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PEG-Poly (sodium-L-glutamate) block

. NC-6004

Figure 4. Preparation and characterization of cisplatin-incorporating polymeric micelles (NC;6004). Chemical structures of cisplatin
(CDDP) and polyethylene glycol poly(glutamic acid) block copolymers [PEG-P(Glu) block copolymers], and the micellar structures of

CDDP-incorporating polymeric micelles INC-6004).

CDDP, i.e. one-nineteenth and one-seventy fifth,
respectively, (P < 0.01 and 0.01, respectively).
Regarding the concentration-time profile of plati-
num in various tissues after i.v. injection of CDDP or
NC-6004, all organs measured exhibited the highest
concentrations of platinum within 1h after adminis-~
tration in all animals given CDDP. Furthermore,
animals ‘given NC-6004 exhibited the highest tissue
concentrations of platinum in the liver and spleen at
late time points (24 and 48h after administration,
respectively). However, the concentrations decreased
on day 7 after administration. In addition, and in a
similar manner to other drugs, which are incorporated
in polymeric carriers, NC-6004 demonstrated accumu-
lation in organs of the_reu'culoendothelial system, e.g.
liver and spleen. At 48h after administration, tissue
concentrations of platinum in the liver and spleen were
4.6- and 24.4-fold higher for NC-6004 than for CDDP.

On the other hand, a marked increase in tissue

platinum concentraton was observed immediately
after administration in the kidneys of animals given
CDDP. Renal platinum concentration at 10min and
1h after administration were 11.6- and 3.1-fold lower,
respectively, in animals given NC-6004 than in animals
given CDDP. Furthermore, the maximum concen-
tration (Cpgy) in the Kidney was 3.8-fold lower at the
time of NC-6004 administration than at the time of
CDDP administration. ’

Regarding the tumour accu_mﬁlation of platinum,
tumour concentrations of platinum peaked at 10 min
after administration of CDDP. On the other hand,
tumour concentrations of platinum peaked at 48h
after administration of NC-6004. The maximum
concentration (Cpay) in tumour was 2.5-fold higher
for NC-6004 than for CDDP (P < 0.001). Further-
more, the tumour AUC was 3.6-fold higher for NC-
6004 than for CDDP (81.2 and 22.6 pg/mlh in
animals given NC-6004 and CDDP, respectively). -

In vivo antitumour activity

BALB/c nude mice implanted with a human gastric
cancer cell line MKN-45 showed decreased tumour
growth rates after i.v. injection of CDDP and NC-6004.
In the administradon of CDDP, the CDDP 5mg/kg
administration group showed a significant decrease
(P < 0.01) in tumouir growth rate as compared with the
control group. However, the NC-6004 administration
groups at the same dose levels as CDDP showed no
significant difference in tumour growth rate. Regarding
time-course changes in body weight change rate, the
CDDP 5 mg/kg administration group showed a signifi-
cant decrease (P < 0.001) in body weight as compared
with the control group. On the other hand, NC-6004 -
administration group did not show a decrease in body
weight as compared with the control group.
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Nephrotoxicity of CDDP and NG-6004

In the CDDP 10 mg/kg administration group, 4 of 12
rats died from toxicity within 7 days after drug
administration. No deaths occurred in the NC-6004
10mg/kg administration group. Regarding renal
function, the BUN concentrations on day 7 after the
administraton of 5% glucose, CDDP 10 mg/kg, and
NC-6004 10 mg/kg were 20.8 * 3.0, 65.3 * 44.4 and
20 + 4.5mg/dl, respectively. The plasma concen-
trations of creatinine on day 7 after the administration

of 5% glucose, CDDP 10mg/kg, and NC-6004 .

10 mg/kg were 0.27 *0.03, 0.68 £ 0.23 and
0.28 + 0.04mg/dl, respectively. The CDDP
10 mg/kg administration group showed significantly
higher plasma concentrations of BUN and creatinine
as compared with the control group (P < 0.05 and
0.001, respectively), with the NC-6004 10mg/kg
administration group (P < 0.05 and 0.001, respect-
ively) (Figure 5). Light microscopy indicated tubular
dilation with flattening of the lining cells of the tubular

epithelium in the kidney from all animals in the:
CDDP 10 mg/kg administration group. On the other

hand, no histopathological change was observed in the

Control  , CDDP

'BUN

NC-6004

kidneys from all animals in the NC-6004 10mg/kg
administration group.

Neurotoxicity of CDDP and NC-6004

Neurophysiological examination revealed that motor
nerve conduction velocites (MNCVs) in animals
given 5% glucose, CDDP, and NC-6004 were
442 *+ 3.5, 40.94 = 5.08 and 40.62 * 0.63m/s,
respectively. No significant difference was found
among the groups with respect to MNCV. Further-
more, sensory nerve conduction velocities (SNCVs) in
animals given 5% glucose, CDDP, and NC-6004 were
42.86 + 8.07, 35.48 = 491 and 43.74 = 5.3m/s,
respectively. Animals given NC-6004 showed no
delay in SNCV as compared with animals given 5%
glucose. On the other hand, animals given CDDP
showed a significant delay (P < 0.05) in SNCV as
compared with animals given NC-6004 (Figure 6).
The analysis by ICP-MS on sciatic nerve concen-
trations of platinum could not detect platinum in
the sciatic nerve from animals given 5% glucose (data
not shown). Sciatic nerve concentrations of platinum .

00 Control  CDDP  NC-6004

Creatinin

Figufe 5. Nephrotoxicity of CDDP and NC-6004. Plasma concentrations of blood urea nitrogen (BUN) and creatinine were measured after
a single i.v. injection of 5% glucose (n = 8), CDDP ata dose of 10 mg/kg (n = 12), NC-6004 at a dose of 10 mg/kg (n = 13) on a CDDP basis.

Nurotoxicity of CDDP and NC-6004 in rats
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Figure 6. Neurotoxicity of CDDP and NC-6004 in rats. Rats (n = 5) were given CDDP (2 mg/kg), NC-6004 (an equivalent dose of 2 mg/kg
CDDP), or 5% glucose, all intravenously twice a week, 11 administrations in total. Sensory nerve conduction velocity (SNCV) and motor
nerve conduction velocity (MNCV) of the sciatic nerve at week 6 after the initial administration. The platinum concentration in the sciatic
nerve. Rats were given CDDP (5 mg/kg, n = 5), NC-6004 (an equivalent dose of 5mg/kg CDDP, n=5), or 5% glucose (n=2), all
intravenously twice a week, four administrations in total. On day 3 after the final administration, a segment of the sciatic nerve was removed
and the platinum concentration in the sciatic nerve was measured by ICP-MS. The data are expressed as the mean * SD *P < 0.05.



in animals given CDDP and NC-6004 were
827.2 + 291.3 and 395.5 * 73.1 ng/g tissue. There-
fore, the concentrations were significantly (P < 0.05)
lower in animals given NC-6004. This finding is
believed to be a factor which reduced neurotoxicity
following NC-6004 administration as compared w1th
the CDDP administration.

Present situation of a clinical study of NC-6004

A phase 1 clinical trial of NC-6004 is now under way
in United Kingdom. Starting dose of NC—6004 was

10 mg/m NC-6004 was administered once every 3

weeks with only 1000 ml water loading. In Japan, a
phase 1 trial will be stared soon in the National Cancer
Center Hospital.

NKO012, SN-38-incorporating micellar
nanoparticle

The antitumor plant alkaloid camptothecin (CPT) isa .

broad-spectrum anticancer agent which targets the

DNA topoisomerase I. Although CPT has showed’

promising antitumor activity in vitro and #n vivo (Gallo
et al.- 1971; Li et al. 1972), it has not been used
clinically because of its low therapeutic efficacy and
severe toxicity (Gottheb et al. 1970; Muggia et al.

1972). Among CPT analogs, irinotecan hydrochloride
(CPT-11) has recently been demonstrated to be active
against colorectal, lung, and ovarian cancer (Cunning-
ham et al.’ 1998; Saltz et al. 2000; Noda et al. 2002,

Negoro et al. 2003; Bodurka et al. 2003). CPT-11
itself is a prodrug and is converted to 7- ethyl-10-
hydroxy-CPT (SN-38), a biologically active metab-
olite of CPT-11, by carboxylesterases (CEs). SN-38
exhibits up to 1000-fold more potent cytotoxic activity
against various cancer cells in wvitro than CPT:11
(Takimoto and Arbuck 2001). Although CPT-11 is
converted to SN-38 in the liver and tumor, the
metabolic conversion rate is less than 10% of the
original volume of CPT-11 (Rothenberg et al. 1993;

Slatter et al. 2000). In addition, the conversion of
CPT-11 to SN-38 depends  on the genetic inter-
individual variability of CE activity (Guichard et al.

1999). Thus, direct use of SN-38 might be of great
advantage and attractive for cancer treatment. For the
clinical use of SN-38, however, it is essential to
develop a soluble form of water-insoluble SN-38. The
progress of the manufacturing technology of “micellar
nanoparticles” may make it possible to use SN-38 for
in vivo experiments and further clinical use.

Preparation and chdracterization of NK012

NKO12 is an SN-38-loaded polymeric micelle con-
structed in an aqueous milieu by the self-assembly of
an amphiphilic block copolymers, PEG-PGlu(SN-
38). The molecular weight of PEG-PGlu(SN-38) was
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determined to be approximately 19,000 (PEG
segment: 12,000; SN-38-conjugated PGlu segment:
7000). NKO012 was obtained as a freeze-dried
formulation and contained ca. 20% (w/w) of SN-38
(Figure 7). The mean particle size of NK012 is 20 nm
in diameter with a relatively narrow range. The
releasing rates of SN-38 from NKO012 in phosphate
buffered saline at 37°C were 57 and 74% at 24 and
48 h, respectively, and that in 5% glucose solution at
37°C were 1 and 3% at 24 and 48h, respectively.
These results indicate that NK012 can release SN-38

- under neutral condition even without the presence of a

hydrolytic enzyme, and is stable in 5% glucose
solution. It is suggested that NKO012 is stable before
administration and starts to release SN-38, the active
component, under physiological conditions after
administration.

Cellular sensitivity of NSCLC and colon cancer cells
to SN-38, NK012, and CPT-11

The ICso values of NKO12 for the cell lines ranged

_from 0.009 pM (Lovo cells) to 0.16 pM (WiDR cells).
' The growth-inhibitory effects of NK012 are 43-340

fold more potent than those of CPT-11, whereas the
1C5, values of NK012 were 2.3-5.8 fold higher than
those of SN-38.NK012 exhibited a higher cytotoxic
effect against each cell line as compared with CPT-11
( X 43-340 fold sensitivity). On the other hand, the
ICso values of NK.012 were a little higher than those of -

SN-38, similar to the cytotoxic feature also reported in
a previous study about micellar drugs (Uchino et al.
2005).

v

Pharmacokinetic analysis of NK012 and CPT-11 using
HT-29-bearing nude mice:

After injection of CPT-11, the concentrations of CPT~

11 and SN-38 for plasma declined rapidly with timeina . |

log-linear fashion. On the other hand, NKO012 (poly-
mer-bound SN-38) exhibited slower clearance. The
clearance of NKO012 in the HT-29 tumor was
significantly slower and the concentration of free SN-
38 was maintained at more than 30ng/g even at 168 h
after injection.

Anti-tumor activity and the distribution of NKO012
and CPE11 in SBC-3/Neo or SBC-3/VEGF tumors

In order to determine whether the potent antitumor
effect of NKO12 is enhanced in the tumors with high
vascularity, we used vascular endothelial growth factor-
secreting cells SBC-3/VEGF. There was no significant
difference in the in vitro cytotoxic actvity of each drug
between SBC-3/Neo and SBC-3/VEGF. Gross findings
of SBC-3/VEGF tumors are reddish as compared with
SBC-3/Neo tumors. Deviating from the ordinary
experimental tumor model, tumors were allowed to



514 Y. Matsumura

Polyethylene glycol
(Hydrophilic)

Modified ployglutamate
(Hydrophobic)

Figure 7. Schematic structure of NKO12. A polymeric micelle carrier of NKO12 consists of a block copolymer of PEG (molecular weight of
about 5000) and partially modiﬁed polyglutamate (about 20 unit). Polyethylene glycol (hydrophilic) is believed to be the outer shell and SN-

38 was incorporated into the inner core of the micelle.

grow until they became massive in size, around 1.5cm
(Figure 8), and then the treatment was initiated. NKO12
at doses of 15 and 30 mg/kg showed potent anti-tumor
activity against bulky SBC-3/Neo tumors (1533.1 £

1204.7 mm?>) as compared with CPT-11 (Figure 8).
Striking antitumor activity was observed in mice treated
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with NKO012 (Figure 8) when we compared the
antitummor activity of NK012 with CP'T-11 using SBC-
3/VEGF cells. SBC-3/VEGF bulky masses (1620.7 *

834.0 mm?) disappeared in all mice, although relapse 3
months after treatment was noted in one mouse treated
with NKO012 20 mg/kg (Figure 8). On the other hand,
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Figure 8. Intravenous administration of NKO012 or CPT-11 was started when the mean tumor volumes of groups reached a massive

1500 mm?>. The mice were divided into test group (O: control; 0: CPT-11 20 mg/kg/day; 0O: CPT-11 40 mg/kg/day; A: NKO12 15 mg/kg/day;
and O: NKO012 30 mg/kg/day). NK012 or CPT-11 was administered i.v. on days 0, 4 and 8. Each group consisted of 4 mice. *P < 0.05.



SBC-3/VEGF were not eradicated and rapidly regrew
after a partial response in mice treated with CPT-11.
Approximate 10% body weight loss was observed in
mice treated with NK012 20 mg/kg, but no significant
difference was observed in comparison with mice
treated with CPT-11 30 mg/kg.
We then examined the distribution of free SN-38 in
the SBC-3/Neo and "SBC-3/VEGF masses after
administration of NK012 and CPT-11. In the case
of CPT-11 administration, the concentrations at 1 and
6h after the administration were less than 100ng/g
both in the SBC-3/Neo and SBC-3/VEGF tumors,
and were almost negligible at 24h in both tumors.
There was no significant difference in the concen-
tration between the SBC-3/Neo and SBC-3/VEGF

tumors. On the other hand, in the case of NKO12-

administration, free SN-38 was detectable in the
tumors even at 72h after the administration. The
concentrations of free SN-38 were higher in the SBC-
3/VEGF tumors than those in the SBC-3/Neo tumors
at any time point during the period of observation
(significant at 1, 6, 24 h. *P < 0.05).

Tissue distribution of SN-38 after administration
of NK012 and CPT-11

We examined the concentrau'on—time profilé ‘of free
SN-38 in various tissues after i.v. administration of

NKO012 and CPT-11. All organs measured exhibited

the highest concentraton of SN—38 at 1h after
administration in mice given CPT:11. On the other

hand, mice given NKO012 exhibited prolonged )

distribution in the liver and spleen. In a similar
manner to other micellar drugs (Yokoyama et al.
1991a, b, ¢; Uchino et al. 2005), NK012 demon-
strated relatively higher accumulation in organs of the
reticuloendothelial system. In the lung, kidney and
small intéstine, the highest concentraton of. free
SN-38 was achieved at 1h after injection of NKO012
and the concentration was almost negligible at 24h.
Although the concentrations of free SN-38 in the
small intestine were relatively high at 1h after
administration of NK012 and CPT-11, those rapidly
decreased. Interestingly, there was no significant
difference in the kinetic character of free SN-38 in
the small intestine between mice treated with NK012
and CPT-11.

Synergistic antitumour activity of the NK012 combined
with 5-fluorouracil

In two phase III trials, the addition of CP'I-11 to bolus

or infusional 5FU/LV regimens clearly yielded greater

efficacy than treatment with 5FU/LV alone, with a

doubling of the tumor response rate and prolongation

of the median survival time by 2—3 months (Douﬂlard
et al. 2000; Saltz et al. 2001)
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We demonstrated that the novel SN-38-incorporat-
ing polymeric micelles, NKO012, exerted superior
antitumor activity and less toxicity as compared
to CPT-11 (Koizumi et al. 2006). Therefore,
we speculated that the use of NKO12 in place of
CPT-11 in combination with 5FU may also yield
superior results.

Comparison of the antitumor effect of combined
NKO012/5FU and CPT-11/5FU. The therapeutic effect
of CPT-11/5FU was apparently inferior to that of
NKO012/5FU or even NKO012 alope at the MTD.
A more potent antitumor effect, namely 100% CR rate,
was obtained in the NKO12 alone and NK012/5FU
groups, as compared with the 0% CR rate in the
CPT-11/5FU (Nakajima and Matsumura 2007).

Specificity of cell cycle perturbation. We studied the -
difference in the effécts between NK012 and CPT-11
on the cell cycle. The data indicate that both NK012
and CPT:11 had a tendency to accumulate the cells in
the S phase, although the effect of NKO12 was
stronger and maintained for a more prolonged period .
than that of CPT-11. The histograms show aneuploidy
of the tumor and that administration of NKO012 or

CPT-11 caused apoptosis of a proportion of the tumor
cells (Nakajlma and Matsumura 2007).

Present situation of a clinical study of NK012
A phase 1 study of NKO12 is now under way in the

‘National Cancer Center, Tokyo and Kashiwa in
_patients with advanced solid tumours. NKO012 is

infused intravenously over 60 min every 21 days until

- disease progression or unacceptable toxicity occurs. .

Conclusion

A quarter of a century has passed since the EPR effect
was discovered (Matsumura and Maeda 1986). Now
the phrase EPR has become a fundamental principle
in the field of DDS. Until recently, the EPR had not
been recognized in the field of oncology. However,
many oncologists have now become acquainted with
it, since some drugs such as doxil, abraxane, and

- several PEGylated proteinacious agents formulated

based on the EPR have been approved in the field of
oncology. Micelle carrier systems described in this
chapter are obviously categorized as DDS based on
the EPR. 1 believe that some anticancer agents
incorporating micelle nanoparticles may be approved
for clinical use soon.

Our next task is to develop DDS utilizing the EPR
effect, which can accumulate selectively in solid
tumours but also allow distribution of the delivered
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bullets (anticancer agents) through the entire mass of
the solid tumor tissue.
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Abstract Dihydropyrimidine dehydrogenase (DPD) is an
inactivating and rate-limiting enzyme for 5-fluorouracil (5-
FU), and its deficiency is associated with a risk for devel-
oping a severe or fatal toxicity to 5-FU. In this study, to
search for genetic variations of DPYD encoding DPD in
Japanese, the putative promoter region, all exons, and
flanking introns of DPYD were sequenced from 341 subjects
including cancer patients treated with 5-FU. Fifty-five
genetic variations, including 38 novel ones, were found and
consisted of 4 in the 5’-flanking region, 21 (5 synonymous
and 16 nonsynonymous) in the coding exons, and 30 in the
introns. Nine novel nonsynonymous SNPs, 29C>A
(Alal0Glu), 325T>A (Tyr109Asn), 451A>G (Asn151Asp),
733A>T (1le245Phe), 793G>A (Glu265Lys), 1543G>A
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(Val5151le), 1572T>G (Phe524Leu), 1666A>C (Ser556-
Arg), and 2678A>G (Asn893Ser), were found at allele
frequencies between 0.15 and 0.88%. Two known nonsyn-
onymous variations reported only in Japanese, 1003G>T
(*11,Val335Leu)and 2303C>A (Thr768Lys), were found at
allele frequencies of 0.15 and 2.8%, respectively. SNP and
haplotype distributions in Japanese were quite different from
those reported previously in Caucasians. This study provides
fundamental information for pharmacogenetic studies for
evaluating the efficacy and toxicity of 5-FU in Japanese and
probably East Asians.
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Introduction

Dihydropyrimidine dehydrogenase (DPD) is an inactivat-
ing and rate-limiting enzyme for 5-fluorouracil (5-FU),
which is used in various therapeutic regimens for gastro-
intestinal, breast and head/neck cancers (Grem 1996).
While the antitumor effect of 5-FU is exerted via anabolic
pathways responsible for its intracellular conversion into
anti-proliferative nucleotides, DPD affects 5-FU avail-
ability by rapidly degrading it to 5, 6-dihydrofluorouracil
(DHFU) (Heggie et al. 1987). The importance of DPD in 5-
FU metabolism was also highlighted by a lethal drug
interaction between 5-FU and the antiviral agent sorivu-
dine. Due to inhibition of DPD by a sorivudine metabolite,
severe systemic exposure to 5-FU caused several acute
deaths in Japan (Nishiyama et al. 2000).

5-FU catabolism occurs in various tissues, including
tumors, but is highest in the liver (Naguib et al. 1985; Lu
et al. 1993). Wide variations in DPD activity (8- to 21-fold)
were shown in Caucasians, and 3-5% of Caucasians had
reduced DPD activity (Etienne et al. 1994; Lu et al. 1998).
This variability, which is partially attributed to genetic
defects of the DPD gene (DPYD), leads to differential
responses of cancer patients, resistance to or increased
toxicity of 5-FU (van Kuilenburg 2004). Complete DPD
deficiency is also associated with the inherited metabolic
disorder, thymine-uraciluria, which is characterized by
neurological problems in pediatric patients (Bakkeren et al.
1984).

To date, at least 30 variant DPYD alleles have been
published, with or without deleterious impact upon DPD
activity (Gross et al. 2003; Ogura et al. 2005; Seck et al.
2005; van Kuilenburg 2004; Zhu et al. 2004). Of these
variations, a splice site polymorphism, IVS14 + 1G>A,
which causes skipping of exon 14, is occasionally detected
in North Europeans with allele frequencies of 0.01-0.02
(van Kuilenburg 2004). Detection of IVS14 + 1G>A in
patients suffering from 5-FU-associated grade 3 or 4 tox-
icity revealed that 24-28% of them were heterozygous or
homozygous for this single nucleotide polymorphism (SNP)
(van Kuilenburg 2004). However, this SNP has not been
reported in Japanese and African-Americans. Recently,
Ogura et al. (2005) have shown that a Japanese population
exhibits a large degree of interindividual variations in DPD
activity of peripheral blood mononuclear cells. They also
identified a novel variation, 1097G>C (Gly366Ala), in a
healthy volunteer with the lowest DPD activity and dem-
onstrated that the 366Ala variant has reduced activity
towards 5-FU in vitro. At present, however, information on
variant alleles with clinical relevance in Japanese is limited
and cannot fully explain polymorphic DPD activity.

In this study, we searched for genetic variations in
DPYD by sequencing 5’ regulatory regions, all exons and

surrounding introns from 341 Japanese subjects. Fifty-five
variations including nine novel nonsynonymous ones were
identified. Then, linkage disequilibrium (LD) and haplo-
type analyses were performed to clarify the DPYD
haplotype structures in Japanese.

Materials and methods
Human DNA samples

Three hundred and forty-one Japanese subjects in this study
included 263 cancer patients and 78 healthy volunteers. All
263 patients were administered 5-FU or tegafur for treat-
ment of various cancers (mainly stomach and colon) at the
National Cancer Center, and blood samples were collected
prior to the fluoropyrimidine chemotherapy. The healthy
volunteers were recruited at the Tokyo Women’s Medical
University. DNA was extracted from the blood of cancer
patients and Epstein-Barr virus-transformed lymphoblas-
toid cells derived from healthy volunteers. Written
informed consent was obtained from all participating sub-
jects. The ethical review boards of the National Cancer
Center, the Tokyo Women’s Medical University and the
National Institute of Health Sciences approved this study.

PCR conditions for DNA sequencing

To amplify 22 exons (exons 2-23) of DPYD, multiplex
PCRs were performed by using four sets of mixed primers
(mix 1 to mix 4 of “first PCR” in Table 1). Namely, five
exonic fragments were simultaneously amplified from
50 ng of genomic DNA using 0.625 units of Ex-Taq (Ta-
kara Bio. Inc.,, Shiga, Japan) with 0.20 uM primers.
Because of the high GC content in exon 1 of DPYD, this -
region was separately amplified from 50 ng of genomic
DNA with 2.5 units of LA-Taq and 0.2 uM primers (listed
in Table 1) in GC buffer I (Takara Bio. Inc.). The first PCR
conditions were 94°C for 5 min, followed by 30 cycles of
94°C for 30 s, 58°C for 1 min, and 72°C for 2 min; and
then a final extension for 7 min at 72°C. Next, each exon
was amplified separately from the first PCR products by
nested PCR (2nd PCR) using the primer sets (0.2 uM)
listed in “second PCR” of Table 1. The second PCR
conditions were the same as those of the first PCR, and LA-
Taq (2.5 units) for exon 1 and Ex-Taq (0.625 units) for
exons 2-23 were used. All PCR primers were designed in
the flanking intronic sites to analyze the exon-intron splice
junctions. The PCR products were treated with a PCR
Product Pre-Sequencing Kit (USB Co., Cleveland, OH) and
sequenced directly on both strands using an ABI BigDye
Terminator Cycle Sequencing Kit (Applied Biosystems,

@ Springer
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Foster City, CA) with the primers listed in “sequencing” of
Table 1. Excess dye was removed with a DyeEx96 kit
(Qiagen, Hilden, Germany). The eluates were analyzed on
an ABI Prism 3700 DNA Analyzer (Applied Biosystems).
All novel SNPs were confirmed by sequencing of PCR
products generated from new genomic DNA amplifica-
tions. The genomic and cDNA sequences of DPYD
obtained from GenBank (NT_032977.7 and NM_000110.2,
respectively) were used as reference sequences. SNP
positions were numbered based on the cDNA sequence,
and adenine of the translational initiation site in exon 1 was
numbered +1. For intronic polymorphisms, the position
was numbered from the nearest exon.

Linkage disequilibrium (LD) and haplotype analyses

Hardy-Weinberg equilibrium and LD analyses were per-
formed by SNPAlyze software (Dynacom Co., Yokohama,
Japan), and pairwise LD parameters between variations
were obtained as the ID’| and rho square (+*) values. Some
haplotypes were unambiguously identified from subjects
with homozygous variations at all sites or a heterozygous
variation at only one site. Diplotype configurations were
inferred by LDSUPPORT software, which determines the
posterior probability distribution of the diplotype for each
subject based on the estimated haplotype frequencies (Ki-
tamura et al. 2002). Although the nomenclature for
nonsynonymous DPYD alleles (DPYD*! to DPYD*13)
have been already publicized (McLeod et al. 1998; Collie-
Duguid et al. 2000; Johnson et al. 2002), several reported
alleles remain unassigned. To avoid confusion with the
previous DPYD allele nomenclature, our block haplotypes
in this study were tentatively defined by using * instead of
“** A group of haplotypes without any amino acid change
is designated as *I, and the haplotype groups bearing
already defined alleles, DPYD*5 (1le543Val), DPYD*6
(Val732lle), DPYD*9 (Cys29Arg) and DPYD*Il
(Val335Leu), were numbered by using the corresponding
Arabic numerals, 5, #6, #9 and *11, respectively. Other
haplotypes with known nonsynonymous SNPs such as
496A>G (Metl66Val) or with the novel nonsynonymous
SNP were represented by * plus amino acid positions
followed by variant residues (for example, #166V). Sub-
types within each haplotype group were consecutively
named with small alphabetical letters depending on their
frequencies. Haplotypes ambiguously inferred in only one
patient were indicated -in the Fig. 3 legend. Combinations
of block haplotypes were analyzed by Haploview software
(http://www.broad.mit.edu/mpg/haploview/index.php)

(Barrett et al. 2005), and the long-range (whole gene)
haplotypes spanning all blocks were inferred by Hapblock

@ Springer

software (www.cmb.usc.edu/msms/HapBlock/) (Zhang
et al. 2005).

Typing data on DPYD from unrelated 44 Japanese and 30
Caucasian trios were also obtained from the HapMap project
(HapMap release 19: http://www.hapmap.org/). The LD
profiles and haplotypes of the HapMap data were obtained by
Marker beta in Gmap Net (http://www.gmap.net/marker)
using its four (1254711, 1254712, 1254713, and 1254714)
and six (1166276, 1166277, 1166278, 1166279, 1166280,
and 1166281) datasets covering DPYD genomic regions for
Japanese and Caucasians, respectively.

Drawing of protein structures

The coordinate data (1gth) of the crystal structure of pig
DPD (Dobritzsch et al. 2002) was obtained from the Protein
Data Bank. Protein Explorer (http://proteinexplorer.org)
(Martz 2002) was used to display the structural features of
pig DPD and depict three-dimensional views.

Results
DPYD variations found in a Japanese population

We identified 55 variations, including 38 novel ones by
sequencing the promoter regions (up to 613 bp upstream
from the translational initiation site), all 23 exons and their
flanking regions of DPYD from 341 Japanese subjects
(Table 2). The distribution of the variations consisted of 4
in the 5° flanking region, 21 (5 synonymous and 16 non-
synonymous ones) in the coding exons (Fig. 1) and 30 in
the introns. Since we did not find any significant differ-
ences in allele frequencies between healthy volunteers and
cancer patients (P > 0.05 by x* test or Fisher’s exact test)
except for one variation, IVS14 + 19C>A, (P = 0.027 by
Fisher’s exact test); the data for all subjects were analyzed
as one group. All detected variations except for 451A>G
(Asn151Asp) and IVS13 + 40G>A were in Hardy-Wein-
berg equilibrium (P 2 0.24).

Thirteen novel variations in the coding region (enclosed
by a square in Fig. 1) contain four synonymous SNPs,
474T>C (Phel58Phe), 639C>T (Asp213Asp), 1752A>G
(Thr584Thr), and 2424T>C (Ser808Ser) and nine nonsyn-
onymous SNPs, 29C>A (Ala10Glu), 325T>A (Tyr109Asn),
451A>G (Asnl51Asp), 733A>T (Ile245Phe), 793G>A
(Glu265Lys), 1543G>A (Val515lHle), 1572T>G (Phe524-
Leu), 1666A>C (Ser556Arg), and 2678A>G (Asn893Ser).
451A>G (Asnl51Asp), 325T>A (Tyrl09Asn), and
2678A>G (Asn893Ser) were found at frequencies of 0.009,
0.003 and 0.003, respectively. The others were detected as
single heterozygotes (allele frequencies = 0.0015).
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In the 5’ flanking region, all four detected SNPs (-
609C>T, -477T>G, -266C>A, -243G>A) were newly
found at relatively high allele frequencies (0.006-0.05).
However, these SNPs were not located near the proposed
cis-regulatory promoter elements (Shestopal et al. 2000).
The remaining 21 novel variations were found in intronic
regions. Of these SNPs, IVS5-115G>A, IVS12-11G>A,
and IVS14-123C>A were detected with allele frequencies
of 0.021, 0.038, and 0.155, respectively, but others were
rare (<0.01). They were not located in the exon-intron
splicing junctions or branch sites.

Seventeen variations were already reported. The ID
numbers in the dbSNP databases or references for these
SNPs are described in Table 2. The well-known nonsyn-
onymous SNPs, 1627A>G (*5, [1le543Val), 2194G>A (*6,
Val732lle), 85T>C (*9, Cys29Arg), and 1003G>T (*11,
Val335Leu), were found in this study at allele frequencies
of 0.283, 0.015, 0.029, and 0.0015, respectively. The allele
frequencies of two reported SNPs, 496A>G (Metl 66Val)
and 2303C>A (Thr768Lys), were 0.022 and 0.028,
respectively. Recently, 1774C>T (Arg592Trp) was repor-
ted from a Korean population (Cho et al. 2007), and its
allele frequency was 0.0015 in this study. Nine intronic
variations, IVS10-15T>C, IVS13 + 39C>T, IVS13 + 40
G>A, IVS15 + 75A>G, IVS16-94G>T, IVS18-39G>A,
IVS21 + 136G>C, TVS22-58G>C, and IVS22-69G>A,
and one synonymous variation, 1896T>C (Phe632Phe),
were found with various allele frequencies (0.003-0.378,
Table 2). The variations previously detected in Japanese
(Kouwaki et al. 1998; Yamaguchi et al. 2001; Ogura et al.
2005), 62G>A (Arg21Gln, *I2), 74G>A (His25Arg),
812delT (Leu271X), 1097G>C (Gly366Ala), 1156G>T
(Glu386X, *12), and 1714C>G (Leu572Val), were not
found in our study. This might be due to their low
frequencies.

Linkage disequilibrium (LD) analysis and haplotype
block partition

LD analysis was performed by r* and [D/| using 18 SNPs
(allele frequency 20.01) (Fig. 2). Strong linkages were
observed in four pairs of SNPs: between -477T>G and
85T>C (Cys29Arg) (* = 0.7025), between 496A>G
(Met166Val) and TVS10-15T>C (2 = 0.7964), between
1627A>G (Ile543Val) and IVS13 + 39C>T (2 = 1.0), and
between IVS14-123C>A and IVS15 + 75A>G ( = 1.0).
In addition, two known rare SNPs, IVS22-69G>A
(rs290855) and IVS22-58G>C (rs17116357), were per-
fectly linked (#* = 1.0) (data not shown). As for ID'|
values, only 43 pairs (28%) out of 153 pairs gave Dl =
1.0, indicating that a number of recombinations had
occurred within this gene. This is not surprising because

DPYD is a huge gene of at least 950 kb in length with 3 kb
of coding sequences. However, it was difficult to estimate
past recombination events in DPYD from our data alone
because our variations were mostly limited to exons and
surrounding introns.

To define haplotype blocks, we utilized the HapMap
data because SNPs were comprehensively genotyped with
an average density of 1 SNP per 1.8 kb. Of 1,002 variations
of DPYD genotyped by the HapMap project, 474 SNPs
were polymorphic for 44 unrelated Japanese subjects.
When the LD profiles for Japanese were obtained by
Marker using the HapMap data, strong LD (ID'| > 0.75)
clearly decays within introns 11, 12, 13, 14, 16, 18, and 20
(data not shown), suggesting that recombination had
occurred in these regions. Based on these findings, the
SNPs detected in our study were divided into six haplotype
blocks (Figs. 1, 2). Block 1, the largest block, ranges from
the 5'-untranslated region (5-UTR) to intron 10 (347 kb),
and includes 22 variations. Block 2 includes eight varia-
tions from IVS12-11G>A in intron 12 to IVS13 + 40G>A
in intron 13. Block 3 includes six variations from IVS13-
47_48insTA in intron 13 to IVS14 + 100T>G in intron 14.
Block 4 contains only three SNPs, IVS14-123C>A, IVS14-
21C>A and IVS15 + 75A>G, and ranges from intron 14 to
intron 15. Block 5 consists of IVS16-94G>T and four rare
variations from intron 16 to exon 18. Although the Hap-
Map data showed a decline in LD in intron 20, we defined a
block ranging from intron 18- to intron 22 as block 6
because only rare variations (allele frequencies <0.01)
were detected downstream of intron 20 (exon 21, intron 21,
and intron 22). The block partitioning based on the Hap-
Map data fitted our SNPs well: more than 70% of SNP
pairs in each block (block 1=6) gave pair-wise [D'l values
greater than 0.8 (Fig. 2).

Haplotype estimation

Using 22, 8, 6, 3, 5, and 11 variations in blocks 1 to 6, 23
(block 1), 8 (block 2), 7 (block 3), 3 (block 4), 6 (block 5),
and 11 (block 6) haplotypes were identified or inferred
(Fig. 3). Probabilities of diplotype configurations in all six
blocks were 100% for over 97% of the subjects. To dis-
criminate our block haplotypes . from the previously
assigned alleles or haplotypes (DPYD*] to *13), the mark,
#, was used to indicate block haplotypes.

In block 1, the most dominant haplotype without any
variation was */a (0.818 in frequency), followed by *Ib
(0.045), *9¢ (0.022), and *I¢ (0.021). As suggested by LD
(Fig. 2), *9¢, the major subtype of the #9 group bearing
85T>C (Cys29Arg), also harbored -477T>G in the 5'-UTR.
Known nonsynonymous SNP, 496A>G (Metl66Val), was
assigned to three haplotypes, *9d, *166Va, and *166Vb.

@ Springer
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Fig. 1 Twenty-one variations detected in the coding exons are
depicted in the schematic diagram of the DPYD gene. Fourteen novel
variations are enclosed by squares. The recombination spots were
estimated based on the LD profiles obtained from Japanese data in the

In block 2, four haplotypes, *1a (0.529), *5a (0.245), *1b
(0.176), and #5b (0.038), were major in Japanese and
accounted for 99% of all inferred haplotypes. Two sub-
types of the *5 group, *5a and #5b, both of which harbored
Ile543Val (*5) and IVS13 + 39C>T, were distinguished by
a novel intronic SNP, IVS12-11G>A.

As for block 3, in addition to */a (0.848), #1b harboring
the synonymous SNP, 1896T>C (Phe632Phe), was found
at a relatively high frequency (0.138).

Block 4 is simple and comprises only three haplotypes,
*1a (0.845), *1b (0.154) and *Ic (0.0015). The second
frequent haplotype, #1b, harbored perfectly linked SNPs,
IVS14-123C>A and IVS15 + 75A>G.

Block 5 contained IVS16-94G>T, the most frequent
SNP among the 55 SNPs found in this study, which was
assigned to */b with a frequency of 0.374. This block also
contained the known nonsynonymous SNP, 2194G>A
(Val732lle, *6), which was assigned to #6a (0.015).

In block 6, the most dominant haplotype was *1a (0.915).
It was followed by #1b (0.032) with IVS18-39G>A and
#768K (0.028) with 2303C>A (Thr768Lys).

The HapMap data include nine SNPs that we detected
(Table 2). Of them, six, 85T>C (rs1801265), 496A>G
(1s2297595), 1627A>G  (rs1801159), 1896T>C
(rs17376848), 1VS16-94G>T (1rs7556439) and IVS18-
39G>A (rs12137711), were suitable for haplotype tagging
SNPs (htSNPs) to capture the block haplotypes, block 1 %9,
block 1 #166V, block 2 *5, block 3 *1b, block 5 *Ib, and
block 6 *Ib, respectively. IVS21 + 136G>C (rs11165777)
and IVS22-69G>A (rs290855)/TVS22-58G>C (rs1711
6357), were the marker SNPs for block 6 *Ie and *If,
respectively, but very rare (allele frequencies = 0.003) in
Japanese. The six SNPs, especially 85T>C (rs1801265)
and 496A>G (rs2297595), were in strong LD (#* > 0.8)
with other HapMap SNPs in Japanese (Table 3), indicating
that many HapMap SNPs were concurrently linked on the
same haplotypes.

@ Springer

HapMap project and indicated by arrows. The borders (between
introns 8 and 18 of the DPYD) and core region (between introns 12
and 16) of FRAIE identified by Hormozian et al. (2007) are indicated
as an open and closed box, respectively

Next, the combinations of block haplotypes (inter-block
haplotypes) were analyzed focusing on the haplotypes with
frequencies of >0.01 in each block (Fig. 4). Between
blocks 1 and 2, both *1a and *1b in block 1 were com-
plicatedly associated with various haplotypes in block 2. It
should be noted that *9¢ in block 1 was linked either with
block 2 ”Ib (0.016 in absolute frequency) or with block 2
*5a (0.006, not shown in Fig. 4). #Ic in block 1 was
completely linked with block 2 *7a. *151D in block 1 (not
shown in Fig. 4), which was a rare haplotype (0.009)
harboring 451A>G (Asnl51Asp), was completely linked
with *5a in block 2.

Between blocks 2 and 3, both *5b and 15 in block 2
were mostly linked with #/a in block 3, whereas both #/a
and *5a in block 2 were complicatedly linked with *1a, *1b,
or other rare haplotypes such as *Ic (not shown in Fig. 4)
in block 3. Between blocks 3 and 4 and between blocks 4
and 5, no strong associations of block haplotypes were
observed except for the linkage of block 5 *6a to block 4
#1a. Between blocks 5 and 6, most of #1b and all of *6a in
block 5 were linked with *1a in block 6. Although *Ia in
block 6 was associated with various haplotypes in block 5,
#1b in block 6 was completely linked with *1a in block 5.

Among the six blocks, the following combinations were
major: *1a (block 1}-*1a (block 2) *Ia (block 3)-"Ia
(block 4)-*1a (block 5)-*1a (block 6) (0.239 in frequency),
*1a*5a*1a*1a-*1b-*1a  (0.081), *la-'latla-*la
“#1b-"*1a (0.075), *la-*Sa*la*la-*1a-*1a (0.070),
*la-*1b-"1a-"1a-*1a-*1a  (0060) and *la-*la-
*1b-*1a-*1a-*1a (0.051).

Ethnic differences in distributions of DPYD SNPs
and haplotypes

We compared SNP and haplotype distributions in Japanese
with those in other ethnic groups reported in the literature



J Hum Genet (2007) 52:804-819

813

Fig. 2 Linkage disequilibrium

(LD) analysis of DPYD. -609C>T ]
Pairwise LD between 18 -;Z(l;ﬁ -
common’SNl.’s (>0.01 in allele 85T>C (Cys29Arg) —
frequencies) is expressed as 7 IVS5-115G>A ]
(upper) and IDY| (Jower) by a 10- 496A>G (Met166Val) [ |
graded blue color. The denser 1V510-15T>C =
color indicates higher linkage. ::2571;:(1;(;:;4 3Val |
The haplotype block partition IVS13+39(CI>T ) u
based on LD measure D'l of IVS13+40G>A L
HapMap data in Japanese is also 1896T>C (Phe632Phe) | |
indicated IVS14-123C>A |
IVS15+75A>G |
IVS16-94G>T 24 ]
2194G>A (Val732lle)
2303C>A (Thr768Lys)
a
&
€
)
&
g

or HapMap project. Notably, IVS14 + IG>A (*2),
1897delC (Pro633GInfsX5, *3), 1601G>A (Ser534Asn,
*4), 295_298delTCAT (Phel00SerfsX15, *7), 703C>T
(Arg235Trp, *8), 2983G>T (Val995Phe, *10), 62G>A
(Arg21GIn, *12), 1156G>T (Glu386X, *I2), and
1679T>G (I1e560Ser, *13) were not found in this study.
Furthermore, several SNPs showed marked differences in
allele frequencies among Japanese and other ethnic groups
(Table 4).

The allele frequency of 85T>C (Cys29Arg, *9), the
tagging SNP for block 1 #9, was quite different between
Asians and Caucasians. Its allele frequency in Japanese
(0.029 in this study) and Taiwanese (0.022) (Hsiao et al.
2004) was much lower than that in Caucasians (0.185-
0.194) (Seck et al. 2005; Morel et al. 2006).

The SNP 496A>G (Met166Val) in block 1 is found at a
lower allele frequency in Japanese (0.022) than in Cauca-
sians (0.080) (Seck et al. 2005). Seck et al. (2005) inferred
two haplotypes harboring 496A>G (Met166Val) from 157
Caucasians: hap5 (*9d in this study) harboring additional
85T>C (Cys29Arg) and IVS10-15T>C and hapll con-
currently harboring IVS10-15T>C alone with frequencies
of 0.040 and 0.014, respectively. In our haplotype analysis,
#166Va (0.012) corresponding to hapl1 (0.014) was found
with a similar frequency in Japanese, whereas the fre-
quency of *9d (0.006) was much lower than that of the
corresponding haplotype, hap5 (0.040) in Caucasians.

1627A>G (Ile543Val, *5) in block 2 was found with
comparable allele frequencies among Japanese (0.283 in
this study), Caucasians (0.14-0.275) (Seck et al. 2005;

S

1VS5-115G>A

496A>G (Met166Val)

IVS10-15T>C
1VS12-11G>A

1627A>G (Ne543Val)

1VS15+75A>G
IVS16-94G>T

2194G>A (Val732lle)

IVS13439C>T
1IVS13+40G>A

1VS14-123C>A

85T>C (Cys29Arg)

1VS18-39G>A
2303C>A (Thr768Lys)

=

1l 2
Block

N | I

Ridge et al. 1998a), African-Americans (0.227) (Wei et al.
1998), and Taiwanese (0.210-0.283) (Wei et al. 1998;
Hsiao et al. 2004).

The allele frequency (0.015) of 2194G>A (Val732lle,
*6) in block 5 in our Japanese population is slightly lower
than that previously reported in Caucasians (0.022-0.058)
(Seck et al. 2005; Ridge et al. 1998a) and Finish (0.067)
(Wei et al. 1998), but is comparable to that in Taiwanese
(0.012-0.014) (Wei et al. 1998; Hsiao et al. 2004) and
African-Americans (0.019) (Wei et al. 1998).

Ethnic differences in the allele frequencies were also
observed with synonymous and intronic variations
(Table 4). The allele frequency of 1896T>C (Phe632Phe),
which tags block 3 *1b, was higher in Japanese (0.139 in
this study) than in Caucasians (0.035) (Seck et al. 2005).
Hap13 assigned in 157 Caucasians by Seck et al. (2005) is
the counterpart of block 3 #1b, and its frequency (0.012)
was much lower than that in Japanese (0.138).

In contrast, IVS10-15T>C linked to 85T>C (*9) or
496A>G (*166V) within block 1 showed a lower allele
frequency in Japanese (0.018) than in Caucasians (0.127).
Seck et al. (2005) assigned hap7 as the haplotype con-
taining IVS10-15T>C alone with a haplotype frequency of
0.03 in Caucasians. In Japanese, however, the corre-
sponding haplotype was not found.

Allele frequencies of IVS18-39G>A and IVS22-
69G>A, which are tagging SNPs for block 6 */b and *If,
respectively, are lower in Japanese (0.032 and 0.003,
respectively) than in Caucasians (0.105 and 0.183,
respectively).
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‘it R 1 0.0015
*592w | ‘592w 1 0.0015
d) Block4
. IVSi4- 1VS14- IVS15475
Nucleotide change 123CoA 21C5A ASG Number | Frequency
Amino acid change
& 'la 576 0.845
La ’ 7 7 -
-9 1 b 105 0.154
=] 71c" 1 0.0015
€)  Block5
IVS16- TVS16-  [IVSI7+34del][VS17+47C5] .
Nucleotide change 127A>G 94G>T T T 2154G>A Number | Frequency
"Amino acid chan v73z1
7 414 0.607
§.' s 255 0374
1 1 0.0015
4 1 0.0015
:5 1 0.0015
’s 10 0.015
) Block 6
N TVSI8- TVS21+80 | TVS21+113 | IVS21+136 | TVS21+162 | 1VS22+129 | 1v52269 | IV522-58
Nucleotide change A 2303C>A | 2424T>C | 2678A>G C>G ToA G>C G ASG GoA GoC Number | Frequency
|___Amino acid change T768K $808S N893S
T 77, 624 0915
‘ip F 22 0.032
‘1e 5 0.0073
o *1d 2 0.0029
gl 1e 2 0.0029
2 473 2 0.0029
] ‘Ip 2 0.0029
‘1n 1 0.0015
‘1 1 0.0015
*768K_| “768K 19 0.028
r893s | "8935 s 893S AIE 2 0.0029

Fig. 3 Block haplotypes in DPYD of block 1 (a), block 2 (b), block 3 nearest exon. White cell wild-type, gray cell nucleotide alteration.
(c), block 4 (d), block 5 (e), and block 6 (f) in a Japanese population. SThe haplotypes were inferred in only one patient and ambiguous
The nucleotide positions were numbered based on the cDNA except for marker SNPs

sequence (A of the translational start codon is +1) or from the
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Table 3 Linkages of haplotype-tagging SNPs with HapMap SNPs for DPYD

Haplotype-tagging SNPs
in DPYD

dbSNP ID (NCBI)  Block haplotype

in this paper

HapMap SNPs with close linkages (* > 0.8)"

85T>C (Cys29Arg) rs1801265 Block 1 9

496A>G (Metl66Val) rs2297595 Block 1 #166V

1627A>G (lle543Val) rs1801159 Block 2 #5

Block 3 *1b
Block 5 *1b

1896T>C (Phe632Phe)
IVS16-94G>T

rs7556439
rs7556439
IVS18-39G>A

rs12137711 Block 6 *1b

rs10747488, rs7526108, rs4421623, rs4379706,
rs4523551,rs11165921, rs9661794, rs6677116, rs6604093,
1517379561, rs10747491, rs10747492, rs12062845, rs7524038,
rs10875112, rs4394693, rs10875113, rs4970722, rs9727548,
rs10875118, rs9662719, rs12077442, rs4394694, rs9727976,
14246515, rs6692580

152786543, rs2811215, rs2811214, rs2786544, rs2248658,
rs11165897, rs2786490, rs2811203, rs2811202, rs2811200,
rs2811198, rs2786503, rs2811196, rs2786505, rs2811195,
rs2811194, rs12073839, rs6663670, rs7512910, rs2151563,
rs2786509, rs3790387, rs3790389

rs1415682, rs952501, rs2811187, rs2786778, rs2786774, rs2811183,
rs17116806, rs2786780, rs1801159, rs2786771, rs2297780,
152297779, 1512729863

rs12073650

rs693680, rs827500, rs499009, rs7518848, rs553388, rs507170,
628959, rs991544, rs526645, rs1609519

rs12120068, rs12116905

* All SNPs are in the same block

Taken together, our data demonstrated considerable
differences in the haplotype distributions in blocks 1, 3 and
6 between Japanese and Caucasians.

Discussion

This study provides Japanese data on the genetic variations
of DPYD, a gene encoding a key enzyme catalyzing deg-
radation of the well-known anticancer drug 5-FU. Nine
novel (AlalOGlu, Tyr109Asn, AsnlS51Asp, Ile245Phe,
Glu265Lys, Val515Ile, Phe524Leu, Ser556Arg, and
Asn893Ser) and seven known nonsynonymous variations
(Cys29Arg, Metl66Val,  Val335Leu, Ile543Val,
Arg592Trp, Val732lle, and Thr768Lys) were found in our
Japanese population (Table 2 and Fig. 1). The association
analysis between the genotypes and 5-FU pharmacody-
namics is now on-going.

Uneven distributions of coding SNPs over 23 DPYD
exons were pointed out in the previous review by van
Kuilenburg (2004). The author indicated that 81% of all
reported variations were confined to exons 2-14, repre-
senting 61% of the coding sequences, and typical hotspots
of variation were localized in exons 2, 6, and 13. Our
Japanese data also revealed that 17 out of 21 coding vari-
ations (81%) were localized in exons 1-14, and that more
than three variations were detected in exons 5, 13, and 14
(Fig. 1). Recently, Hormozian et al. (2007) have reported
that the common chromosomal fragile site on 1p21.2,
FRAIE, spans 370 kb of genomic sequence between

introns 8 and 18 of DPYD, and that its core region with the
highest fragility is located between introns 12 and 16. The
instability at the core of FRAIE might be associated with
the high mutational rates and recombinogenic nature from
intron 12 to 14 of DPYD (Fig. 1).

To estimate potential functional consequences of the
amino acid substitutions, we examined whether the posi-
tions of amino acid changes are located in highly conserved
areas or potentially critical regions of the molecule (for
example, substrate recognition sites or binding regions of
prosthetic groups). We also considered the locations of the
residues in a three-dimensional (3D) framework provided
by the crystal structures of pig DPD, which have recently
been determined in complexes with NADPH and substrate
(5-FU) (Dobritzsch et al. 2001) or inhibitors (Dobritzsch
et al. 2002). The amino acid sequences of pig and human
DPD are 93% identical (Mattison et al. 2002), and the
substituted residues and their neighboring residues are
conserved between both enzymes. From these points of
view, it is speculated that at least two substitutions
(Glu265Lys and Arg592Trp) might impact the structure
and function of DPD as discussed below.

Glu265 is located on the loop following to the third
sheet (IIB3) in the FAD binding domain II (Dobritzsch
et al. 2001). Glu265 is conserved among four mammalian
species (human, mouse, rat, and pig), although it is
replaced with aspartic acid in bovine and Drosophila
melanogaster DPDs (Mattison et al. 2002). In the 3D
structure of pig DPD (Fig. 5a), Glu265 is in close prox-
imity to Lys259. The substitution, Lys259Glu, was
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Fig. 4 The combinations of Block 1 Block 2 Block 3 Block 4 Block 5 Block 6
block haplotypes in Japanese.
Thick lines represent
combinations with frequencies ,
over 10%, and thin lines fa (0519) * 1a (0.607)
represent combinations with .
- 1 (0.818) ‘1a 0.348 ’1a (0.
frequencies of 1.0-9.9% = 0559 @ 0545 ! 1a (0.915)
’5a (0.245)
9¢ (0.022) ‘16 (0374)
e wnu& 13 s ‘16 (0.176) ; - .
14 10.019) 7 Others CX Y0 b 0.8 15 (0.154) [T o ]

#166Va (0.012)

detected in the patient exhibiting severe mucositis
during cyclophosphamide/methotrexate/5-FU chemother-
apy (Gross et al. 2003). Furthermore, the adjacent Leu261
interacts via the main chain atoms with the N6, N1, and N3
atoms of adenine of FAD, and has an important role in the
proper orientation of the adenine moiety in the FAD-
binding pocket (Dobritzsch et al. 2001). Moreover, the
carboxyl group (Glu265-O¢)might form hydrogen bonds to
the main chain nitrogen of Ser260 next to Leu261. Thus,

the change in polarity from negative to positive by the.

novel Glu265Lys substitution is likely to cause structural
changes affecting proper binding of FAD.

Arg592 is located at one (IVfc) of the additional four-
stranded antiparallel f§ sheets (IV fc-ff) inserted at the top
of a typical (/f)g barrel fold in the FMN-binding domain
IV (Dobritzsch et al. 2001). Arg592 is completely con-
served -among the above-mentioned six species (Mattison
et al. 2002), suggesting its functional importance. Arg592
closely contacts Met599 (2.9 A) and GIn604 (2.8 A) in the
same subunit and Ser994 (2.9 ;\) in another subunit
(Fig. 5B). The substitution of tryptophan for Arg592 is
likely to weaken these interactions due to altered hydro-
phobicity and electrostatic changes. Arg592Trp was
recently reported from a Korean population with an allele
frequency of 0.004, although its functional significance
remains to be confirmed(Cho et al. 2007).

As for known DPYD alleles, their distributions in sev-
eral populations are becoming more evident by recent
reports. For example, IVS14 + 1G>A (*2) (van Kuilen-
burg 2004), 295_298delTCAT (Phel00SerfsX15, *7)
(Seck et al. 2005), 1679T>G (Ile560Ser, *13) (Collie-
Duguid et al. 2000; Morel et al. 2006) 2846A>T
(Asp949Val) (Seck et al. 2005; Morel et al. 2006), all of
which are associated with decreased DPD activities, are
detected in Caucasians with allele frequencies of 0.01-
0.02, 0.003, 0.001 and 0.006-0.008, respectively. How-
ever, none of them were detected in our Japanese samples,
while 1003G>T (Val335Leu, *IJ/) and 2303C>A
(Thr768Lys) have been found only in Japanese, indicating
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that variations with clinical relevance do not overlap
between Caucasians and Japanese.

2303C>A (Thr768Lys), which was originally found in a
Japanese female volunteer with very low DPD activity
(Ogura et al. 2005), is relatively frequent in Japanese
(allele frequency = 0.0279). Functional characterization
in vitro revealed that 768Lys caused thermal instability of
the variant protein without changing its affinity for
NADPH or kinetic parameters toward S-FU. Therefore,
they might cause 5-FU-related toxicities in Japanese.

1003G>T (Val335Leu, *171) was found in a Japanese
family with decreased DPD activity by Kouwaki et al.
(1998). By in vitro expression in E. coli, they demonstrated
that the variant protein with Leu335 showed a significant
loss of activity (about 17% of the wild-type protein). Do-
britzsch et al. (2001) suggested from the 3D structure of pig
DPD that Val335Leu, in spite of a conservative change,
disturbs packing interactions in the hydrophobic core
formed by I3 and IHe3 within the Rossman-motif,
thereby affecting NADPH binding. In our study, hetero-
zygous 1003G>T (Val335Leu) was found from a patient
administrated 5-FU (allele frequency = 0.0015), who also
has seven other variations: IVS12-11G>A, 1896T>C
(Phe632Phe), and IVS16-94G>T are heterozygous, and
1627A>G (lle543Val), IVS13 + 39C>T, IVS14-123C>A,
and IVS15 + 75A>G are homozygous, indicating that at
least Val335Leu is linked to Ile543Val (*5).

On the other hand, Caucasians and Japanese share four
variations: *5 (Ile543Val), *9 (Cys29Arg), Met166Val, and
*6 (Val732lle), although their allele frequencies were dif-
ferent, especially for *9 (Table 4). Because they have not
necessarily correlated with phenotypic changes (e.g., dif-
ferences in DPD enzyme activity, 5-FU pharmacokinetics
and pharmacodynamics) (Collie-Duguid et al. 2000;
Johnson et al. 2002; Zhu et al. 2004; Seck et al. 2005;
Ridge et al. 1998a, 1998b; Hsiao et al. 2004), all of these
variations are generally accepted as common polymor-
phisms that -result in unaltered function. Consistent with
this, van Kuilenburg et al. (2002) suggested that the



