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Abstract

 

Dihydropyrimidine dehydrogenase (DPD) deficiency con-

stitutes an inborn error in pyrimidine metabolism associ-

ated with thymine-uraciluria in pediatric patients and an

increased risk of toxicity in cancer patients receiving 5-fluo-

rouracil (5-FU) treatment. The molecular basis for DPD de-

ficiency in a British family having a cancer patient that ex-

hibited grade IV toxicity 10 d after 5-FU treatment was

analyzed. A 165-bp deletion spanning a complete exon of

the 

 

DPYD

 

 gene was found in some members of the pedigree

having low DPD catalytic activity. Direct sequencing of

lymphocyte DNA from these subjects revealed the presence

of a G to A point mutation at the 5

 

9

 

-splicing site consensus

sequence (GT to AT) that leads to skipping of the entire

exon preceding the mutation during pre-RNA transcription

and processing. A PCR-based diagnostic method was devel-

oped to determine that the mutation is found in Caucasian

and Asian populations. This mutation was also detected in a

Dutch patient with thymine-uraciluria and completely lack-

ing DPD activity. A genotyping test for the G to A splicing

point mutation could be useful in predicting cancer patients

prone to toxicity upon administration of potentially toxic 5-FU

and for genetic screening of heterozygous carriers and ho-

mozygous deficient subjects. (

 

J. Clin. Invest.

 

 1996. 98:610–

615.) Key words: DPD deficiency 

 

•

 

 5-FU toxicity 

 

•

 

 popula-

tion genotyping 

 

•

 

 exon skipping

 

Introduction

 

The human dihydropyrimidine dehydrogenase gene (

 

DPYD

 

)

 

1

 

encodes dihydropyrimidine dehydrogenase (DPD, E.C. 1.3.1.2)
which is the initial and rate-limiting enzyme in the three-step
metabolic pathway leading to the catabolism of the pyrimidine
bases uracil and thymine (1). This is the only metabolic path-

way in the biosynthesis of 

 

b

 

-alanine in mammals. DPD is also
the key enzyme that degrades the structurally related pyrimi-
dine antimetabolite 5-fluorouracil (5-FU), a common antican-
cer drug used in the treatment of colon, breast, head, neck, and
ovary tumors (2). Since 70–80% of the administered 5-FU is
degraded in vivo by DPD to fluorinated 

 

b

 

-alanine (3), the
level of DPD activity is a major determinant in the toxicity of
5-FU.

DPD deficiency was first described in pediatric patients ex-
hibiting thymine-uraciluria, which is associated with a variety
of symptoms including convulsive disorders (epilepsy), micro-
cephaly, and mental retardation (4–7). Since the first report of
an adult cancer patient that under 5-FU chemotherapy devel-
oped severe toxicity and had low DPD activity (8), additional
cases of DPD deficiency have been reported (9–11). In family
studies using both pediatric and cancer patients, an autosomic
recessive pattern of inheritance for DPD deficiency was sug-
gested based on measurements of catalytic activity in lympho-
cytes (9, 12). A frequency as high as 3% of putative heterozygotes
for DPD deficiency was also estimated based on catalytic activity
levels in population studies (13, 14). Using the Hardy-Wein-
berg equilibrium, this frequency of heterozygotes allows the esti-
mation of up to 1/1,000 homozygotes for mutant 

 

DPYD

 

 alleles.
The identification and characterization of the human DPD

cDNA (15) made possible the identification and molecular
analysis of mutations that affect DPD expression and catalytic
activity. A pediatric patient with complete lack of DPD cata-
lytic activity and his family were examined previously and
found to possess an mRNA with a deletion that is incapable of
producing a functional enzyme (12). However, the mechanism
responsible for the deletion could not be resolved. In this re-
port, we studied an unrelated British family having a cancer
patient with partial DPD deficiency and severe toxicity after
5-FU treatment. The same deletion at the mRNA level was
found. By cloning the human 

 

DPYD

 

 gene, and by determina-
tion of its intron-exon boundaries, a PCR-based genotyping
test was developed that allowed the molecular analysis of the
deletion. We found that a G to A point mutation within the 5

 

9

 

-
splicing site (GT to AT), which appears to cause exon skip-
ping, leads to an inactive 

 

DPYD

 

 allele. A diagnostic assay was
developed to determine allele frequency in the normal popula-
tion and the results indicated that this mutation may be a com-
mon mechanism for DPD deficiency and exaggerated 5-FU
toxicity in cancer patients.

 

Methods

 

Family pedigree.

 

Blood samples from a British family were collected

after a family member displayed excessive 5-FU toxicity during che-

motherapy. This family is unrelated to any family with DPD defi-
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ciency that has been reported previously. To screen for the presence

of this mutation in the normal population, genomic DNA was col-

lected from healthy subjects representing the following ethnic groups:

Caucasians (English and Finnish), Asians (Japanese and Taiwanese),

and African-Americans. The proband (subject I1), was a 65-yr-old

man who presented grade IV pancytopenia and mucositis 10 d after

his first course of 5-FU as part of adjuvant therapy for the treatment

of colorectal cancer and had catalytic activity which was 24% of the

mean population.

 

DPD catalytic activity.

 

DPD catalytic activity for the family un-

der study was determined from peripheral blood mononuclear cells

using a previously described HPLC method (16). In brief, peripheral

blood mononuclear cells were purified from the subjects’ blood in a

density gradient using Ficoll-Hypaque (Pharmacia, Uppsala, Swe-

den) and incubated for 90 min with [

 

14

 

C]5-FU. The production of

5-FU metabolites was then quantified by HPLC analysis with radio-

detection.

 

Isolation of RNA and reverse transcriptase (RT)-PCR.

 

Total RNA

was isolated from peripheral blood mononuclear cells by the guani-

dinium thiocyanate-phenol-chloroform method (17). The RNA solu-

tions were dissolved in DEPC-treated water and stored at 

 

2

 

80

 

8

 

C un-

til use. RT-PCR was performed as described (12) and the products

were analyzed by electrophoresis in 0.8% agarose gels and visualized

by staining with ethidium bromide.

 

Cloning and characterization of the genomic fragment encoding

the deleted exon.

 

The DPD cDNA was used as a probe to isolate a P1

clone containing 

 

z

 

 100 kbp of the human 

 

DPYD

 

 gene (PAC 5945)

from a high density PAC human genomic library (Genome Systems,

St. Louis, MO). Southern blotting was used to confirm that the P1

clone contained the deleted exon using a probe located within the de-

leted fragment. This probe was synthesized from the DPD cDNA by

using the primers: DPD15F (forward): 5

 

9

 

 TTGTGACAAATGTTT-

CCC 3

 

9

 

 and DPD15R (reverse): 5

 

9

 

 AGTCAGCCTTTAGTTCAGTGA-

CAC 3

 

9

 

 to specifically amplify the putative exon. PCR conditions

were as indicated below but extension was carried out at 72

 

8

 

C for 1

min. This PCR fragment was purified using a Wizard PCR purifica-

tion kit (Promega, Madison, WI), labeled with [

 

a

 

-

 

32

 

P]dCTP, and hy-

bridized with the clone PAC 5945. DNA was purified from this ge-

nomic clone using Qiagen columns (Qiagen, Chatsworth, CA), and

the 5

 

9

 

 and 3

 

9

 

 ends of the deleted exon and adjacent intronic regions

were sequenced by chromosome walking from within the deleted

exon using dideoxy terminator chemistry and an ABI 373A DNA se-

quencer (Applied Biosystems, Foster City, CA). The intronic se-

quences obtained allowed the selection of appropriate primers

(DPDdelF1 and DPDdelR1) to amplify from genomic DNA the com-

plete exon and immediate flanking intronic sequences. All primers

used in this study were synthesized with a 394 DNA&RNA synthe-

sizer (Applied Biosystems).

 

Genotyping of the mutant DPYD allele.

 

A 409-bp PCR genomic

fragment corresponding to the deleted exon (from G1822 to C1986 in

reference 15) plus the flanking intronic sequences containing the AG

and GT splicing consensus sequences was amplified from human ge-

nomic DNA using the primers DPDdelF1 (forward) 5

 

9

 

 TGCAAA-

TATGTGAGGAGGGACC 3

 

9

 

 and DPDdelR1 (reverse) 5

 

9

 

 CAGCAA-

AGCAACTGGCAGATTC 3

 

9

 

. PCR amplification was carried out in

a 100-

 

m

 

l reaction mixture containing 10 mM Tris-HCl (pH 8.3), 50

mM KCl, 1.5 mM MgCl

 

2

 

, 0.2 mM of each dNTP, 0.5 

 

m

 

M of each

primer, 2.5 U of 

 

Taq

 

 Polymerase (Perkin-Elmer Cetus Corp., Nor-

walk, CT), and 500 ng of genomic DNA template for 31 cycles by de-

naturing at 94

 

8

 

C for 1 min, annealing at 60

 

8

 

C for 1 min, and extending

at 72

 

8

 

C for 2 min. Subjects identified as wild-type, heterozygous, or

homozygous for the splicing mutation could be distinguished by di-

gesting the PCR product with the restriction endonuclease Mae II

(Boehringer Mannheim, Indianapolis, IN) and electrophoresis in 1%

regular, 3% NuSieve agarose gels (FMC Bioproducts, Rockland,

ME). The genotypes obtained were verified by sequencing the 409-bp

PCR product. The sources of the genomic DNA samples for the dif-

ferent ethnic groups correspond to those described previously (18).

 

Results

 

DPD catalytic activity.

 

To determine DPD catalytic activities in
the proband and family members, lymphocytes were isolated
and subjected to analysis by HPLC (16). Activities for this
British family ranged between 22 and 70% of the mean DPD
activity (155 pmol/min/mg protein) determined in our labora-
tory in the normal population using the HPLC protocol indi-
cated in Methods (Table I and Fig. 1). It should be noted that
all the subjects in the pedigree presented a relatively low DPD
catalytic activity that is below 70% of the mean in the normal
population.

 

RT-PCR analysis.

 

RT-PCR was performed on total RNA
isolated from peripheral blood mononuclear cells correspond-
ing to each of the members of the pedigree shown in Fig. 1.
The full-length coding region of the DPD cDNA was ampli-
fied in three fragments of 1.5 kbp, 906 bp, and 919 bp. The 1.5-
kbp and 906-bp PCR fragments were detected in all the mem-
bers of the family and correspond to the normal mRNA as
expected from the cDNA sequence (results not shown). As
shown in Fig. 2 

 

A

 

, the 741-bp band corresponds to the deleted
exon and was heterozygous with respect to the wild-type 906-
bp fragment. Sequencing of this 741-bp PCR fragment con-
firmed that a 165-bp deletion has occurred that precisely corre-
sponds to that reported previously in a Dutch family (12). No

 

Table I. Relationship between Phenotype and Genotype for the 
DPD Catalytic Activity and the Presence of the 5´-Splicing 
Mutation in the British Pedigree Analyzed

 

Family member DPD activity* Genotype

 

‡

 

I1 37

 

1

 

/

 

2

 

II1 88

 

1

 

/

 

1

 

II2 60

 

1

 

/

 

2

 

II3 56

 

1

 

/

 

2

 

II4 65

 

1

 

/

 

2

 

II5 ND ND

II6 54

 

1

 

/

 

2

 

II7 90

 

1

 

/

 

2

 

II8 34

 

1

 

/

 

1

 

II9 43

 

1

 

/

 

2

 

III1 85

 

1

 

/

 

1

 

III2 93

 

1

 

/

 

1

 

III3 ND ND

III4 93

 

1

 

/

 

1

 

III5 ND ND

III6 56

 

1

 

/

 

2

 

III7 108

 

1

 

/

 

1

 

III8 48

 

1

 

/

 

2

 

III9 87

 

1

 

/

 

2

 

*DPD activity is expressed as pmol/min/mg protein. The mean in the

normal population corresponds to 155 pmol/min/mg protein as deter-

mined using the HPLC procedure indicated in Methods. 

 

‡

 

Genotype for

the GT to AT splice mutation: 

 

1

 

/

 

1

 

: wild-type; 

 

1

 

/

 

2

 

: heterozygote; 

 

2

 

/

 

2

 

:

homozygote; ND, not determined. The calculated mean for wild-type

(

 

1

 

/

 

1

 

) subjects is 87

 

6

 

18 pmol/min/mg protein, whereas for heterozy-

gote (

 

1

 

/

 

2

 

) subjects it is 58

 

6

 

19 pmol/min/mg protein. The difference in

DPD activity between the 

 

1

 

/

 

1

 

 and the 

 

1

 

/

 

2

 

 subjects in this pedigree is

statistically significant (

 

P

 

 

 

,

 

 0.01).
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homozygous mutant subjects were found in this pedigree. The
generation of the mutant mRNA is illustrated in Fig. 2 

 

B

 

.
Faulty splicing is the most likely mechanism for the generation
of the shorter mRNA, which due to the absence of 55 amino
acids would be unable to be translated into an intact DPD en-
zyme.

 

Genomic DNA sequence analysis of the mutant DPYD al-

lele.

 

A clone containing the deleted exon was isolated in a re-
combinant P1 phage. Sequence of the intronic regions flanking
the deleted exon enabled the development of a PCR reaction
to sequence the exon across the 5

 

9

 

 and 3

 

9

 

 splicing sites. Se-
quence of the 409-bp PCR genomic fragment clearly indicated
the presence of a G to A point mutation (GT to AT) at the 5

 

9

 

donor splice consensus sequence in the British pedigree in sub-
jects I1, II2, II3, II4, II6, II7, II9, III6, III8, and III9 (

 

1

 

/

 

2

 

 in
Fig. 3). This splicing mutation was not found in subjects II1,
II8, III1, III2, III4, and III7 (

 

1

 

/

 

1

 

 in Fig. 3). The subject previ-
ously reported to have the 165-bp deletion present in both alleles
and his heterozygote brother (subjects 1 and 2 in reference 12)
were also analyzed and found to possess the splicing mutation
present in both alleles for subject 1 (indicated as 

 

2

 

/

 

2

 

 in Fig. 3)
and in one allele for subject 2. The G to A mutation correlates
precisely with the corresponding RT-PCR results for the dele-
tion of the entire exon, indicating that the GT to AT mutation
in the 5

 

9

 

 splicing consensus sequence of the 

 

DPYD

 

 gene leads
to skipping of the entire preceding exon. The genotypes and
catalytic activities for this 5

 

9

 

-splicing mutation in the pedigree
under study are summarized in Table I. All the members of
this family presented a level of DPD activity below the mean
in the population, wild-type subjects had a mean activity of
87

 

6

 

18 pmol/min/mg protein whereas heterozygote subjects
had a mean of 58

 

6

 

19 pmol/min/mg protein. Statistical analysis
(

 

t

 

 test) indicated that these two groups are significantly differ-
ent from each other with respect to catalytic activity (

 

P

 

 

 

,

 

 0.01)
(Table I).

 

Genotyping test for the mutant DPYD allele and popula-

tion screening.

 

The 409-bp genomic PCR fragment containing
the deleted exon has a restriction site for the endonuclease
Mae II (A-CGT) which produces two fragments of 278 and
131 bp from the wild-type allele. This site is eliminated when a
G to A mutation occurs at the 5

 

9

 

-splicing site (A-CAT). A dia-
grammatic representation of the strategy developed for PCR
amplification of the 409-bp fragment and the restriction en-
zyme pattern expected with Mae II is shown in Fig. 4 

 

A

 

. The
results obtained for representative members of the pedigree
under study are shown in Fig. 4 

 

B

 

. The reliability of the geno-
typing assay was confirmed by sequencing the 409-bp PCR
product in these samples (Fig. 3). By analyzing normal subjects
within different ethnic groups, we found that this mutant allele
is present in the Finnish (2.2% out of 90 alleles analyzed) and
Taiwanese (2.7% out of 72 alleles) populations where het-
erozygotes were detected. However, within the British samples
tested (60 alleles), no mutant 

 

DPYD

 

 alleles were found with

Figure 1. Schematic representation of the 

British pedigree used in this study. The 

cancer patient exhibiting 5-FU toxicity is 

indicated by an arrow. The different gen-

erations of the family are denominated I, 

II, and III. Each member of every gener-

ation is marked by Arabic numerals. Half 

filled symbols stand for heterozygotes 

(1/2) and open symbols for wild-type 

(1/1) subjects for the DPYD alleles. 

Dotted symbols correspond to those sub-

jects not determined.

Figure 2. Proposed mechanism for the deletion present in the DPD 

cDNA of the pedigree under study. (A) Agarose gel electrophoresis 

for representative subjects of the pedigree showing the detection of 

the normal (wt) and mutant (mut) cDNA fragments after RT-PCR 

amplification from lymphocyte total RNA. The mRNA bands corre-

spond to 909 (wt) and 741 bp (mut). Representative heterozygote 

subjects are shown in lanes 1, 2, and 4; lane 3 corresponds to a wild-

type subject. Lane 5 is a negative control in the absence of RNA tem-

plate for the RT-PCR reaction and lane 6 contains 1 kbp DNA ladder 

as size markers (GIBCO-BRL, Gaithersburg, MD). (B) Scheme rep-

resenting the generation of the mutant DPD cDNA after a fragment 

of 165 bp from the DPYD gene corresponding to a complete exon is 

removed by faulty splicing. Exons are indicated by dotted boxes, in-

trons are represented by solid lines.
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the exception of the pedigree shown in Fig. 1. No mutant al-
leles were found in 35 Japanese (70 alleles) or 20 African-
American (40 alleles) subjects. All heterozygous subjects
found by PCR-restriction enzyme analysis were also con-
firmed by direct DNA sequencing of the PCR product.

Discussion

A GT to AT mutation in the 59-splicing consensus sequence in
the human DPYD gene was uncovered that leads to skipping
of the entire exon preceding the mutation. In the 59-splicing
consensus sequence, the dinucleotide GT is the best conserved
among mammals, and mutations affecting this sequence were
reported to cause the inactivation of several genes associated
with human diseases including phenylalanine hydroxylase (19),
procollagen COL3A1 (20), and hypoxanthine guanine phos-

phoribosil-transferase (21). In these genes, a G to A mutation
in the GT splicing recognition sequence consistently results in
skipping of the entire exon preceding the mutation, supporting
the current theory of exon definition for higher eukaryotes in
which the splicing sites are recognized as exonic pairs as op-

posed to the mechanism proposed for lower eukaryotes in
which the splicing sites are recognized as intronic pairs (22, 23).

The generation of a mutant allele by a splicing site muta-
tion was confirmed by analyzing the DNA of a Dutch pedigree
having a subject determined by RT-PCR of fibroblast RNA to
be homozygous for the same deletion. The skipped exon re-
sulted in a deletion of 55 amino acid residues in the primary se-
quence of the DPD protein (12, 15). As these data indicate, the
presence of the splicing mutation in both human alleles leads
to a complete deficiency in DPD protein expression and cata-
lytic activity. Additionally, a precise correlation between pres-
ence of the splicing mutation and deletion of the preceding
exon, as assessed by RT-PCR, was observed in all the subjects
of the Dutch and British pedigrees where the splicing mutation
was also found. Subjects identified as having two wild-type al-
leles, with respect to this mutation, had normal DPD mRNAs.
A pediatric patient of Pakistani origin exhibiting thymine-
uraciluria and having undetectable DPD activity was also ho-
mozygous for the 59-splicing mutation (our unpublished obser-
vations).

It was suggested that the level of DPD activity observed in
cancer patients having 5-FU toxicity is within the same range

Figure 4. PCR genotyping assay to de-

tect the GT to AT mutation causing al-

tered splicing in the DPYD gene. (A) 

Schematic representation of the strat-

egy developed to amplify by PCR the 

deleted exon and the corresponding 

splicing consensus sequences. The nu-

cleotide position of the exon in the 

cDNA is indicated. DelF1 and DelR1 

stand for the primers DPDdelF1 and 

DPDdelR1, respectively (see Methods). 

The restriction endonuclease Mae II 

produces fragments of 278 and 131 bp 

in the wild-type allele. A point muta-

tion at the donor splicing consensus sequence (GT to AT) destroys this restriction site and therefore the mutant allele remains undigested (409 

bp). Exons are indicated by dotted boxes, introns are represented by solid lines. (B) Agarose gel electrophoresis for the detection of mutant 

DPYD alleles. The wild-type DPYD allele gives after Mae II restriction fragments of 278 and 131 bp, whereas the mutant allele gives a unique 

409-bp band. The sizes of the fragments generated for the different genotypes are indicated. These results were confirmed by sequencing the 

409-bp PCR fragment (see Fig. 3). Lanes 1, 2, and 3 correspond to wild-type, heterozygote, and homozygote mutant subjects, respectively. Lane 

4 contains 1-kbp DNA ladder as size markers (GIBCO-BRL).

Figure 3. Direct sequencing of 

the 409-bp PCR product ampli-

fied from genomic DNA using 

the primers DPDdelF1 and 

DPDdelR1 (see Methods). The 

nucleotide where the mutation 

takes place and that causes 

faulty splicing is indicated in 

each panel by an arrow. The 

genotype of each subject is indi-

cated at the top. In the heterozy-

gous subject (1/2), the base N 

indicates the comigration of the 

wild-type and mutant alleles at 

that specific nucleotide posi-

tion. The homozygous mutant 

subject (2/2) corresponded to 

that previously reported (12).
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of that observed in heterozygous members from families hav-
ing DPD homozygous mutant subjects (1, 24). The results pre-
sented here also provide evidence that 50% of the normal
level of DPD activity in cancer patients is sufficient to trigger
development of severe degrees of toxicity with 5-FU. These
data clearly establish that inactivation of one DPYD allele re-
sults in a decrease in DPD expression large enough to cause
5-FU toxicity, thus providing a possible genetic basis for this
toxicity. These data indicate that the mutation we observed re-
sults in a functionally inactive enzyme and that we have not
amplified and analyzed a pseudogene. Additionally, we have
no evidence suggesting the existence of a pseudogene from our
genomic cloning studies.

In a limited screening study, the splicing mutation was
found in heterozygous state in z 4% of the Finnish and in
z 5% of the Taiwanese subjects analyzed. No homozygote
mutants were detected in any other ethnic group analyzed in
this study and no mutant alleles were found in random British,
Japanese, or African-American populations. However, due to
the small number of samples available from these latter popu-
lations, it remains a possibility that the mutant allele will be
detected at some frequency after a larger population is stud-
ied. From population analysis of DPD catalytic activity (16, 25,
26), it was estimated that z 3% of the normal population
could be heterozygotes for mutant DPYD alleles, and using
the Hardy-Weinberg equilibrium, up to 1 in every 1,000 births
in the general population could be homozygous for DPYD

mutations. Thus, the allele having the splicing mutation could
be present in Taiwanese and Finnish populations at the same
or even higher frequency than that estimated from catalytic ac-
tivity–based populations studies. A genotyping method based
on the G to A splicing site mutation could be useful for the
screening of cancer patients who are to undergo 5-FU chemo-
therapy due to the apparent wide-spread occurrence of this
mutant allele in Caucasians and Asians.

A significant level of variability of DPD activity within the
normal population has been reported (16, 25, 27). We have
amplified by PCR and directly sequenced 17 out of the 22 ex-
ons present in the DPYD gene (results not shown) from all the
subjects of the pedigree analyzed here. Three different point
mutations that produce nonconservative amino acid changes
were identified in subjects that are wild-type for the splicing
mutation reported in this study (unpublished experiments). It
is a possibility that these amino acid changes affect their level
of catalytic activity. The effect of these mutations on the cata-
lytic activity of the British pedigree analyzed here and their
frequency in the normal population are currently under study.
The identification of different mutations in the normal popula-
tion implies not only the existence of different DPYD alleles
but also that different combinations of them could account for
the wide variability of DPD activity observed with respect to
the mean in the population. Alternatively, the influence of
such factors as diet, pyrimidine homeostasis, and/or other reg-
ulatory processes is also considered to contribute to the large
degree of variability of DPD activity in the normal population.

Since 5-FU is one of the most commonly prescribed che-
motherapeutic drugs in cancer treatment, and the mutant
DPYD allele reported here appears to be homogenized among
different ethnic groups, the screening of cancer patients a pri-
ori could be a feasible approach for avoiding 5-FU toxic ef-
fects. It can also be used for the determination of mutation car-
riers and for prenatal diagnosis of DPD deficiency.

Acknowledgments

The authors are grateful to the proband and his family for their par-

ticipation in this study.

Dr. Howard McLeod was supported in part by a grant from the

Wellcome Trust and by a University of Aberdeen Faculty of Medi-

cine Award.

References

1. Gonzalez, F.J., and P. Fernandez-Salguero. 1995. Diagnostic analysis,
clinical importance and molecular basis of dihydropyrimidine dehydrogenase
deficiency. Trends. Pharmacol. Sci. 16:325–327.

2. Chabner, B.A., and C.E. Myers. 1985. Clinical pharmacology of cancer
chemotherapy. In Cancer, Principles and Practice of Oncology. V.T. DeVita, S.
Hellman, and S.A. Rosenberg, editors. J.B. Lippincott Co., Philadelphia. 287–328.

3. Woodcock, T.M., D.S. Martin, L.E.M. Damin, N.E. Kemeny, and C.W.
Young. 1980. Combination clinical trials with thymine and fluorouracil: a phase
I and clinical pharmacologic evaluation. Cancer. (Philadelphia). 45:1135–1143.

4. Berger, R., S.A. Stoker-de Vries, S.K. Wadman, M. Duran, R.A.
Beemer, P.K. deBree, J.J. Weits-Binnerts, T.J. Penders, and J.K. van der
Woude. 1984. Dihydropyrimidine dehydrogenase deficiency leading to thy-
mine-uraciluria. An inborn error of pyrimidine metabolism. Clin. Chim. Acta.

141:227–234.
5. Bakkeren, J.A.J.M., R.A. De Abeu, R.C.A. Sengers, F.J.M. Gabreels,

J.M. Maas, and W.O. Renier. 1984. Elevated urine, blood and cerebrospinal
fluid levels of uracil and thymine in a child with dihydropyrimidine dehydroge-
nase deficiency. Clin. Chim. Acta. 140:247–256.

6. Wadman, S.K., R. Berger, M. Duran, P.K. deBree, S.A. Stoker-de Vries,
F.A. Beemer, J.J. Weits-Binnerts, T.J. Penders, and J.K. van der Woude. 1985.
Dihydropyrimidine dehydrogenase deficiency leading to thymine-uraciluria.
An inborn error of pyrimidine metabolism. J. Inherit. Metab. Dis. 8:113–114.

7. Brocksted, M., C. Jakobs, L.M.E. Smit, A.H. vanGennip, and R. Berger.
1990. A new case of dihydropyrimidine dehydrogenase deficiency. J. Inherit.

Metab. Dis. 8:115–116.
8. Tuchman, M., J.S. Stoeckeler, D.T. Kiang, R.F. O’Dea, and M.L. Ramna-

raine. 1985. Familial pyrimidine and pyrimidinemia associated with severe fluo-
rouracil toxicity. N. Engl. J. Med. 313:245–249.

9. Diasio, R.B., T.L. Beavers, and J.T. Carpenter. 1988. Familial deficiency
of dihydropyrimidine dehydrogenase. Biochemical basis for familial pyrim-
idinemia and severe 5-fluorouracil–induced toxicity. J. Clin. Invest. 81:47–51.

10. Harris, B.E., J.T. Carpenter, and R.B. Diasio. 1991. Severe 5-fluorou-
racil toxicity secondary to dihydropyrimidine dehydrogenase deficiency: a po-
tentially more common pharmacogenetic syndrome. Cancer (Philadelphia). 68:
499–501.

11. Houyau, P., C. Gay, E. Chatelut, P. Canal, H. Roche, and G. Milano.
1993. Severe fluorouracil toxicity in a patient with dihydropyrimidine dehydro-
genase deficiency [letter]. J. Natl. Cancer Inst. 85:1602–1603.

12. Meinsma, R., P. Fernandez-Salguero, A.B. van Kuilenburg, A.H. Van
Gennip, and F.J. Gonzalez. 1995. Human polymorphism in drug metabolism:
mutation in the dihydropyrimidine dehydrogenase gene results in exon skip-
ping and thymine uraciluria. DNA Cell. Biol. 14:1–6.

13. Milano, G., and M.-Ch. Etienne. 1994. Potential importance of dihydro-
pyrimidine dehydrogenase (DPD) in cancer chemotherapy. Pharmacogenetics.

4:301–306.
14. Milano, G., and M.-Ch. Etienne. 1994. Dihydropyrimidine dehydroge-

nase (DPD) and clinical pharmacology of 5-fluorouracil (review). Anticancer

Res. 14:2295–2297.
15. Yokota, H., P. Fernandez-Salguero, H. Furuya, K. Lin, O.W. McBride,

B. Podschun, K.D. Schnackerz, and F.J. Gonzalez. 1994. cDNA cloning and
chromosome mapping of human dihydropyrimidine dehydrogenase, an enzyme
associated with 5-fluorouracil toxicity and congenital thymine uraciluria. J.

Biol. Chem. 269:23192–23196.
16. McMurrough, J., and H.L. McLeod. 1996. Analysis of the dihydropyrim-

idine dehydrogenase polymorphism in a British population. Br. J. Clin. Phar-

macol. 41:425–427.
17. Chomczynski, P., and N. Sacchi. 1987. Single step method of RNA isola-

tion by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-

chem. 162:156–159.
18. Fernandez-Salguero, P., S.M.G. Hoffman, S. Cholerton, H. Mohren-

weiser, H. Raunio, A. Rautio, O. Pelkonen, J.-d. Huang, W.E. Evans, J.R. Idle,
and F.J. Gonzalez. 1995. A genetic polymorphism in coumarin 7-hydroxylation:
sequence of the human CYP2A genes and identification of variant CYP2A6 al-
leles. Am. J. Hum. Genet. 57:651–660.

19. Marvit, J., A.G. DiLella, K. Brayton, K.J.H. Robson, and S.L.C. Woo.
1987. GT to AT transition at a splice donor site causes skipping of the preced-
ing exon in phenylketonuria. Nucleic Acids Res. 15:5613–5628.

20. Cole, W.G., A.A. Chiodo, S.R. Lamande, R. Janeczko, F. Ramirez,
H.H.M. Dahl, D. Chan, and J.F. Bateman. 1990. A base substitution at a splice



59-Splicing Mutation in the Dihydropyrimidine Dehydrogenase Gene 615

site in the COL3A1 gene causes exon skipping and generates abnormal type III
procollagen in a patient with Ehlers-Danlos syndrome type IV. J. Biol. Chem.

265:17070–17077.
21. Steingrimsdottir, H., G. Rowley, G. Dorado, J. Cole, and A.R. Leh-

mann. 1992. Mutations which alter splicing in the human hypoxanthine-guanine
phosphoribosyltransferase gene. Nucleic Acids Res. 6:1201–1208.

22. Robberson, B.L., G.J. Cote, and S.M. Berget. 1990. Exon definition may
facilitate splice site selection in RNAs with multiple exons. Mol. Cell. Biol. 10:
84–94.

23. Berget, S.M. 1996. Exon recognition in vertebrate splicing. J. Biol.

Chem. 270:2411–2414.
24. Fernandez-Salguero, P., F.J. Gonzalez, M.-Ch. Etienne, G. Milano, and

S. Kimura. 1995. Correlation between catalytic activity and protein content for

the polymorphically expressed dihydropyrimidine dehydrogenase in human
lymphocytes. Biochem. Pharmacol. 50:1015–1020.

25. Lu, Z., R. Zhang, and R.B. Diasio. 1993. Dihydropyrimidine dehydroge-
nase activity in human peripheral blood mononuclear cells and liver: popula-
tion characteristics, newly identified deficient patients, and clinical implication
in 5-fluorouracil chemotherapy. Cancer Res. 53:5433–5438.

26. Lu, Z., R. Zhang, and R.B. Diasio. 1995. Population characteristics of
hepatic dihydropyrimidine dehydrogenase activity, a key metabolic enzyme in
5-fluorouracil chemotherapy. Clin. Pharmacol. Ther. 58:512–522.

27. Fleming, R.A., G. Milano, A. Thyss, M.-Ch. Etienne, N. Renee, M.
Schneider, and F. Demard. 1992. Correlation between dihydropyrimidine dehy-
drogenase activity in peripheral mononuclear cells and systemic clearance of
fluorouracil in cancer patients. Cancer Res. 52:2899–2902.


