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(5FU) is inactivated via this pathway (2). 5FU is com-
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Dihydropyrimidine dehydrogenase (DPD) is the rate-
imiting enzyme in the degradation of pyrimidine bases
nd pyrimidine-based antimetabolites. Reduced DPD
ctivity is associated with toxicity to 5-fluorouracil
5FU) therapy in cancer patients and with neurological
bnormalities in paediatric patients. Although variant
PYD alleles have been identified in DPD-deficient pa-

ients, they do not adequately explain polymorphic DPD
ctivity or associated clinical phenotypes in vivo. DPD
ay be transcriptionally regulated as mRNA levels cor-

elate with activity and are differentially regulated in
uman tissues. A 1.85 kb 5* flanking region of the human
PYD gene was cloned and has transcriptional activity

n cultured cells. Analysis of this 5* flanking region in
hesus and cynomolgus monkeys demonstrated conser-
ation (>96%) between humans and primates. Putative
inding sites for ubiquitous and cell-specific factors
ere identified. A polymorphism that disrupts a puta-

ive g-interferon response element was identified in a
ancer patient with reduced DPD activity and severe
FU toxicity. Further insight into regulation of DPD ex-
ression may identify new avenues for the treatment of
linical problems associated with DPD deficiency. © 2000

cademic Press

Key Words: dihydropyrimidine dehydrogenase; pro-
oter; 5-fluorouracil; toxicity; transcription; human;

hesus; cynomolgus; polymorphism.

Dihydropyrimidine dehydrogenase (DPD) is the first
nd rate limiting enzyme in the degradation of the
yrimidine bases, uracil and thymine (1). This cata-
olic pathway is the sole endogenous source of
-alanine in mammals. In addition, over 80% of an
dministered dose of the antimetabolite 5-fluorouracil
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only used in the treatment of colorectal, breast and
ead/neck cancers (3). However, response rates to 5FU
emain relatively low, probably reflecting the variable
etabolism of the drug.
DPD demonstrates considerable variation (8- to 21-

old) in healthy and cancer populations and 3–5% of
ndividuals have reduced DPD activity, associated with
evere, sometimes life-threatening 5FU toxicity in can-
er patients (4–6). Complete DPD deficiency is also
ssociated with the inherited metabolic disorder
hymine-uraciluria which is characterised by neurolog-
cal problems in paediatric patients (7).

DPD is encoded by the DPYD gene on chromosome
p22 and 17 DPYD mutations have been reported to
ate (8, 9). These variant alleles were identified in
PD-deficient paediatric patients with neurological
bnormalities or in cancer patients with reduced DPD
ctivity and 5FU intolerance (10–12). However, these
lleles do not adequately explain either polymorphic
PD activity in vivo or the majority (.85%) of cases of

educed DPD activity in cancer patients with 5FU tox-
city (9).

There is limited information on the factors that reg-
late DPD activity. Regulation of DPD activity by nu-
ritional factors or enzyme substrate (5FU) has been
reviously described in vivo (13, 14). Tissue-specific
PD expression is apparent with highest activity in

iver and peripheral blood mononuclear cells (PBMC)
nd reduced activity in other major organs (15). DPD
RNA levels are reduced in colon compared to liver

onsistent with pre-translational control of DPD ex-
ression (16). In addition, a direct relationship be-
ween mRNA levels and DPD activity was observed in
ormal and tumour tissues (16, 17). These data indi-
ate that DPD phenotype is controlled, at least in part,
y a transcriptional or post-transcriptional mechanism
n normal and neoplastic human tissues. In this study
e report the cloning and initial functional characteri-

ation of the 59 flanking region of the human DPYD
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ene. This region was also analysed in cynomolgus and
hesus monkeys to provide insight into conserved re-
ions of putative functional importance.

ATERIALS AND METHODS

Samples. Following informed consent, whole blood was collected
rom 37 cancer patients (18 men, 19 women) with reduced (20–146
mol/min/mg protein; mean 95 pmol/min/mg protein; n 5 23) or
ormal (173–482 pmol/min/mg protein; mean 250 pmol/min/mg pro-
ein; n 5 14) PBMC DPD activity (18, 19). Whole blood was also
ollected from unrelated blood donors from Aberdeen, UK. Genomic
NA was extracted from human whole blood and from the livers of

wo rhesus and two cynomolgus monkeys using the Nucleon II ex-
raction method (Scotlab, Coatbridge, UK).

Primers Used for RAGE, PCR and Sequencing Analysis
of the Human and Monkey DPYD Genes

T7 59 TAATACGACTCACTATAGGG 39
T7nest 59 CTCGAGGTCGACGGTATC 39
E1F 59 GCTGTCACTTGGCTCTCT 39
111X 59 CTCGATGTCCGCCGAGTCCTTGCT 39
DPYD1 59 TGTCCGCCGAGTCCTTAC 39
DPYD2 59 GCCATGGCAGTGCCTACA 39
DPYD2B 59 CCACCTCGCTGGGACCTACTG 39
DPYD3 59 AGTCTCCTTCAACAATATGAGGCTT 39
DPYD4 59 TTCATCCCTCTTGTTTCCCAGGT 39
DPYD4B 59 ACCTGGGAAACAAGAGGGATGAA 39
DPYD5 59 CTGTGTGATCTTGGGGAAGTCAC 39
DPYD6 59 GCTGTATCTATAATTCCAGAC 39
DPYD7 59 TGAGTGTCTTCGTCTACTAATGGTTTC 39
DPYD8 59 TGATTTCTTTTCTCATTATAGGTAAAT 39
DPYD9 59 ATTTACCTATAATGAGAAAAGAAATCA 39
DPYD10 59 ATGGGCACTTCTGGGATCTGACCAA 39
DPYD11 59 AAACATATCCCAGTGAACCCAACTC 39
DPYD12 59 CCCTGACTTGCTCCACCCCCTTGGC 39
DPYD13 59 AGAAGAGGAAACTGGCTCAGAAA 39
DPYD14 59 AAATCATTGCTAGTAATCTCTGT 39

FIG. 1. Schematic diagram of RAGE and PCR analysis used to ob
illustrated above the gene) provided 1767 bp of novel sequence (Gen

DPYD sequence (Accession No. HSO9178). This sequence was
E1F/111X, pDPYD1/6, pDPYD2/4B, pDPYD3/5, pDPYD7/8, pDPYD
29
uence of the human DPYD gene was determined using rapid am-
lification of genomic DNA ends (RAGE), essentially as previously
escribed (20). Human genomic DNA (5 mg) and SK1-bluescript
lasmid DNA (5 mg) were each digested separately with EcoRI,
amHI, HindIII, XhoI, XbaI or PstI and purified as described previ-
usly (20). Ligation of the human DNA to dephosphorylated SK1-
luescript, created six libraries of EcoRI, BamHI, HindIII, XhoI,
baI or PstI digested human genomic DNA ligated to the multiple
loning site of SK1-bluescript.

Six 50 ml PCR reactions each containing 2 ml of a human/SK1-
luescript library in 13 buffer (Promega, WI) with 2 mM MgCl2, 1
M dNTPs, 25 pmol of pT7, a plasmid-specific primer (Table 1) and

5 pmol of pDPYD1, a DPYD-specific primer (Table 1) were dena-
ured at 94°C for 3 min before the addition of 2.5 U Taq polymerase.
he DNA was amplified using 31 cycles of 94°C 40 s, 52°C 1 min and
2°C 3 min, followed by a 15 min final extension step at 72°C. A
econd round of PCR was performed using 0.1% of the first PCR
eaction as template. The same conditions were used except 1 mM
gCl2, 1.25 U Taq polymerase and an annealing temperature of

5°C were used in the PCR with two nested primers, pT7nest and
DPYD2 (Table 1).
A 0.6 kb fragment was successfully amplified from the EcoRI

ibrary (Fig. 1). This fragment was purified using Centricon mi-
roconcentrators (Amicon, Stonehouse, UK) and both strands were
equenced on an automated ABI377 DNA sequencer using either
T7nest or pDPYD2 and a rhodamine-based dideoxy-terminator mix
Applied Biosystems, CA).

A second round of RAGE used primers pDPYD3 and pDPYD4
Table 1), which were designed at the 59 end of the novel DPYD 59
anking sequence obtained using pDPYD1 and pDPYD2. Amplifica-
ion with pDPYD3 and pT7 was followed by nested PCR with
T7nest and pDPYD4 as described above. A 1.4 kb fragment was
enerated from the HindIII library (Fig. 1) and both strands of this
ragment were sequenced as described above. Smaller fragments
mplified from the other libraries confirmed the sequence obtained
rom the EcoRI and HindIII libraries in the two rounds of RAGE
nalysis.

Analysis in humans and monkeys. The 1.85 kb human DPYD 59
anking sequence was confirmed using DPYD-specific primers to
mplify 7 overlapping fragments by PCR in genomic DNA from 3
nrelated blood donors (Table 1 and Fig. 1). This PCR analysis was
lso used to screen 37 cancer patients for DPYD polymorphisms and

the 59 flanking sequence of the human DPYD gene. RAGE analysis
k Accession No. AF214571) and 86 bp of previously published exon

firmed in genomic DNA from 3 individuals using 8 primer sets,
0, pDPYD11/12 and pDPYD13/14 (illustrated below the gene).
tain
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onkey DPYD genes.
For primer sets pE1F/p111X, pDPYD3/5, pDPYD7/8, pDPYD9/10

nd pDPYD11/12 and pDPYD13/14 (Table 1), 1 ml genomic DNA was
mplified in 13 buffer (Promega, WI) in the presence of 1–2.5 mM
gCl2, 1 mM dNTPs, 1 U Taq polymerase and 100 ng of each primer

n a total volume of 50 ml. For primers pDPYD13/14, 10% DMSO was
ncluded. DNA was denatured for 3 min at 94°C before amplification
nd a final 5–10 min extension step at 72°C was included. DNA was
mplified using 31–35 cycles of 94°C for 40 s, 50–60°C for 30–60 s
nd 72°C for 30–90 s.
The region immediately upstream of the translation start site was

mplified using nested PCR. A 50 ml PCR reaction containing, 2 ml of
enomic DNA in 13 buffer (Promega, WI), 2.5 mM MgCl2, 1 mM
NTPs, 1 M betaine and 25 pmol each of pDPYD1 and pDPYD6
Table 1), was denatured at 94°C for 3 min, before the addition of 2.5

Taq polymerase. The DNA was amplified using 35 cycles of 94°C
or 40 s, 52°C for 60 s and 72°C for 90 s, followed by a 15 min final
xtension step at 72°C. Nested PCR was performed using 0.1% of the
rst PCR reaction as template. The same conditions were used
xcept 1.25 U Taq polymerase and an annealing temperature of 54°C
ere used in the PCR with two nested primers, pDPYD2 and
DPYD4B (Table 1). Both strands of each PCR product were se-
uenced as described above.

Cloning. 59 flanking regions of the DPYD gene were cloned into
CR2.1 vector (Invitrogen, Groningen, The Netherlands) following
mplification by PCR. A region from 21848 to 2183 (numbered from
he translation start site at 11) was amplified from human genomic
NA in 13 buffer (Promega, WI) in the presence of 1.5 mM MgCl2,
mM dNTPs, 1 M betaine, and 100 ng each of pDPYD12 and

DPYD2B (Table 1). DNA was amplified for 31 cycles of 94°C for 40 s,
5°C for 1 min and 72°C for 3 min, following denaturation at 94°C for
min and addition of 1.25 U Taq polymerase. A final extension step

t 72°C for 10 min was included. A fragment from 2519 to 15 was
mplified by nested PCR using pDPYD1/6 and pDPYD2/4B as de-
cribed above.
The PCR fragments were cloned into pCR2.1 vector using T4 DNA

igase at 16°C overnight. The orientation of the inserts was deter-
ined by restriction enzyme mapping. A 2 kb BspLU11I fragment
as isolated from pCRDPYD 21848/2183 and was ligated to a 3.8 kb
spLU11I fragment isolated from pCRDPYD 2519/15, to create a
onstruct containing a 1.85 kb DPYD 59 flanking fragment (21848 to
5). A SacI/XhoI DPYD fragment (21848 to 221) was subcloned into

he pGL3-Basic luciferase reporter vector (Promega, WI)
pGLB1848].

Cell culture. Hs766T cells (ATCC HTB-134; human pancreatic
arcinoma metastatic to lymph node) and HepG2 cells (ECACC
5011430, human hepatocyte carcinoma) were cultured at 37°C and
% CO2 in Dulbecco’s modified Eagle’s medium with 4.5 g/L glucose
DMEM) containing 10% fetal bovine serum and 2 mM glutamine.

edium was renewed twice weekly and cells were subcultured at
ubconfluence. Endogenous DPD activity was measured in Hs766T
nd HepG2 cells using a 14C-5FU HPLC method as previously de-
cribed (18).

Transfections. Plasmid DNA (2 mg) was incubated with 24 nmol
iposomes (1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine (Fluka,
uckinghamshire, UK): dimethyldioctadecyl ammonium bromide

Sigma, Poole, UK); 1:0.5) in DMEM for 30 min at room temperature.
ells, subcultured into 6-well plates 24 h prior to transfection, were

FIG. 2. 59 Flanking sequence of the human (AF214571), rhesus
o 11, numbered from the translation start site at 11). Nucleotides
, conserved between human and monkey; F, absence of nucleotide
ammalian genes are underlined. An AP-3 site, unique to the hum

ndicated with dotted lines. The previously published 59UTR (HSO9
30
7°C. Fetal calf serum was added to the cells at a final concentration
f 10% and the cells were cultured for a further 48 h. The cells were
ashed and harvested by scraping in 1 ml cold phosphate buffered

aline, pH 7.4. Following centrifugation at 6000 rpm for 1 min, cells
ere resuspended in 50 ml 100 mM KH2PO4, pH 7.8. The cells were

ysed by freeze-thawing and the cell debris was removed by centrif-
gation at 14000 rpm for 30 s. Luciferase activity (relative light
nits; RLU) in cell cytosols was measured in buffer A (30 mM
lycylglycine, 15 mM MgSO4, 2 mM ATP, 450 mM coenzyme A, 2.6
M Triton X-100) in the presence of D-luciferin (40 mM) on a
erthold Luma LB9501 luminometer. The amount of protein in each
ytosol was measured using the Bradford assay (21) and luciferase
ctivity was corrected for protein.

Restriction fragment length polymorphism. PCR-RFLP was used
o analyse a mutation at 21590 in the DPYD gene. A 429 bp frag-
ent, amplified by PCR using primers pDPYD11 and pDPYD12 as

utlined above, was digested with MseI and separated on a 2%
garose gel to yield fragments of 259 and 170 bp. The T-1590C
utation destroys a MseI site within this fragment, allowing RFLP

nalysis of the digested products.

Computer analysis. The 1.85 kb 59 flanking region of the DPYD
ene was compared to sequences in the GenBank/EMBL and EST
atabases using GCG at www.hgmp.mrc.ac.uk. Putative TATA
oxes, CCAAT boxes and transcription factor binding sites were
dentified using FINDPATTERNS in GCG to search the transcrip-
ion factor database. The human DPYD sequence was aligned with
he monkey sequences using ALIEN (http://www.hgmp.mrc.ac.uk).

ESULTS

Rapid amplification of genomic DNA ends (RAGE)
as used to obtain 1.85 kb of sequence upstream of the

ranslation start site in the human DPYD gene (Gen-
ank Accession No. AF214571; Figs. 1 and 2). This
egion contained 1767 bp of novel sequence upstream
f the previously published 59 terminal base of the
uman DPYD cDNA and 86 bp of previously published
xon 1 sequence. The wild type sequence was con-
rmed in 3 unrelated individuals by sequencing 7 over-

apping PCR fragments amplified from genomic DNA
Fig. 1).

Luciferase reporter assays demonstrated that a 59
anking region of the human DPYD gene (21848 to
21) was able to initiate and up-regulate transcription
y 4-fold in cultured Hs766T cells (P 5 0.038; Fig. 3).
n contrast, this 59 flanking region of the DPYD gene
id not induce transcription in HepG2 cells (Fig. 3).
ndogenous DPD activity is 10-fold higher in Hs766T
ells (90 pmol/min/mg protein) than HepG2 cells (9
mol/min/mg protein). The 59 flanking region of the
PYD gene is not GC-rich and has a low content of
pG dinucleotides, suggesting that DNA methylation

216267) and cynomolgus (AF216268) monkey DPYD genes (21848
the monkey DPYD genes are indicated below the human sequence:
species indicated. Putative transcription factor binding sites in the
gene is in bold. ICS (interferon consensus sequence) and g-IRE are
) is in bold.
(AF
in
in
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s unlikely to play a key role in regulating DPYD tran-
cription (25).
The 59 flanking regions (21824 to 11) of the rhesus

GenBank Accession No. AF216267) and cynomolgus
GenBank Accession No. AF216268) monkey DPYD
enes had a high degree of homology with the human
PYD gene (.96%; Fig. 4). The 487 bp region between
525 and 239 had 100% identity in all three species.
omputer analysis identified a TATA motif (2492) and
n inverted CCAAT motif (2372) within this region
Fig. 2). Two other putative TATA boxes (2954 and
730) and an inverted CCAAT motif (21516) were

dentified in the human and monkey DPYD genes.
ultiple TFIID consensus sites were identified in the

9 flanking region of the DPYD gene, including one
2100 to 296) at the major transcription start site
reviously identified in human liver at 298 (22). No
ATA or CCAAT boxes were identified proximal to this
ranscription start site.

Consensus binding sites for liver-enriched transcrip-
ion factors involved in regulating hepatic-specific gene
xpression, were identified in the 59 flanking region of
he DPYD gene. These included putative HNF-4,
/EBP and H-APF-1 binding sites which were identi-
ed in the human and monkey genes (Fig. 2). An AABS
otif, which binds C/EBP and HNF-1 in other hepati-

ally expressed genes (23), was identified at 21841 in
he human DPYD gene, a region not evaluable in the
onkey genes. Eight elements that commonly act as

nhancers and bind the hormone-responsive PEA3/
ts-1 family of transcription factors (24) were identi-
ed in the human and monkey DPYD genes. Consen-
us binding sites for ubiquitously expressed factors
Sp-1, E2A and NFI) as well as cell-type specific factors
AP-2 and AP-3) were also identified and these may
lay a role in regulation of DPYD transcription in

FIG. 3. Transcriptional activity of a 59 flanking region of the
uman DPYD gene. pGL3-basic luciferase reporter vector and a
lone containing a 59 flanking region (21848 to 221) of the DPYD
ene inserted in to the MCS of the pGL3-basic vector [pGLB1848]
ere transiently transfected into Hs766T or HepG2 cells. Results are
xpressed relative to the mean RLU/mg for the pGL3-basic vector
lone in each experiment and represent the mean 6 SEM of 9
eplicates from three separate transfections. * P 5 0.038; ** P 5
.007.
32
IFN) cis-acting sites, including g-IFN response ele-
ents (g-IRE) and an IFN binding factor consensus

equence (ICSbf) were identified in the mammalian
PYD genes (Fig. 2).
The 1.85 kb 59 flanking region of the DPYD gene was

equenced in cancer patients with reduced (n 5 23) or
ormal (n 5 14) PBMC DPD activity. A total variant
llele frequency of 4.1% (3/37) was found in this cancer
opulation. Two heterozygous polymorphisms were
dentified (T-1590C and A-1378G, numbered from the
ranslation start site at 11) in a patient with reduced
PD activity (137 pmol/min/mg protein) who experi-
nced severe haematopoietic toxicity in response to
FU therapy. The mutation at 21590 disrupts a puta-
ive g-IRE that is conserved in mammals, as well as an
P-3 consensus sequence unique to the human DPYD
ene (Fig. 2). This mutation (T-1590C) created an
FLP and was further analysed in 100 blood donors

Fig. 5). The T-1590C mutation was not detected in this
ample, indicating that it is a rare variant with a
requency of ,0.5% in healthy populations. The mu-
ation at 21378 and a third heterozygous mutation
G-1345A), detected in a cancer patient with normal
PD activity (276 pmol/min/mg protein), did not dis-

upt any putative trans-acting sites.
The 59 flanking sequence of the human DPYD gene

id not have significant homology with any sequences
n the EMBL/GenBank databases. However, compari-
on of the human DPYD sequence with EST databases
dentified three human mRNAs with homology to the
9 flanking region of the DPYD gene. These transcripts
ncluded a full length human brain mRNA (4068 bp;
ccession No. AB020687) that included a 489 bp region

FIG. 4. Comparison of species differences in a 59 flanking region
21824 to 11) of the DPYD gene in human (AF214571), rhesus
onkey (AF216267) and cynomolgus monkey (AF216268). GenBank

ccession numbers are shown in parentheses. (A) Degree of homology
etween the three species, (B) Phylogenetic tree demonstrating the
ivergence of the human and monkey DPYD genes (21824 to 11),
alculated using DNA parsimony algorithm, v3.57c in PIE at
ww.hgmp.mrc.ac.uk. The distance between the branches, calcu-

ated using Neighbor-Joining/UPGMA method v3.57c, was rhesus
.00165; cynomolgus 0.00165; human 6.05835.
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3569 to 4068) with 100% homology to a DPYD 59
egion (2580 to 292). This mRNA is expressed on the
pposite strand to that encoding DPD. Two human
MAGE clones from glioblastoma (437 bp, accession
umber AI419433) and uterus carcinoma (510 bp, Ac-
ession No. AI887596) had 100% homology with 59
anking regions of the DPYD gene (2728 to 2303 and
877 to 2368, respectively) and were transcribed from

pposing strands.

ISCUSSION

This study describes the first investigation of tran-
criptional control of the pyrimidine catabolic path-
ay, through the cloning and functional characterisa-

ion of the DPYD gene promoter. DPD plays a key role
n the metabolism of pyrimidines and pyrimidine-
ased antimetabolites in both normal and neoplastic
issues. Further insight into the mechanisms control-
ing DPD expression in vivo may identify novel molec-
lar targets either to modulate existing pyrimidine
ased therapies, such as 5FU, or to develop more ef-
ective anti-proliferative agents.

A 1.83 kb 59 flanking region upstream of the trans-
ation start site in exon 1 of the DPYD gene was suffi-
ient to initiate and up-regulate transcription of a re-
orter gene in cultured pancreatic carcinoma cells. The
elatively weak promoter activity (4-fold) is consistent
ith in vivo and in vitro transcription data for this low
bundance transcript (16, 18). DPYD promoter activity
as not evident in cultured HepG2 cells, which have
lmost undetectable endogenous DPD activity. These
ata indicate that down-regulation of DPD catalytic
ctivity in cell culture (18) may be mediated at a tran-
criptional level.

FIG. 5. PCR-RFLP analysis of a mutation detected at 21590 in
he human DPYD gene. L, 100 bp DNA ladder; U, uncut; WT, T/T
omozygous wild type, HET; T/C heterozygous mutant.
33
ene in three mammalian species revealed that the
ntire 1.85 kb region upstream of the translation start
ite has been highly phylogenetically conserved. A re-
ion immediately upstream of the translation start site
2525 to 239) has complete identity in all 3 species,
uggesting that this region is functionally important.
lthough a number of TATA and inverted CCAAT mo-

ifs were identified, none were found proximal to the
ajor transcription start site previously identified in

uman liver at 298 (22), suggesting these TATA motifs
ay not be functional elements in the DPYD gene.
owever, multiple TFIID consensus sequences were

dentified, including one at the previously identified
ajor transcription start site. TATA-less promoters

an recruit TFIID for transcription initiation via an
nitiator element or to multiple transcription start
ites in initiatorless promoters via an undefined mech-
nism (26, 27). The human DPYD gene may have one
f these classes of promoters.
Partial mRNAs with 100% homology to 59 flanking

egions of the human DPYD gene were identified in the
ST databases. This suggests that the DPYD gene,
hich has large unanalysed intronic regions and en-

ompasses at least 950 kb (22), may be part of a highly
omplex bidirectional locus encoding multiple genes.
his type of loci has been previously described for the
0 kb HLA locus which contains 13 overlapping tran-
cription units (28). The apparently highly complex
ature of the DPYD locus may provide further insight

nto the molecular mechanisms associated with neuro-
ogical abnormalities in DPD-deficient paediatric pa-
ients. Many studies have described clinically normal,
ut DPD-deficient family members of neurologically
ffected paediatric patients (29, 30). The paediatric
atients themselves also display highly variable clini-
al phenotypes (12). Identification of other transcrip-
ion units within the DPYD locus, at least one of which
s expressed in human brain, suggests that other
ene/s may either mediate or contribute to the clinical
henotype of this inherited metabolic disorder.
Tissue-specific DPD expression may be mediated at a

ranscriptional level. DPD protein and catalytic activ-
ty are high in human liver and PBMC compared to
ther tissues (15). DPD mRNA levels are also much
igher in liver than colon (16). Putative binding sites
or liver-enriched transcription factors that have been
hown to regulate the expression of other hepatically
xpressed genes (31) were identified in the DPYD gene.
onservation of these sites in human and monkey in-
icates that tissue-specific expression of DPD protein
ay be controlled, at least in part, by a transcriptional
echanism involving factors such as HNF-4, HNF-1,
/EBP and/or H-APF-1 in mammals. C/EBP transcrip-

ion factors are enriched in monocytes as well as hepa-
ocytes, the cells with the highest DPD activity in vivo
15, 32).
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uch as IFN, as a number of putative g-IRE were
dentified in the DPYD gene. Although there are no
eports on the actions of g-IFN on DPD expression,
-IFN and g-IFN both increase 5FU cytotoxicity in
itro (33). In addition, a-IFN has been shown to
own-regulate DPD catalytic activity in cell lines
34). Therapy with a-IFN in combination with 5FU is
ssociated with reduced DPD activity and 5FU clear-
nce in cancer patients (35). The presence of multiple
FN responsive elements in the DPYD gene, suggests
FN-mediated regulation of DPD activity may be via

transcriptional mechanism. A polymorphism that
isrupts a putative AP-3 site and a putative g-IRE
as identified in our patient with reduced DPD ac-

ivity and 5FU intolerance, consistent with a clini-
ally relevant role for IFN in regulating DPYD tran-
cription.
Complete sequencing of the 59 flanking region of

he human DPYD gene in a cancer population that
ncluded reduced and normal DPD activity individ-
als determined a variant allele frequency of 4.1%.
his analysis demonstrated that in most cases (over
0%), reduced DPD activity is not explained by vari-
nt cis-acting elements in a 1.85 kb 59 flanking re-
ion of the DPYD gene. Other mechanisms, such as
ariant distal cis-elements or differential expression
f DPYD-associated binding proteins or other trans-
cting factors may play a role in regulating DPD
henotype in vivo. Further characterisation of the
is-elements and trans-acting factors regulating
PYD transcription will provide insight into regula-

ion of pyrimidine catabolism in normal and neoplas-
ic tissues and may provide novel avenues for the
evelopment of improved anti-proliferative thera-
ies.
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