one Indian subject enrolled in this examination. This subject demonstrated a reduced
breath °CO, concentration-time profile and altered UraBT indices similar to those ob-
served from partially DPD deficient subjects who previously enrolled in the initial UraBT
development and validation studies [40, 60]. Prior to this study, DPD deficiency was un-
recognized in the Indian population. This study demonstrates that DPD deficiency is pre-
sent in this population. Large population studies of Indians are warranted to determine

the molecular basis and prevalence of this pharmacogenetic syndrome in this population.

Use of the UraBT to Rapidly Screen for DPD Deficiency in a Population of African
American and Caucasian Subjects '

The speed and diagnostic capability of the UraBT suggested that it is a facile
method that could also be applied to screen other populations, aside from cancer patients,
to identify “at-risk” groups for DPD deficiency.

Historically women and minorities have been under-represented in clinical re-
search [61]. A recent clinical study of 5-FU efficacy and toxicity in African American
colorectal cancer patients showed that African Americans had significantly increased leu-
copenia compared to Caucasian patients [62]. Leucopenia is a 5-FU associated toxicity

that is frequently observed in DPD deficient cancer patients [19, 63, 64]. However, the
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investigators of this study did not evaluate DPD enzyme activity. While the distribution
of DPD enzyme activity and frequency of DPD deficiency has been extensively described
in the Caucasian population, the distribution of DPD enzyme activity and frequency of
DPD deficiency in the African American population has not been described. Therefore,
we applied the UraBT to screen a population of healthy (cancer-free) African Americans
(n=149) and Caucasians (n=109) to evaluate the prevalence of this pharmacogenetic syn-
drome in the two populations. UraBT categorization of all participants was confirmed by
PBMC DPD radioassay.

In this study, we observed significantly lower PBMC DPD enzyme activity in Af-
rican Americans compared to Caucasians. African American women, in particular, had
the lowest PBMC DPD enzyme activity, with significantly lower PBMC DPD enzyme
activity compared to African American men, Caucasian women, and Caucasian men.

The prevalence of DPD deficiency in African Americans compared to Caucasians was
also 3-fold higher (8.0 and 2.8%), however this increased prevalence was not signifi-
cantly higher (p < 0.07). This may be due to the relatively small size of the sample (ap-
proximately 100 participants per racial group).

In our study, we also observed that African Americans have significantly lower
[2-1*C] uracil catabolism compared to Caucasians. Specifically, we observed signifi-
cantly decreased UraBT DOBs, concentrations and PDR in African Americans compared
to Caucasians.

Taken collectively, these data suggest that African Americans may be at increased
risk from DPD-mediated 5-FU toxicity. Future studies are warranted to 1) confirm the

prevalence of DPD deficiency in this minority population; 2) evaluate the relationship
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between 5-FU toxicity and DPD enzyme activity in African American colorectal cancer
patients; and 3) examine the DPYD gene of the African American population to identify
novel DPYD sequence variations.

In this study, we observed reduced UraBT DOBs, concentrations in four subjects
with normal DPD enzyme activity. Examination of the entire breath *CO, concentration-
time profiles from these four subjects demonstrated that two of the four subjects had
breath profiles with an early Trmax (30 and 40 minutes; data not shown) and a Cpx above
the “cut-point” (142.8 and 139.2 DOB; data not shown). These data suggest that normal
pyrimidine catabolism is present in these two subjects. However, two of the four subjects
demonstrated reduced breath *CO, concentration-time profiles compared to normal sub-
jects (data not shown). [2-"*C] Uracil must be catabolized to [2-1*C] dihydrouracil and [2-
13C] B-ureidopropionate before *CO, may be released. The presence of normal DPD ac-
tivity but reduced breath *CO, concentrations suggest that reduced activity may be pre-
sent in the other pyrimidine catabolic enzymes. However, measurement of DHPase and
BUP activity is not feasible because these enzymes are not expressed in an easily acces-
sible tissue such as PBMCs. Genotypic evaluation of the DPYS and BUP genes from

these two subjects are currently being conducted by our laboratory.

In summary, the studies included in this dissertation have a) utilized an evolution-
ary approach to prioritize DPYD sequence variations for characterization prior to inclu-
sion in genotypic tests; b) developed a rapid, phenotypic test to detect DPD deficiency
based on breath *CO, concentrations following oral administration of a [2->C] uracil

substrate; c) demonstrated that reduced breath *CO, concentrations observed in DPD
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deficient subjects result from reduced in vivo catabolism of [2-">C] uracil to [2-">C] dihy-
drouracil and, ultimately, BCOy; d) showed that the UraBT is a sensitive and rapid

method for the detection of DPD deficiency; and e) demonstrated that the African Ameri-
can population, particularly African American women, have significantly decreased DPD

enzyme activity compared to the Caucasian population.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



167

SUGGESTIONS FOR FUTURE STUDIES

5-FU has been prescribed for more than 40 years to treat gastrointestinal malig-
nancies [1, 2]. Several clinical studies have shown that DPD has an important role in de-
termining 5-FU response. In particular, cancer patients with DPD deficiency experience
severe 5-FU toxicities which may be fatal [8, 20, 22, 38]. Despite more than four decades
of research, clinically feasible diagnostic assays to identify DPD deficient cancer patients
are not available [1, 21, 33].

In the present studies, we developed and optimized an oral UraBT. We showed
that differences in UraBT *CO, concentrations and indices among normal and DPD defi-
cient subjects result from differences in DPD-mediated [2-"C] uracil catabolism. Evalua-
tion of the diagnostic performance of the UraBT demonstrates that this phenotypic assay
is sensitive and specific. Application of the UraBT to screen for DPD deficiency in the
African American, Caucasian and Indian populations have shown that the UraBT is a
rapid assay. Collectively, these results provide the basis for further clinical development
of the UraBT. Most importantly, evaluation of the diagnostic performance of UraBT in a
large population of cancer patients is necessary. However, the following studies should
be also be performed to provide a more complete understanding of the potential role the
UraBT in optimizing 5-FU chemotherapy by reducing DPD-mediated 5-FU toxicity (par-
ticularly in instances where other phenotypic and genotypic approaches may not be ap-
plied) and perhaps increasing 5-FU efficacy. These studies include 1) evaluation of the

diagnostic performance of the UraBT in a large population of cancer patients; 2) evalu-
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ation of DPD-mediated pyrimidine catabolism in cancer patients with granulocytopenia;
and 3) optimization of 5-FU based chemotherapy, based on the UraBT, to increase effi-

cacy and patient survival.

Diagnostic Performance of the UraBT in Cancer Patients

The majority of studies performed during the course of this dissertation research
were performed in healthy (cancer-free) volunteers. However, evaluation of the diagnos-
tic performance and limitations of the UraBT in a population of cancer patients is war-
ranted.

It is necessary to ensure that UraBT *CO, concentrations or indices in cancer pa-
tients are not significantly different from those obtained from healthy subjects. Morpho-
logical changes associated with advanced cancer and pathological conditions associated
with administration of cytotoxic drugs have been shown to reduce the barrier function of
the intestinal tract and alter its permeability [65]. Such changes may affect the absorption
of the [2-*C] uracil solution. In turn, this may result in significant alterations to UraBT
13C0, concentrations and indices.

In addition, it is also necessary to establish the effect of liver metastasis on UraBT
BCO, concentrations and indices. Liver tumors may impair liver function. Since
pyrimidine catabolism is thought to occur primarily in the liver, this may also affect [2-
B uracil catabolism [66]. In turn, liver tumors may result in significant alterations to

UraBT CO, concentrations and indices.
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Application of the UraBT to Cancer Patients with Granulocytopenia

Assessment of PBMC DPD enzyme activity in cancer patients is not typically per-
formed until after severe toxicity is observed subsequent to 5-FU administration. Unfor-
tunately, 5-FU toxic cancer patients frequently develop granulocytopenia [20]. There-
fore, assessment of PBMC DPD enzyme activity by radioassay is not possible until the
absolﬁte neutrophil count (ANC) returns to within the normal range.

Although pyrimidine catabolism occurs primarily in the liver, PBMCs are used as
a surrogate tissue for the assessment of DPD enzyme activity due to their accessibility
[33, 66]. Furthermore, PBMC DPD enzyme activity has been shown to be significantly
correlated to liver DPD enzyme activity [67]. Our data suggest that the UraBT may be
used to screen cancer patients with granulocytopenia for DPD deficiency. We observed a
signiﬁcént correlation between UraBT DOBsy and PBMC DPD enzyme activity. Based
on this observation, future evaluation of the diagnostic performance of the UraBT in can-
cer patients with granulocytopenia is warranted. To perform such a study, one would ini-
tially evaluate 5-FU toxic cancer patients with granulocytopenia by the breath test. After
the patients’ ANC has returned to within the normal range, PBMC DPD enzyme activity
could be assessed by radioassay. The two assays could then be compared to assess the

diagnostic performance of the UraBT in this population.

Optimization of 5-FU Chemotherapy Based on UraBT 3CO, Concentrations
Previous studies have demonstrated significant correlation between 5-FU clear-
ance and DPD enzyme activity [13, 68] . While cancer patients with low DPD enzyme

activity demonstrate reduced 5-FU clearance and experience severe 5-FU toxicity, cancer
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patients with high DPD enzyme activity may have increased 5-FU clearance. These data
suggest cancer patients with increased DPD enzyme activity may benefit from higher or
more frequent doses of 5-FU. Unfortunately, prior to development of the UraBT, no
clinically feasible assay was available to assess DPD enzyme activity. Therefore, 5-FU
dose optimization based upon in vivo DPD enzyme activity was not feasible.

In the course of this dissertation research, we observed significant correlation be-
tween the UraBT, PBMC DPD enzyme activity, and [2-">C] uracil clearance. These data
suggest that the UraBT may be potentially applied to optimized 5-FU chemotherapy. In
turn, this may increase 5-FU tumor response and survival. To perform such a study, can-
cer patients would perform the UraBT. Patients that demonstrate significantly higher
UraBT PDR or DOBsp values may be considered for increased 5-FU doses. Outcomes
(i.e. tumor response and increased survival) in cancer patients who have received in-
creased 5-FU chemotherapy could be compared to those who have received the standard

of care.
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