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Irinotecan pharmacokinetics/pharmacodynamics and
UGT1A genetic polymorphisms in Japanese: roles of

UGT1A1*6 and *28
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Objectives SN-38, an active metabolite of irinotecan, is
detoxified by glucuronidation with UGT1A isoforms, 1A1,
1A7, 1A9, and 1A10. The pharmacogenetic information on
UGT1A haplotypes covering all these isoforms is important
for the individualized therapy of irinotecan. Associations
between UGT1A haplotypes and pharmacokinetics/
pharmacodynamics of irinotecan were investigated to
identify pharmacogenetic markers.

Methods Associations between UGT71A haplotypes and the
area under concentration curve ratio (SN-38 glucuronide/
SN-38) or toxicities were analyzed in 177 Japanese cancer
patients treated with irinotecan as a single agent or in
combination chemotherapy. For association analysis,
diplotypes of UGT1A gene segments [(1A1, 147, 149, 1A10),
and Block C (common exons 2-5)] and combinatorial
haplotypes (1A9-1A7-1A1) were used. The relationship
between diplotypes and toxicities was investigated in 55
patients treated with irinotecan as a single agent.

Results Among diplotypes of UGT1A genes, patients
with the haplotypes harboring UGT1A7*6 or *28 had
significantly reduced area under concentration curve ratios,
with the effects of UGT1A1*6 or *28 being of a similar
scale. A gene dose effect on the area under concentration
curve ratio was observed for the number of haplotypes
containing *28 or *6 (5.55, 3.62, and 2.07 for 0, 1, and 2
haplotypes, respectively, P<0.0001). In multivariate

Introduction

Irinotecan, an anticancer prodrug, is widely applied for
colorectal, lung, stomach, ovarian, and other various
cancers. It is activated by carboxylesterases to SN-38
(7-ethyl-10-hydroxycamptothecin), which shows antitu-
mor activity by inhibiting topoisomerase I [1,2]. SN-38 is
subsequently glucuronidated by uridine diphosphate
glucuronosyltransferases (UGT) two form an inactive
metabolite, SN-38 glucuronide (SN-38G) [3]. Dose-
limiting toxicities of irinotecan are diarrhea and leukope-
nia [4], and reduced activity for SN-38G formation is
closely related to severe toxicities [5]. Among UGT

1744-6872 © 2007 Lippincott Williams & Wilkins

analysis, the homozygotes and double heterozygotes of
*6 and *28 (*6/*6, *28/*28 and *6/*28) were significantly
associated with severe neutropenia in 53 patients who
received irinotecan monotherapy.

Conclusions The haplotypes significantly associated with
reduced area under concentration curve ratios and
neutropenia contained UGT1A71*6 or *28, and both of them
should be genotyped before irinotecan is given to Japanese
and probably other Asian patients. Pharmacogenetics and
Genomics 17:497-504 © 2007 Lippincott Williams & Wilkins.
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isoforms, UGT1A1 is abundant in both the liver and
intestine and is thought to be mainly responsible for
inactivation of SN-38 [3,6]. Genetic polymorphisms of
UGT1A1 result in reduced enzyme activity and increased
toxicity by irinotecan. A significant association of
UGT 141*28, a repeat polymorphism of the TATA box
(-40_-39insTA) [3,7], with severe irinotecan-induced
diarrhea/leukopenia was first reported in a retrospective
study of Japanese cancer patients [8]. Subsequent
pharmacogenetic studies in Caucasians have shown close
associations of *28 with reduced glucuronidation of SN-
38 and/or severe neutropenia/diarrhea [9-12]. These
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studies have clearly indicated that *2§ is a good genetic
marker for individualized irinotecan therapy. On the basis
of these observations, the Food and Drug Administration of
the United States has approved an amendment of the label
for Camptosar (irinotecan HCI) and added a wamning to
consider a reduction in the starting dose of irinotecan for *28
homozygous patients (NDA 20-571/5-024/S-027/S-028).

There is significant racial difference in UGTIAI poly-
morphisms among Asians, Caucasians, and Africans [13].
Although the association of UGT 141*28 with toxicities by
irinotecan was first described in Japanese patients, its
frequency in Japanese is one-third of that in Caucasians.
Another low-activity allele *6 [211G > A(G71R)], which
is not detected in Caucasians or Africans, is as frequent as
the *28 allele in Japanese. Moreover, the area under
concentration curve (AUC) ratio of SN-38G to SN-38 was
decreased in patients having *6 haplotypes [14].

In addition to UGT1Al, recent studies have suggested
possible contributions to SN-38G formation by UGT1A7,
1A9, and 1A10 [15-17], which are expressed in the
gastrointestinal tract, the liver and intestine, and extrahepatic
tissues, respectively [18]. Altered activity resulted from
genetic polymorphisms of these isoforms, including 7473
[387T > G(N129K), 391C > A(R131K), 622T >C(W208R)],
149*22 (-126_-118Tg > Tyg), 149*5 [766G >A(D256N)],
and UGTIA410*3 [605C > T(T2021)], but clinical rele-
vance of these polymorphisms is yet to be clucidated
[16,19-24]. Moreover, close linkages among /49, 147, and
1A1 polymorphisms were found in Caucasians and Asians
in an ethnic-specific manner [20,25-27]. Therefore,
comprehensive investigation that covers these genes,
along with linkages among the polymorphisms, is needed,
in each ethnic population, to evaluate associations
between the genetic polymorphisms and pharmacoki-
netics, as well as clinical outcomes of irinotecan therapy.

Recently, we have analyzed the segmental and block
haplotypes of 148, 1410, 149, 147, 146, 144, 143 and 141,
and the common exons 2-5 (Block C) in a Japanese
population, including the 177 cancer patients treated with
irinotecan, and showed close linkages between the
haplotypes, that is, /49*22 and 1A7*1, 1A7*3 and 147%6,
and JA7*3 and [A47*28 [28]. Preliminary results
of UGTIAI pharmacogenetics on 85 of these cancer
patients were reported previously [14]. In the current
study, we investigated the pharmacogenetics of irinotecan,
focusing on diplotypes of the UGT14 complex covering /41,
147, 149, 1410, and Block C (exons 2-5) of 177 pauents, so
as to elucidate haplotypes or genetic markers associated
with altered glucuronidation of SN-38 and toxicities.

Methods

Patients and treatment schedule

Patients with cancers who started chemotherapy with
irinotecan at two National Cancer Center Hospitals

(Tokyo and Kashiwa, Japan) were eligible if they had
not received irinotecan previously. Other eligibility
criteria included bilirubin < 2 mg/dl, aspartate amino-
transferase (GOT) < 1051IU/l, alanine aminotransferase
(GPT) < 1201U/\, creatinine < 1.5mg/dl, white blood
cell count > 3000/ul, performance status of 0-2, and at
least 4 weeks after the last chemotherapy (2 weeks for
radiotherapy). Exclusion criteria were diarrhea, active
infection, intestinal paralysis or obstruction, and inter-
stitial pneumonitis. The ethics committees of the
National Cancer Center and the National Institute of
Health Sciences approved this study, and written
informed consent was obtained from all participants.

Irinotecan was administered as a single agent or in
combination chemotherapy at the discretion of attending
physicians. Doses and schedules were according to
approved usage in Japan; intravenous 90-min infusion at
a dose of 100 mg/m? weekly or 150 mg/m? biweekly. In
terms of combination chemotherapy, the dose of irinote-
can was reduced according to clinical protocols.

Genetic polymorphisms of UGT1As and
pharmacokinetics

Detailed assay methods for genotypes of the UGT/A gene
complex were reported previously [14,28]. In this study,
we focused on the genetic variations in UGTIAI, 147,
149, and 1410 and common exons 2-5, as they have been
reported to contribute to the SN-38 glucuronidation.
Haplotype analysis covering these regions was performed
in our previous study [28], and haplotypes of each UGT14
segment [exon 1 for 141, 147, 149, or 1410; and Block C
(common exons 2-5)] are summarized in Fig. 1.

Pharmacokinetic analysis for irinotecan was performed as
described previously [14]. Briefly, heparinized blood was
collected before administration of irinotecan, as well as 0 and
20min, and 1, 2, 4, 8, and 24 h after termination of the first
infusion of irinotecan. Plasma concentrations of irinotecan,
SN-38 and SN-38G were determined by the high-perfor-
mance liquid chromatography [29], and AUC was calculated
by the trapezoidal method using WinNonlin version 4.01
(Pharsight Corporation, Mountain View, California, USA).
Associations between genotypes and the AUC ratio (AUC of
SN-38G/AUC of SN-38) were evaluated in 176 patients.

Monitoring and toxicities

A complete medical history and data on physical
examinations were recorded before the irinotecan ther-
apy. Complete blood cell counts with differentials and
platelet counts, as well as blood chemistry, were
measured once a week during the first 2 months of
irinotecan treatment. Toxicities were graded according to
the Common Toxicity Criteria of Nartional Cancer
Institute version 2. Association of genetic factors with
irinotecan toxicities was analyzed primarily in patients
who received irinotecan as a single agent.
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Haplotypes of UGT7A gene segments (UGT1AT1, 1A7 1A9, 1A10, and Block C) in 177 Japanese cancer patients. The tagging variations and
haplotypes are shown. Variant alleles are indicated in grey. Definition of Block C haplotypes in our previous paper ([14)) (corresponding to Block 2)

were slightly modified.

Statistical analysis

Statistical analysis on the differences in the AUC ratios
(SN-38G/SN-38) among UGTIA genotypes was performed
using the Kruskal-Wallis test, followed by nonparametric
Dunnett’s multiple comparison test, or with Wilcoxon test.
Analysis of a gene—dose effect of each haplotype was
performed using the Jonckheere-Terpestra test in the SAS
system, version 5.0 (SAS Institute, Cary, North Carolina,
USA). Relationship of UGTIA genetic polymorphisms to
the toxicities of irinotecan was assessed by the ¥? test via
the use of using Prism version 4.0 (GraphPad Prism
Software, San Diego, California, USA). The P-value of 0.05
(two-tailed) was set as a significant level, and the

multiplicity adjustment was conducted for pharmacoki-
netics data with the false discovery rate [30].

To identify factors associated with the log-transformed
AUC ratio of SN-38G/SN-38, multiple regression analysis
was performed using age, sex, body surface area, dosage of
irinotecan, history of smoking or drinking, performance
status, coadministered drugs, serum biochemistry para-
meters at baseline, and 749-147-1A1 and Block C
haplotypes (five or more chromosome numbers) or
‘IAI*6 or *28. For multiple regression analysis of
neutropenia, variables included the absolute neutrophil
count at baseline and the dosing interval, in addition to
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the other patient background factors described above.
The multivariate analyses were performed by using JMP
version 6.0.0 software (SAS Institute). The variables in
the final models for both AUC ratio and neutropenia were
chosen by forward and backward stepwise procedures at
significance levels of 0.25 and 0.05, respectively.

Resuits

Patients and UGT1A haplotypes

Patient demographics and information on the treatment
are summarized in Table 1. In addition to UGT1Al,
UGTI1A7, 1A9, and 1A10 were also reported to glucur-
onidate SN-38 [15-17]. In our previous study, haplorype
analysis covering the 749 to 141 (5'-3') gene segments
was conducted, and the combinatorial diplotypes
(1A9-147-141) of the patients were determined. It must
be noted that close linkages between 749*22 and 147*1,
between 147*2 and 147*60, and between [A7*3 and
1A71*6 or 141*28 were observed as described previously
[28]. To clarify the linkages between these segmental
haplotypes (749, 147, and [471), we grouped the
combinatorial (/A49-147-1A41) haplotypes into four cate-
gories (A-D) based on the /47 haplotypes (*7, *6, *60,
and *28). Each group was further divided into the
- subgroups based on the previously defined Block 9/6
(including 149, 147, and 146) haplotypes (Table 2). The
frequency of Group B haplotypes (B/-B4) harboring
IAI*6 was 0.167 and higher than that of Group D
haplotypes (D7-D6) with *28 (0.138) in this population.

Association of 1A9-1A7-1A1 diplotypes to SN-38G formation
When relationship between the UGT7A4 diplotypes (149-
147-141) and the SN-38G/SN-38 AUC ratio was analyzed

Table 1 Characteristics of Japanese cancer patients in this study

No. of participants

Age

Mean/range 60.56/26-78 177
Sex

Male/female 135/42
Performance status 0/1/2 84/89/4

Combination therapy and tumor type
{initia! dose of irinotecan; mg/m?)

Irinotecan monotherapy Lung (100} 21
Colon (150) 28
Others (100) 7
With platinum-containing Lung (60) 58° 48 [60]°
drug?® Stomach (70) 9 9 [80]°
Others (60) 5 5 [80]°
With 5-fluorouracil Colon (100 or 150) 34
(including tegafur) Others (90 or 100) 2
With mitomycin-C Stomach (150) 10
Colon (150) 1
With amrubicin Lung (60) 2
Previous treatment .
Surgery Yes/no 85/92
Chemotherapy Yes/no 97/80
Radiotherapy Yes/no 26/151
Smoking history Yes/no 29/148

2Cisplatin, cisplatin plus etoposide or carboplatta.

“Two and eight patients received cisplatin and etoposide and carboplatin,
respectively.

°Number of cisplatin-administered patients [initial dose of cinlatin (mg/m?) is
shown in brackets].

in the 176 cancer patients the AUC ratio for the
diplotypes of B2/B2, D2/A1, and DI/B2 was statistically
significantly lower than the A//A1 diplotype (Fig. 2).
These diplotypes harbored /47*6, *28 or both. Significant
gene—dose effects of B2 (among A1/A1, B2/A1, and BZ/B2)
and C3 (among Al/Al, C3/Al, and C3/C3) were also
observed (Fig. 2). As no significant differences in AUC
ratios were observed between D1/A1 and D2/Al, D1/C3
and D2/C3, and DI/B2 and DZ/B2, the haplotype
combination JA9*1-1AT*3 or [A9*22-147*1 was not
influential on the AUC ratio.

As the effect of diplotypes harboring UGT1A41 polymorphism
was prominent, we grouped the whole gene (149-147-1A41)
diplotypes according to the /47 diplotypes (the upper part of
Fig. 2). Patients with *6 or *28 (except for *28/*28)
haplotypes had significantly lower AUC ratios than the
wild-type (*I/*I), and significant gene—dose effects were
observed for *28 (among *1/*1, *28/*1, and *28/*28) and *6
(among *//*1, *6/*1 and *6/*6). A significant additive effect
of *6 and *28 on the decreased AUC ratio was also observed
when the values for *28/*1 were compared with those for
*28/*6 (Fig. 2 and Table 3).

Regarding other polymorphisms, a statistically nonsignificant
tendency to decrease the AUC ratio was observed for *60

Table 2 Combinatorial haplotypes covering UGT1A9, UGT1A7, and
UGT1A1

Block haplotype® Combination Cancer
of segmental patients
haplotypes '
Haplotype Block Block Block 1AQ9-1A7- N® Frequency
9/6 4 31 1A1
A1° *l *1 * *22-*1-*1 189 0.534
*l *3 *
A3 * *1 * $1-*2-*1 2 0.006
A2 * *1 *! *1-*3-*1 1 0.003
A4 v *1 *l *22-*3-*1 1 0.003
A5 *T11-*1-*1 1 0.003
B2° *l *1 I
*l *1 Vi *1-*3-*6 47 0.133
I *4 Vi .
B4 v 1 .l *22-*3-*6 6 0.017
B1 * *1 * *22-*1-*6 5 0.014
*l *1 VI
B3 * *1 * *1-*2-*6 1 0.003
[ox * *3 v
* *1 v
* *3 v *1-*2-*60 44 0.124
*mn *1 v
(03] * *3 v *22-*1-*60 5 0.014
* *1 v
Cc2 * *3 % *1-*3-*60 2 0.006
C7 Vi *3 v *22-*2-*60 1 0.003
D1 * *1 *lla *22-%1-*28 23 0.065
* *1 *lic
D2 ) N *1 *lla
* *3 *lla *71-*3-*28 22 0.062
Il *7 *lic
D6 v *7 *Iib *1-*2-*28 4 0.011
Total 354 1.000

Block haplotypes described in Ref. [28] are shown for reference. 1A9 and 1A7
are included in block 9/6 and 1A7 is included in block 3/1.

"Number of chromosomes.

“Major combinatrial haplotypes.
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The association of UGT1A dlploty?es with the reduced area under concentration curve ,(AUC) ratio (SN-3BG/SN-38) in 176 Japanese cancer

patients who received irinotecan.

he whole gene (1A9-1A7-1A7) diplotypes are shown below the abscissa and the UGT1A1 diplotypes are

indicated in the upper part of the figure. Each point represents a patient value, and the median is indicated by a bar. Significant reductions in the AUC
ratio were detected in the B2/B2, D2/A1, and D1/B2 compared with A7/A7 for the whole gene diplotypes [Kruskal-Wallis test (P=0.0009)
followed by Dunnett's multi})Ie comparison test]. As for the 7A1 diplotypes, significant reductions were detected in the *6/* 1, *6/*60, *6/*6,

*

*28/*1, *28/*60, and *28,

6 compared with the *1/*1 group [Kruskal-Wallis test (P<0.0001) followed by Dunnett's multiple comparison test].

Gene-dose effects on the reduced AUC ratio were significant for *6 and *28 (Jonckheere-Terpestra test). A significant additive effect of *6 on the
reduced AUC ratio by *28 was detected by comparing *28/*1 and *28/*6. °P<0.05 and °P<0.01 against A1/A7 ?roup (Dunnett's multiple

comparison test); °P<0.05, °P<0.01, and °P&<0.001 against the *1/*71 group (Dunnett's multiple comparison test

'P<0.05, ¥P<0.001, and

"P<0.0001 (Jonckheere-Terpestra test for gene-dose effect); ‘P<0.01 (Wilcoxon test).

(P = 0.1134). No significant effects on the AUC ratio were
observed for Block C (exon 2-5) haplotypes or rare variations
including 7410 (*2T; *2, or *3) and 149 (*5, *T11).

Multiple regression analysis of the area under
concentration curve ratio

We further assessed the impact of UGT1A4 genetic factors
on the AUC ratio by multiple regression analysis. First, we
used the 7/49-147-141 and Block C haplotypes as genetic
factors. The AUC ratio was significantly associated with
the haplotypes B2, DI, and D2 and serum biochemistry
parameters indicating hepatic or renal function before
treatment. The Groups B and D haplotypes harbor 7141*6
and *28, respectively. The dependency on specific /47 or
149 polymorphisms, however, was not obtained, consider-
ing the contributions of both D7 and D2. As /47*6 and
*2§ are mutually exclusive and their effects are compar-
able, we grouped /47*6 and *28 into the same category in
the final multiple regression model (Table 4). The final
model confirmed the significant contnibution of this
genetic marker (*6 or *28) to the AUC ratio.

Effects of the genetic marker ‘*6 or *28’ on pharmaco
kinetic parameters

Then, a dose effect of the genetic marker ‘*6 or *2§
on pharmacckinetic parameters was further analyzed

Table 3 AUC ratio of SN-38 glucuronide to SN-38 for UGTIA/
diplotypes

AUC ratio

Diplotype Number of Median Interquartile P-value®

patients range (vs. *1/*1)
*1*1 55 6.13 4.72-779
*1/*60 25 5.04 3.85-6.52 0.9803
*60/*60 5 4.48 2.57-12.74 08141
*6/*1 32 4.03 2.74-5.97 0.0126
*6/*60 9 2.84 2.09-4.33 0.0021
*6/*6 5 1.19 1.06-3.74 0.0012
*28/*1 26 3.65 2.76-5.21 0.0040
*28/*60 8 3.44 2.68-4.40 0.0261
*28/*6 7 2.03 1.65-3.26 <0.0001
*28/*28 4 3.65 2.05-4.92 0.2322

AUC, area under concentration curve.
“Dunnett's multiple comparison test.

(Fig. 3). Patients with one haplotype harboring either
*6 or *28 (*6/*1, *6/*60, *28/*1, and *28/*60) had lower
SN-38G/SN-38 AUC ratios (median, 3.62; interquartile
range, 2.74-5.18) than patients without *6 or *28 (*1/*1,
*60/* 1, and *60/*60) (5.55, 4.13-7.26), and patients with
two haplotypes harboring *6 or *28 (*6/*6, *28/*28, and
*28/*6) had the lowest AUC ratio (2.07, 1.45-3.62)
(P < 0.0001, Fig. 3a). Similarly, the number of the *¢
or *28-containing haplotypes affected the AUC ratios of
SN-38 to irinotecan (Fig. 3b). When the correlations
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between irinotecan dosage and the AUC of SN-38 were
tested, different correlations were obtained according to
the number of the haplotypes (Fig. 3c). The slope of
regression line for one and two haplotypes harboring *6 or
*28 was 1.4-fold and 2.4-fold greater, respectively, than
that for the diplotype without *6 or *28.

Associations of UGT1A1 genetic polymorphisms with
toxicities

Association between genetic polymorphisms and toxici-
ties was investigated in patients receiving irinotecan as a
single agent. One patient was referred to another hospital
3 days after the first administration of irinotecan without
evaluating toxicities and was lost in terms of follow-up.
Therefore, association between genetic polymorphisms
and toxicities was investigated in 55 patients. Six (11%)
and 14 (25%) patients experienced grade 3 or greater
diarrthea and neutropenia, respectively. As for the 749-
147-141 diplotypes, a higher incidence of grade 3 or
greater neutropenia was observed in D1/B2 (141%28/*6)
(100%, n = 3) than in A1/A1 (11.8%, n = 17) (P = 0.0088,
Fisher’s exact test), indicating clinical impact of the
genetic marker 747*6 or *28. As for the dose effect of “*6
or *28, incidences of grade 3 or 4 neutropenia were 14,
24, and 80% for 0, 1, and 2 haplotypes harboring these
markers, respectively (Table 5). A significant association
between ‘“*6 or *28and ncutropenia was also observed for
62 patients who received irinotecan in combination with
cisplatin (Table 5). No association, however, was observed
between diarrhea and the marker ‘*6 or *28".

Multivariate analysis for irinotecan toxicities

We further evaluated the effect of the genetic marker **6
or *28 on neutropenia in multivariate analysis, and
confirmed a significant correlation of “*6 or *2§ with
the nadir of absolute neutrophil counts (Table 6).
Elevated alkaline phosphatase levels and the absolute
neutrophil count at baseline were also significant.

Discussion
The association study with the 7149-147-141 diplotypes
revealed that the reduction in inactivation of SN-38, as well

Table 4 Multiple regression analysis toward the AUC ratio
(SN-38G/SN-38)°

Variable Coeffi-  F-value P-value R? Intercept N
cient
0410 0.8868 176
*6 or *28 -0.189 702  <0.0001
Age 0.005 8.88 0.0033
Serum albumin level® -0.136 9.92 0.0019
Serum GOT 0.070 8.88 0.0033
and ALP®
Serum creatinine® 0.210 7.23 0.0079

ALP, alkaline phosphatase; AUC, area under concentration curve.

*The values after logarithmic conversion were used as an objective variable.
®The absolute value (g/dl} before irinotecan treatment.

°Grade 1 or greater scores in both serum GOT and ALP before irinotecan treatment.
9Grade 1 or greater scores in serum creatinine before irinotecan treatment.

as neutropenia, was dependent on the Groups B and D
haplotypes which corresponded to the /A/*6 and *28
segmental haplotypes. Also, multivariate analyses clearly
showed clinical significance of the genetic marker “*6 or *28
for both pharmacokinetics and toxicity of irinotecan in
Japanese patients (Tables 3 and 6). UGT1A71*6 and *28 were
mutually exclusive {14] and contributed to the reduction in
glucuronidation of SN-38 to the same extent. Therefore,
the activity of SN-38 glucuronidation in individuals
depended on the number of the haplotypes harboring *6
or *28. Although the role of 747*28 for irinotecan toxicity
has been focused on [8-12], this study strongly suggests
that *6 should be tested in addition to *28 before starung
chemotherapy with irinotecan in Japanese patients.

The clinical importance of *6 for neutropenia by
irinotecan was also supported by a recent report in
Korean patients who received irinotecan and cisplatin [31].
Although no patients with irinotecan as a single agent were
homozygous for *6 in our study, clinical significance of the
double heterozygote, *6/*28, was clearly demonstrated.
Among patients treated with irinotecan in combination
chemotherapy, the majority of patients received platinum
agents in our study. A significant association of ‘*¢ or *28
with a higher incidence of grade 3 or 4 neutropenia was also
observed in patients who received irinotecan and cisplatin
(Table 5). These findings further support the necessity of
testing “*6 or *28 before irinotecan is given to patients.

As possible enhancement of toxicities by the *27 allele was
suggested [8], we evaluated the effect of the *2&
haplotype, which had an additional single-nucleotide
polymorphism [*27; 686C > A(P229Q)] to the *28 allele
(-40_-39insTA). In our cohort of patients, there were three
*28c heterozygotes (*28:/*1) and one double heterozygote
(*286/*28). The values of the AUC ratio were within the
range of variations of the *28 group, and no additional
impact of *28 was observed in relation to toxicities.

Although the decreasing trend of the AUC ratio for
147*60 (and combinatorial haplotype C3) was observed
(Fig. 2), the contribution of /47*60 to toxicities was not
clearly demonstrated in this study as reported in the
Japanese retrospective study [32].

In addition to UGTI1AI, recent studies have suggested
possible contributions of UGT1A7, 1A9, and 1A10 to SN-
38G formation [15-17]. An in-vitro study demonstrated
that 747*3 [387T > G(N129K), 391C > A(R131K),
622T > C(W208R)] had reduced activity in terms of
SN-38G formation [16]. Results of clinical studies,
however, on the association between /47 polymorphisms
and irinotecan toxicity/efficacy are inconsistent, whereas
different populations with different combination thera-
pies were used [19,20]. Furthermore, it was reported that
the UGTIA7 polymorphisms (*2 and *3), which were
linked to 749*1, were associated with a lowered incidence
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Table 5 Association of UGT1A7*6 and *28 with irinotecan
toxicities

Table 6 Multiple regression analysis of the nadir of absolute
neutrophil counts in the patients with irinotecan monotherapy

Diplotype Number of Diarrhea Neutropenia Variable Coeffi- Fwvalue  P-value R? Intercept N
(+=*6or *28) patients (grade 3) (grade 3 or 4) cient
Irinotecan monotherapy 0.3942 643 53
-/ 21 3 (14.3%) 3 (14.3%) Serum ALP? -3499 12.2 0.0010
+/- 29 2 (6.90%) 7 (24.1%) Neutrophil 0.2466 135 0.0006
+/+ 5 1 (20.0%) 4 (80.0%) count before
P-value® 0.8500 0.0117 irinotecan
P-value® 0.3889 0.0124 treatment
With cisplatin *6 or *28 -369.1 6.40 0.0146
-/- 35 1 (2.9%) 20 (57.1%)
+/- 20 2 (10.0%) 14 (70.0%) ®Grade 1 or greater scores of serum ALP before irinotecan treatment.
+/+ 7 1 (14.3%) 7 (100%)
P-value® 0.1747 0.0315 polymorphisms were found in Caucasians and Asians in an
P-value® 0.3886 0.0863

#Percentage of the patient number in each diplotype is indicated in parentheses.
PChi-squared test for trend.
°Fisher's exact test, (-/— and +/-) vs. +/+.

of diarrhea in the irinotecan/capecitabine regimen, in
which diarrhea was a major toxicity {20]. A highly
frequent allele 749*22 with an insertion of T into the
nine T repeats in the promoter region (-126_-118T4 > Tg)
was shown to have an enhanced promoter activity in an in-
vitro reporter assay {21], whereas 1A9 protein expression
levels did not change in the clinical samples [22]. Rare
variations, [A9*5 [766G > A(D256N)] and UGTIAI0*3
[605C > T(T2021)], were shown to cause reduced activity
i witro, but their clinical importance is still unknown
[23,24]. Moreover, close linkages among /49, A7, and 141

ethnic-specific manner [20,25-28].

Our study also revealed close linkages between 749*22
and 7A7*1, 1A7*3 and 1471*6 or *28 [28]. This fact makes
it difficult to draw firm conclusions about the effects of
1A47*3 and 149*22 themselves. It is, however, reasonable
to conclude that the degree of neutropenia depends on
the activity of UGTI1AL, because UGTI1A1 is a major
UGTIA enzyme in the liver and plays a primary role for
regulating plasma concentrations of SN-38.

Taken together, for practical application to individualized
irinotecan therapy, genotyping of UGTIAI*6 and *28
would be beneficial and necessary in Japanese cancer
patients to avoid severe adverse reactions. The frequency
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of homozygotes for “*6 or *28 (namely, *6/*6, *6/*28, and
*28/*28) is approximately 10%, which is comparable to
the frequency of *28 homozygotes in Caucasian popula-
tions. In our study, 1t may be difficult to establish definite
guidelines for dose reductions of irinotecan for patients
homozygous for “*6 or *28". Considering, however, 2.4-fold
steep relationship between the dose of irinotecan and the
AUC of SN-38 for patients homozygous for ‘*6 or *28
compared with patients without ‘**6 or *28 (Fig. 3c), the
dose for patients homozygous for “*¢ or *28 should be
reduced to a half of the dosage recommended for other
patients. Prospective studies are necessary to confirm the
validity of the recommendation for dose reduction in
Japanese cancer patients homozygous for ‘*6 or *28'.
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Objective CYP2C8 is known to metabolize various drugs
including an anticancer drug paclitaxel. Although large
interindividual differences in CYP2C8 enzymatic activity
and several nonsynonymous variations were reported,
neither haplotype structures nor their associations with
pharmacokinetic parameters of paclitaxel were reported.

Methods Haplotype structures of the CYP2C8 gene were
inferred by an expectation-maximization based program
using 40 genetic variations detected in 437 Japanese
patients, which included cancer patients. Associations of
the haplotypes and paclitaxel pharmacokinetic parameters
were analyzed for 199 paclitaxel-administered cancer
patients.

Results Relatively strong linkage disequilibriums were
observed throughout the CYP2C8 gene. We estimated 40
haplotypes without an amino-acid change and nine
haplotypes with amino acid changes. The 40 haplotypes
were classified into six groups based on network analysis.
The patients with heterozygous */G group haplotypes
harboring several intronic variations showed a 2.5-fold
higher median area under concentration-time curve of C3'-
p-hydroxy-paclitaxel and a 1.6-fold higher median value of
C3'-p-hydroxy-paclitaxel/paclitaxel area under concentra-
tion—time curve ratio than patients bearing no */G group
haplotypes (P<0.001 for both comparisons by Mann-
Whitney U-test). No statistically significant differences,
however, were observed between patients with and without
the */G group (haplotypes) in clearance and area under

Introduction

Cytochrome P450s (CYPs) catalyze oxidative metabolism
of a wide variety of exogenous chemicals and endogenous
compounds. Human CYP2C subfamily consists of four
members, CYP2C18, CYP2C19, CYP2C9, and CYP2(CS,
all of which are located in tandem on chromosome
10q23-24 in the order listed above {1]. CYP2C8 is a

1744-6872 © 2007 Lippincott Williams & Wilkins

concentration-time curve of paclitaxel, area under con-
centration-time curve of 6a-hydroxy-paclitaxel and 6a-,
C3'-p-dihydroxy-paclitaxel, and area under concentration—
time curve ratio of 6a-hydroxy-paclitaxel/paclitaxel.

Conclusion CYP2C8*IG group haplotypes were asso-
ciated with increased area under concentration-time curve
of C3'-p-hydroxy-paclitaxel and area under concentration-
time curve ratio of C3'-p-hydroxy-paclitaxel/paclitaxel.
Thus, *I/G group haplotypes might be associated with
reduced CYP2C8 activity, possibly through its

reduced protein levels. Pharmacogenetics and Genomics
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clinically important enzyme, which metabolizes various
drugs such as the anticancer drug paclitaxel (PTX), the
antiarrhythmic drug amiodarone, the insulin secretagogue
repaglinide, the HMG-CoA reductase inhibitor cerivas-
tatin, and the nonsteroidal antiinflammatory drug ibu-
profen [1]. This enzyme is also involved in the oxidation
of retinoids and fatty acids including arachidonic acid [1].

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Up to 38-fold interindividual variability has been reported
on PTX 6a-hydroxylation and rosiglitazone p-hydroxylation
and N-desmethylation by CYP2C8 [2,3]. Effects of
CYP2C8 genetic polymorphisms on metabolic activities
have also been studied. Two polymorphisms first identified
were 805A>T (11e269Phe, CYP2C8*2) and 416G >
A/1196A > G (Arg139Lys, Lys399Arg, CYP2C8*3). The *2
and *3 alleles were mainly found in Africans with 0.04-0.18
frequencies, and in Caucasians with 0.10-0.23 frequencies,
respectively [1]. Both alleles were associated with
decreased enzymatic activities for PTX 6a-hydroxylation
in vitro [4-6). CYP2C8*4 allele (792C > G, lle264Met) was
found in British Caucasians [6]. We found 475delA
(CYP2C&*3) in Japanese, and this allele leads to a frame
shift at codon 159 followed by a stop codon at residue 177
[7]. We also found five additional polymorphisms
(CYP2C8*6 to *10) in Japanese [8]. Among them,
CYP2C8*7 (556C>T, Argl86X) and *& (556C> G,
Arg186Gly) are different nucleotide variations at the same
position. The former variation results in the stop codon,
and the latter leads to an amino-acid substitution with a
markedly reduced hydroxylation activity to PTX in vitre.
Recently, two additional variations, CYP2C8*13 (669T > G,
Tle223Met) and *14 (712G > C, Ala238Pro), have been
reported [9].

To date, a few reports have shown the impact of
CYP2C8*3 alleles on drug pharmacokinetics. The pre-
sence of *3 was associated with reduced clearance and
increased area under concentration-time curve (AUC) of
(R)-ibuprofen [10]. In contrast, significantly reduced
AUC and C,. of repaglinide were observed in the
patients with heterozygous *3 but not in patients with
heterozygous *4 [11). As for PTX, previous studies failed
to show the influence of CYPZC8 variations on PTX
pharmacokinetics [12,13].

Haplotypes, linked polymorphisms on the same chromo-
some, often show more precise and strong association
with phenotypes such as adverse reaction and/or pharma-
cokinetics of drugs than individual polymorphisms [14].
In this study, we determined/inferred haplotype struc-
tures of the CYP2C8 gene using genetic polymorphisms
detected in 437 Japanese patients. Then, association
analysis was performed between the haplotypes and
pharmacokinetic parameters for PTX and its metabolites.
PTX is metabolized to form C3’-p-hydroxy-PTX (3'-p-
OH-PTX) and 6o-hydroxy-PTX (60-OH-PTX): both
metabolites are further hydroxylated to 6a-,C3’-p-dihy-
droxy-PTX (diOH-PTX) [2,15,16]. CYP2C8 metabolizes
PTX and 3'-p-OH-PTX into 60-OH-PTX and diOH-
PTYX, respectively. Another enzyme, CYP3A4, metabo-
lizes PTX and 6a-OH-PTX into 3-p-OH-PTX and
diOH-PTX, respectively. Previously, we showed that a
CYP344 haplotype affected the pharmacokinetics of
these metabolites [9]. In this study, effects of CYP2CS
haplotypes on PTX metabolism were investigated.

Materials and methods

Patients for DNA sequencing

A rtotal of 437 Japanese patients (235 cancer patients
administered PTX, 106 arrhythmic patients, and 96
epileptic patients) participated in this study. This
population included 34 patients, who were previously
used to identify the CYP2C8*5 allele and four intronic
variations [7], and seven patients with CYP2CE*6 to *10
[8], *13 and */4 alleles [9]. Written informed consent was
obtained from all participating patients. The ethical
review boards of the National Cancer Center, the
National Cardiovascular Center, the National Center of
Neurology and Psychiatry, and the National Institute of
Health Sciences approved this study.

Polymerase chain reaction conditions and DNA
sequencing

Genomic DNA was extracted from whole blood leuko-
cytes. First, the entire CYP2CS gene except for — 8.8 and
—1.9kb enhancer regions was amplified in two portions
(from the promoter region to exon S5, and exons 6-9)
using the primer sets listed in the ‘first polymerase chain
reaction (PCR)’ section of Table 1. Amplification was
performed from 200 ng of genomic DNA using 1.25 units
of Z-T (Takara Bio. Inc., Shiga, Japan) with 0.2 pmol/l of
the primer sets. The first PCR conditions were 30 cycles
of 98°C for 55, 55°C for 5s, and 72°C for 190s. Then,
each exon (except for simultaneous amplification of exons
2 and 3) was amplified by Ex-Taq (1.25 units) with a set
of primers (0.2 umol/l) listed in the ‘second PCR’ section
of Table 1 (primers were designed in the intronic regions
or promoter region). The second-round PCR conditions
were 94°C for 5 min, followed by 30 cycles of 94°C for
30s, 60°C for 1 min, and 72°C for 2 min, and then a final
extension at 72°C for 7 min. As for the —8.8 and —1.9kb
enhancer regions, amplification was performed directly
from 50 ng of genomic DNA under the same conditions as
in the second round PCR. Thereafter, the PCR products
were treated with a PCR Product Pre-Sequencing Kit
(USB Co., Cleveland, Ohio, USA) and directly sequenced
on both strands using an ABI BigDye Terminator Cycle
Sequencing Kit (Applied Biosystems, Foster Ciry, Cali-
fornia, USA) with the primers listed in the ‘Sequencing’
section of Table 1. For the -8.8 and —1.9kb enhancer
regions, promoter region, exon 4, and exons 7-9, the
primer sets for the second PCR were also utilized for
sequencing. The excess dye was removed by a DyeEx 96
kit (Qiagen, Hilden, Germany). The eluates were applied
to an ABI Prism 3700 DNA Analyzer (Applied Biosys-
tems). All detected variations were confirmed by repeat-
ing the PCR from the genomic DNA and sequencing of
the newly generated PCR products. Genbank accession
number NT _030059.12 was used for the reference
sequence. Under conditions used, the —8.8kb enhancer
region (pregnanex receptor/constitutive androstane re-
ceptor-binding site and its surrounding region), —1.9kb
enhancer region (glucocorticoid receptor-binding site and
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Table 1 Primers used for the sequencing of CYP2C8
Forward primer Reverse primer

Amplified and

sequenced Sequences Position Sequences Position Amplified

region (5'-3) at §'-end® (5'-3") at 5-end®  length (bp)
First PCR Promoter to CTGTGGTGTAAGTGGTAATGAAC 15578696 AAAAGCCCTGAGAACCTATAATC 15563106 15591

exon

Exons 6-9 TAAGTATTTGTCCCAGTGCTCTC 15562092 TAGCAACTATACAAGCACGGG 15544271 17822
Second PCR  -88kb CCCAAAAAAGAGCAGGTGTAGCCAT 15586590 TTACTGTCTGTCAAGTGGACCTATC 15586279 312

-1.9kb CTGACCCACATTTTACTCAACTG 15579731 CCCAGTTTAGAGAGGAGAAAGTTAG 15579471 261

Promoter GTCCTGTTCTCCCAGAGTTTC 15578600 TCTCCAGAGTGAAAAGAGAAGC 15677623 978

Exon 1 TCATAAATTCCCAACTGGTC 15578062 GAGCTTGCAGTGAGTGGAGA 15577279 784

Exons 2-3 TGCTGAATGTGTTGAAGTGAGG 15576234 CTCCCTTIGTCTCTGTGCTTC 15575334 901

Exon 4 AGGCAGTGGATGTGAATAACC 15573481 TCTGTACCTAAAGATTGGAGGCTG 15572897 585

Exon 5 TCTCAGCATACTATCACAAGGAC 15567211  TAAGGGCTATGTCAATGTGC 15566208 1004

Exon 6 ACTAACCTAAGCAGCGAATGA 15554467 TTTTCATCTCCCCACCACAGCATT 15553696 772

Exon 7 GGCTGGTTGTACTTICTGGAC 155515600 AATAGCAGAAAGTCCATCAAGC 15551034 467

Exon 8 GAAGTGATGAAATAGAGCGGCAA 15547620 TAGTGGCAGAGTTCAGTCAAACC 15546922 699

Exon 9 TGGGAATAAATAAAGAAATGACTG 15545898 GTCAGCATTAGAAAAGTATTIAGCA 15545166 734
Sequencing® Exon 1 CAGTGTTTCTCCATCATCACAGC 16577988 TTCAGAGGGAGTATTTTGCTIT 15677388

Exon 2 CATCACAGGCCATCTATAAGTGG 15576165 CCCCCTCACCCCAGTTACC 15675764

Exon 3 GGTAACTGGGGTGAGGGGG 155675782 CTCCCTTGTCTCTGTGCTIC 15575334

Exon § GGAACATTACACACTGGGGT 15567115  ATTATTTTTATTITCAAGAAGAGGG 15566396

Exon 6 ACTAACCTAAGCAGCGAATGA 15554467 TCTCTGTCATCCTCCTCCATT 15653904

2Primer sets for the second PCR were used for the ~8.8kb, - 1.9kb, promoter, exons 4, 7, 8 and 8.

The position in the reference sequence, NT_030058.12.

its surrounding region), promoter region (up to 890 bases
upstream of the translational initiation site, including
hepatocyte nuclear factor 4a-binding site) [17] and all
nine exons and its flanking introns were successfully
sequenced for all patients analyzed.

Linkage disequilibrium and haplotype analyses
Hardy-Weinberg equilibrium and linkage disequilibrium
(LD) analyses were performed by SNPAlyze software
(version 3.1, Dynacom Co., Yokohama, Japan), and a pairwise
LD berween variations was obtained for the |2/| and rho
square (r) values. Some haplotypes were unambiguously
determined from patients with homozygous variations at all
sites or a heterozygous variation at only one site. Separately,
diplotypes (a combination of haplotypes) were inferred by
LDSUPPORT software, which determines the posterior
probability distribution of the diplotype configuration for
each patient based on estimated haplotype frequencies [18].
Diplotypes of all patients were inferred with probabilities
(certainties) of more than 0.95 except for 18 patients.
Haplotypes without amino-acid changes were designated as
*7, and haplotypes with amino-acid changes were numbered
according to the assignments by the Human Cytochrome
P450 (CYP) Allele Nomenclature Committee (&2p://
www.cypalleles ki selcyp2c8.htm). The estimated haplotypes
(subtypes) were tentatively shown with numbers plus small
alphabetical letters. The haplotypes (subrypes) already
assigned by the Committee were described as numbers
plus capital alphabetical letters (*/4, *IB, and *I().
Network analysis was performed using haplotypes detected
in more than two patients with Network 4.1.1.2 by median-
joining algorithm (kzzp:/[fluxus-engineering.com/) [19].

Patients administered PTX and pharmacokinetic
analysis

Demographic data of 235 PTX-administered cancer
patients including their eligibility criteria were described

previously [9]. Of the 235 patients, 199 (185 nonsmall cell

lung cancer, four thymic carcinoma, four breast cancer, and
six other cancers) were treated with PTX at doses of
175-210 mg/m? (the high-dose group in the previous paper
[9]) at the National Cancer Center, and used for analysis of
associations between haplotypes and pharmacokinetic
parameters. These patients consisted of 139 men and 60
women with a mean age of 60.8 (range: 29-81) years. All
patients were naive to PTX and pretreated with dexa-
methasone and an antiallergic agent (diphenhydramine or
chlorpheniramine maleate) as prophylactics against hyper-
sensitivity reactions. Carboplatin or nedaplatin was coad-
ministered to almost all patients immediately after PTX
treatment. The ethical review boards of both the National
Cancer Center and the National Institute of Health
Sciences approved this study. Written informed consent
was obtained from all patients.

Methods for pharmacokinetic analysis were described
previously, and the parameters obtained previously were
used for the current association studies [9].

Statistical analysis for association studies

Differences in medians of pharmacokinetic parameters
were analyzed by the Kruskal-Wallis test or the
Mann-Whitney U-test. Statistical analysis was done using
Prism v.4.00 (GraphPad Software Inc., San Diego,
California, USA) and SAS v.8.2 (SAS Institute Inc., Cary,
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North Carolina, USA). A significance level of 0.05 was
applied to all two-tailed analyses.

Results

CYP2C8 variations

We reported previously the CYP2C8 nonsynonymous varia-
tions, *5 (475delA, 159fsX18) [7], *6 (511G > A, Gly1718Ser),
*7 (556C>T, Argl86X), *& (556C > G, Argl86Gly) *9
(740A > G, Lys247Arg), *10 (1149G > T, Lys383Asn) (8],
*713 (669T > G, lle223Met), and *74 (712G > C, Ala238Pro)
[9]. These variations were, however, very rare in the
Japanese, and it was rather difficult to perform statistical
evaluation on their in-vivo associations with altered function,
because of low frequencies [9]. Therefore, we continued
resequencing this gene including the promoter and intronic
regions for up to 437 patients. The enhancer regions were
also sequenced for 199 patients administered PTX. Table 2
summarizes the obtained data, where Genbank accession
number NT _030059.12 was utilized for the reference
sequence. Forty variations, including 11 novel ones, were
detected in 437 patients. Because we did not find any
significant differences in the genotype distributions among
the three disease types (P > 0.05 by 3 test or Fisher’s exact
test), data from all patients were analyzed as one group. All
detected variations were found in Hardy-Weinberg equili-
brium (P > 0.05 by %’ test or Fisher’s exact test), except for
two polymorphisms IVS3-97delT and IVS3-21_-20insT.
These deviations were due to the occurrence of one extra
homozygote, and the existence of these homozygotes was
confirmed by amplification of DNA by another set of primers
and resequencing (data not shown). The overall frequencies
of the previously reported nonsynonymous variations
CYP2CS*5, *6, *7, *8, *9, *10, *12 (1382_1384del TTG,
del 461Val), *713, and *7/4 were 0.002, 0.002, 0.001, 0.001,
0.001, 0.001, 0.001, 0.001, and 0.001, respectively, and they
were all found as heterozygotes. We also detected
—271C>A (CYP2C&*1B) and -370T>G (*IC) at fre-
quencies of 0.106 and 0.330, respectively. The frequency of
the *JC allele in Japanese is approximately 5.4-fold higher
than in Caucasians [6]. We did not detect any variation
in the functional hepatocyte nuclear factor 4a-binding site
(-155 to -137 from the translational start site on
NT_030059.12) [17]), and its surrounding region in 437
patients. Also no variation was found in pregnanex receptor/
constitutive androstane receptor-binding site (—8807 to -
8788), glucocorticoid receptor-binding site (-1930 to —
1910) [17], and their surrounding regions in 199 PTX-
administered patients.

Linkage disequilibrium analysis

Using the 15 detected polymorphisms greater than 0.03
in frequency, LD was analyzed for |D'| and r? values
(Fig. 1). | D’| values were more than 0.9 in 89 out of 105
(85%) combinations (Fig. 1, lower left). For % values
(Fig. 1, upper right), strong LD (r? = 0.80) was observed
among IVS2-64A> G, IVS2-13_-12insT, IVS3
—166A > G, IVS4-150G > A, IVS4-94T > C, IVS6 + 196-

G>A, IVS7+49T>A, IVS8+106G>A, and 1497
(*24)C>T. These polymorphisms were also moderately
linked with -411T>C and -370T>G (* > 0.49).
Strong LD was also observed between IVS3-21T > A
and IVS4+ 151G>A (*=0.93), and both variations
were partially linked with IVS8-204A>G (+* > 0.57).
The  values of the other combinations were
below 0.33. Collectively, relatively strong LDs were
observed throughout the CYP2CS gene, suggesting that
one LD block covers the entire region analyzed (approxi-
mately 33 kb). Thus, CYP2CS haplotypes were analyzed as
one block.

Haplotype analysis

Haplotypes determined/inferred are shown in Fig. 2. The
haplotypes obtained in this study were tentatively shown
as a number plus small alphabetical letter except for the
haplotypes already publicized on the Human Cytochrome
P450 (CYP) Allele Nomenclature Committee website,
which are described as the number plus capital alphabe-
tical letter (*/A4, *1B, and *1C). Several haplotypes were
first unambiguously assigned by homozygous single
nucleotide polymorphisms at all sites (*/4-*1f, *I;, and
* /w) or a heterozygous single nucleotide polymorphism at
only one site (*1k, *Im, *It, *Iz, *laa, and *8b).
Separately, diplotypes for each patient were inferred by
LDSUPPORT software. The additionally inferred haplo-
types were 27 */ subtypes (*Ig, *1h, *1/, *In to *Is, *1u,
*Jp, and other very rare 17 haplotypes), and eight
haplotypes with nonsynonymous variations (*54, *65,
*7b, *9b, *10b, *12b, *13b, and *146). The *I subtypes
inferred in only one patient are grouped into ‘others’ in
Fig. 2, and haplotypes with nonsynonymous variations are
described with ‘?* except for unambiguous *&5, since the
predictability for these very rare haplotypes is known to
be low in some cases. Overall, 49 haplotypes were
determined and/or inferred. The most frequent haplo-
type was */d (frequency: 0.366), followed by */¢ (0.289),
*1f (0.113), and */B (0.085). Frequencies of the other
haplotypes were less than 0.05.

Next, we performed network analysis using haplotypes
found in more than two patients to clarify the relation-
ships among the haplotypes. The results showed that the
*1 subtypes could be further classified into six groups,
*JA4, *IB, *ID, *IE, *IG, and *1J groups (Fig. 3). The
grouping of */ subtypes was also shown in Fig. 2. Their
frequencies were 0.435 (*JE group), 0.381 (*/D), 0.103
(*1B), 0.030 (*IG), 0.021 (*14), and 0.013 (*1)). Five rare
unclassified *7 subtypes were shown in “*/ others’.
Haplotypes *56 and *64 were shown to be derived from
*]d and *1B, respectively.

Effects of CYP2C8 haplotypes on PTX metabolism

CYP2CS8 catalyzes biotransformation of PTX into 6a-OH-
PTX and of 3’-p-OH-PTX into diOH-PTX. The effects
of CYP2C8 haplotypes on PTX clearance, AUCs of PTX
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Linkage disequilibrium (LD) analysis of CYP2C8. Pairwise LD between
variations with > 3% frequencies is expressed as || (lower left) and
7 (upper right) by 10-graded blue colors. A denser color represents a
higher linkage.

and its metabolites, and -metabolic -ratios (ratios of
metabolite AUCs to PTX AUC) were investigated in
199 PTX-administered -patients.

Because -nonsynonymous variations ‘were all rare, we
.focused on the effects of diplotypes using grouped *7/
haplotypes (i.e. */A4, *IB, etc). No significant differences
were observed in clearance of PTX, AUCs of PTX, 6a-
OH-PTX and diOH-PTX, and AUC ratio of 6a-OH-PTX/
PTX among the grouped */-diplotypes found in ‘more
than three patients (data not shown). A statistically
significant deviation, however, was observed in AUC of 3.
p-OH-PTX among the grouped */-diplotypes (# = 3)
(P = 0.014 by Kruskal-Wallis test) (Fig. 4a). Furthermore,
AUC ratio of 3’-p-OH-PTX/PTX also showed a-tendency
to be different among the grouped *7-diplotypes of » > 3
by the same test (P =0.071) (Fig. 4b). Careful analysis
revealed that significant differences in both parameters
were observed between *ID/*ID and *IG/*ID patients
(P <0.05 for both parameters, Mann-Whitney U-test)
and between *JE/*IE and *IG/*IE patients (P < 0.001
for AUC of 3’-p-OH-PTX and P < 0.01 for AUC ratio of
3-p-OH-PTX/PTX) (Fig. 4).

Next, heterozygous */G diplotypes were combined into
*G/non-*1G diplotypes (z =11). Because no significant
differences were observed among the other *//*I groups,
all the other *//*I diplotypes were combined into one
group, designated as non-*1G/non-*1G. As shown in Fig. 5a,
the median AUC of 3'-p-OH-PTX was about 2.5-fold

higher in the */G/non-*IG patients than in the non-*IG/
non-*IG patients (P < 0.001 by Mann-Whitney U-test).
The median value of 3’-p-OH-PTX/PTX AUC ratio was
also about 64% higher in the *1G/non-*IG patients than in
the non-*IG/non-*IG patients (P<0.001, Fig. 5b). In
contrast, there were no significant differences in AUC of
60-OH-PTX and AUC ratio of 6a-OH-PTX/PTX be-

tween the two groups (Fig. 5¢ and d) although the AUC
ratio was about 9% lower in the */G/non-*IG patients than

in the non-*1G/non-*IG patients (Fig. 5d). Considering the
metabolic route of PTX, these findings suggest that
CYP2CS8 activity is probably reduced in the */G-bearing
patients.

Recently, we have shown that CYP344*16B (and probably
*6,n = 1) decreases the AUC ratio of 3'-p-OH-PTX/PTX,
and that no other major CYP344 haplotypes significantly
affect the AUC ratio and other PK parameters analyzed
19]. Therefore, we analyzed the effects of */G on the
AUC of 3'-p-OH-PTX and AUC ratio of 3'-p-OH-PTX/
PTX excluding CYP344*16B- and *6-bearing patients
and confirmed the increasing effects of */G (P < 0.001 for
both by Mann-Whitney U-test). In addition, the
significantly increasing effects of CYP2CE*IG were also
observed within CYP3A44*1A/*14 patients (P < 0.001 for
AUC of 3'-p-OH-PTX and P < 0.01 for AUC ratio of 3'-p-
OH-PTX/PTX, Mann-Whitney U-test). Furthermore,
distributions of CYP344 diplotypes/haplotypes were not
significantly different between the CYP2CE*1G/non-*1G
patients and the non-*IG/non-*1G patients (P> 0.05 by
Fisher’s exact test). These results suggest that the
effects of CYP2C8*IG are independent of the CYP344
genotypes. Gender also affects the AUC ratio of 3'-p-OH-
PTX/PTX {9]. Statistical analysis using data from men
only also gave almost the same increasing effects of */G
(P <0.001 for the AUC of 3’-p-OH-PTX and P = 0.001
for the AUC ratio of 3'-p-OH-PTX/PTX, Mann-Whitney
U-test).

To identify further the genetic variation responsible for
the increased AUC of 3'-p-OH-PTX and increased AUC
ratio of 3'-p-OH-PTX/PTX, we next focused on the
variations in the */G group. Among them, the patients
bearing IVS3-21T > A showed statistically significant -
increases-in these parameters compared with the patients
without this variation (P < 0.001 for both parameters,
Mann-Whitney U-test). The */¢ haplotype also harbored
IVS3-21T>A, and one patient with the */z/*1d
diplotype (grouped into */D/*ID) had the second highest
AUC of 3'-p-OH-PTX (1.07 h*pg/ml) and the second
highest AUC ratio of 3’-p-OH-PTX/PTX (0.0497) in the
24 *ID/*ID patients (Fig. 4, grey arrowheads). These
findings suggest that IVS3-21T > A might be involved in
the altered CYP2CS8 activity, although we cannot exclude
the possibility that other identified/unidentified linked
variation is causative.
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Fig. 3
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Network analysis of CYP2C8 haplotypes. Haplotypes found:in at least two patients are shown. The areas of each circle represent the approximate

frequency of each haplotype.:The *7 subgroups are-enclosed by red'lines.

Discussion

All nonsynonymous -variations of CYPZ2C8 found in
Japanese were rare (frequencies <°0:002), and thus we
could not apply statistical analysis for their associations
with pharmacokinetic parameters of PTX [9]. As shown
in Fig. 4b, the AUC ratio of 3-p-OH-PTX/PTX of a
patient with heterozygous *54 haplotype (with 475delA,
‘159fsX18, no activity) was, however, the third highest
(2.8-fold higher than median value) in all 199 ;patients
analyzed. In addition, the patient with heterozygous * 75
(with 556C > T, Argl86X, .no activity) had the lowest
AUC ratio of 6a-OH-PTX/PTX (approximately one-fifth
of the median value) (data not shown). Thus, at least
some of the nonsynonymous CYP2C8 variations described
in this paper probably affect the PTX metabolism 1 vive.
These rare variations, however, cannot fully explain the
interindividual differences in the CYP2C8 activity.
Therefore, we focused on the *7 haplotypes without
amino-acid change. The estimated CYP2C8 *1 haplotypes
could be classified into six haplotype groups (*/4, */B,
*ID, *IE, *IG, and *1J) based on network analysis, and
their effects on PTX metabolism were analyzed.

This study revealed that the AUC of 3'-p-OH-PTX and
AUC ratio of 3'-p-OH-PTX/PTX were increased in the
*]G-bearing patients. It must be noted that AUC of 3'-p-
OH-PTX was considerably increased (2.5-fold). The 3'-p-
OH-PTX is generated from PTX by CYP3A4 and
metabolized into diOH-PTX by CYP2CS8. Thus, both
CYP2C8 and CYP3A4 activities can influence the AUC of
3'-p-OH-PTX. In the previous study [9], we have shown
that the CYP344*16B haplotype harboring 554C> G
(Thr185Ser), but not the other haplotypes, increases
the AUC ratio of 6a-OH-PTX/PTX and decreases the

AUC ratio of 3’'-p-OH-PTX/PTX with statistical signifi-
cance. In additien, gender difference was also shown to
affect beth AUC ratios [9].The association of CYP2C8*IG
group ‘haplotypes with increased AUC of 3'-p-OH-PTX
and AUC ratio of 3’-p-OH-PTX/PTX, however, could not
be explained by the influence of CYP344*16B (and
theoretically null haplotype *6) or gender difference
since the same cenclusions were obtained even if patients
with -CYP3A4*16B and *6, or females were excluded.
Moreover, statistical analysis using data only - from
CYP344*1A4/*14 patients dlso gave almost the same
effects of *IG on the AUC of 3'-p-OH-PTX and the
AUC ratie of 3'-p-OH-PTX/PTX, suggesting that the
effects of CYP2C8*IG are independent of the CYP3A44
genotypes or gender difference. Thus, the increased AUC
of 3'-p-OH-PTX and AUC ratio of 3'-p-OH-PTX/PTX
can be attributed to CYP2CE*IG, suggesting reduced
CYP2C8 activity in patients with */G. Moreover, trans-
porters such as P-glycoprotein encoded by the ABCB/
gene could contribute to the AUCs of PTX and its
metabolites {20]. We reported previously that AUC of 3'-
2-OH-PTX was slightly increased in the patients bearing
*2 haplotype in block 2 of ABCBI (1236C>TT,
2677G > T, and 3435C > T) [9]. When the frequencies
of the *2 haplotype were compared between the
CYP2C8*IG/non-*IG patients and the non-*IG/non-*I1G
patients, however, no statistically significant difference
was observed (P = 0.705 by xz test).

CYP2C8*IG group haplotypes harbors several variations,
which are all located in introns. Thus, the mechanism for
the increased AUC of 3'-p-OH-PTX and AUC ratio of 3'-
p-OH-PTX/PTX is not caused by an amino-acid change.
Among the variations in the *JG group, IVS3-21T > A

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Effects of CYP2C8 diplotypes on AUC of 3'-p-OH-PTX (a), and AUC ratio of 3'-p-OH-PTX/PTX (b). All combinations of diplotypes using grouped
haplotypes for * 1 are shown. Grey arrowheads indicate patients with-heterozygous * 7t haplotype. Statistical significance was analyzed by the Mann—
Whitney U-test to reveal the effects of */G group haplotypes. AUC, area under concentration—time curve; PTX, paclitaxel.

and IVS4 + 151G > A were relatively */G group specific.
Because the patient with */z haplotype also had a high
AUC of 3'-p-OH-PTX and a high AUC ratio of 3'-p-OH-
PTX/PTX, it is possible that the IVS3-21T > A could be a
functionally causing variation rather than IVS4 + 151G > A.
Because IVS3-21T > A is located in the T-rich (pyrimidine-
rich) region upstream of a splice acceptor site and this
polypyrimidine tract is important - for efficient RNA
spliceosome assembly [21], this transversion could reduce
the expression level of mature CYP2C8 mRNA, resulting in
reduced protein expression levels. We cannot, however,
exclude the possibility that other identified/unidentified
linked variation could be causative.

We did not observe significant differences in the AUC of
6a-OH-PTX and AUC ratio of 6a-OH-PTX/PTX be-
tween the heterozygous *IG patients and non-*IG/non-
*JG patients. This is surprising because CYP2C8 is

considered to be the major enzyme responsible for 6a-
hydroxylation of PTX. Currently, we have no data for
explaining this. It is noteworthy that the CYP3A44*16B
haplotype more clearly affects the increase in AUC ratio
of 6a-OH-PTX/PTX than the decrease in AUC ratio of
3-p-OH-PTX/PTX [9]. CYP3A4- and CYP2C8-mediated
disappearance processes of 6a-OH-PTX and 3’-p-OH-
PTX, respectively, might be more influential to their
AUC:s than their generation from PTX. One alternative
(less likely) possibility is that another unidentified
enzyme also catalyzes the transformation of PTX into
60-OH-PTX n wvivo, and that the effect of reduced
CYP2CS8 activity is not clearly reflected in the parameters
analyzed.

Neither the normalized clearance nor AUC of PTX was
significantly influenced by CYP2C8 diplotypes. The small
effect of */G on PTX clearance may be partly explained

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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by only small fraction of PTX to be metabolized. In fact,
median AUC of 3’-p-OH-PTX (0.50 h/mol/l) and 6a-OH-
PTX (1.85h/mol/l) was only 2.3 and 8.5% of that of AUC
of PTX (21.67 h/mol/]), respectively.

Recently, Nakajima e7 a/. [13] tried to analyze the effects
of CYP2C8 polymorphisms on PTX pharmacokinetics.
They genoryped 11 nonsynonymous variations including
CYP2C8*5, but none were detected from 23 Japanese
ovarian cancer patients. Also, we could not apply
statistical analysis to the pharmacokinetic parameters
for five nonsynonymous variations as described above
since the nonsynonymous variations are all rare in
Japanese. Rather, */G group haplotypes (and possibly
*]7) are probably important for PTX metabolism. The
effect of this group haplotypes tagged by IVS3-21T > A
on pharmacokinetics of other CYP2C8-catalyzing drugs
must be clarified in the future.

In conclusion, we determined/inferred a total of 49
haplotypes using the detected variations in the CYP2CE
gene from 437 Japanese patients. CYP2C8*IG group

haplotypes, consisting of intronic variations, were found
to be associated with significantly increased AUC of the
PTX metabolite 3'-p-OH-PTX and the AUC ratio of 3'-p-
OH-PTX/PTX. Thus, CYP2C8*IG group haplotypes may
influence CYP2CS8 activity, although the causative varia-
tion is not fully identified.
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