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Association study between single-nucleotide
polymorphisms in 199 drug-related genes and
commonly measured quantitative traits of 752 healthy
Japanese subjects

Akira Saito, Manabu Kawamoto and Naoyuki Kamatani

With dense single-nucleotide polymorphism (SNP) maps for 199 drug-related genes, we examined associations between 4190

SNPs and 38 commonly measured quantitative traits using data from 752 healthy Japanese subjects. On analysis, we observed

a strong association between five SNPs within the uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) gene and serum

total bilirubin levels (minimum P-value in Mann–Whitney test¼1.82�1010). UGT1A1 catalyzes the conjugation of bilirubin with

glucuronic acid, thus enhancing bilirubin elimination. This enzyme is known to play an important role in the variation of serum

bilirubin levels. The five SNPs, including a nonsynonymous SNP—rs4148323 (211G4A or G71R variant allele known as

UGT1A1*6)—showed strong linkage disequilibrium with each other. No other genes were clearly associated with serum total

bilirubin levels. Results of linear multiple regression analysis on serum total bilirubin levels followed by analysis of variance

showed that at least 13% of the variance in serum total bilirubin levels could be explained by three haplotype-tagging SNPs

in the UGT1A1 gene.
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INTRODUCTION

Despite advancements in medical knowledge and detailed diagnostic
techniques, it is still difficult to predict the outcome of treatment with
a particular drug and to estimate the effective dose for a given
individual. It is also difficult to know beforehand whether the patient
will experience adverse drug reactions. Among the many potential
factors of adverse drug reactions, genetic variations affecting the
susceptibility to a drug may constitute a large part of the events.
The ability to predict the drug response of a patient on the basis of his
(or her) genetic information is expected to reduce adverse events by
identifying individuals. To date, many genetic variants in genes
encoding drug-metabolizing enzymes or drug transporters have
been investigated, some of which have been shown to be associated
with the risk of adverse drug reactions.1,2

Recent advances in genomics and the development of tools for
high-throughput single-nucleotide polymorphism (SNP) genotyping
have made genome-wide association studies increasingly feasible. An
SNP-based association study is a new and promising approach to
identify genetic profiles related to medical responses.3,4

In an earlier study, we constructed a database of genetic variants
and haplotypes for 4190 SNPs in 199 drug-related genes with data

from 752 healthy Japanese subjects,5 which has served as a useful
knowledge base for population-based pharmacogenetic studies. For
these subjects, 38 commonly measured quantitative traits obtained
from clinical laboratory tests were also available.
Clinical laboratory tests, such as serum and urine biochemistry

measurements, are used routinely in daily clinical practice to identify
possible disorders in some organs or systems of the body. Many of
these measures are sometimes under tighter genetic control than the
related diseases. Analyses of such heritable quantitative traits may
enable us to discover unexpected genetic factors or pathways for
common quantitative traits and diseases.3,6 Genetic variations might
influence the inheritance of commonly measured biochemical traits,
which might, in some instances, serve as risk factors of common
diseases or associated complications.
In this study, we extensively analyzed the associations between

available genetic variants in drug-related genes and commonly mea-
sured quantitative traits. Drug-related genes possibly related to meta-
bolism, transportation and the action of chemical agents may be
associated not only with efficacy or adverse drug reactions but also
with the biochemical profiles of individuals. They are potential
candidates that may influence commonly measured biochemical traits.
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Such an approach may be useful to identify genetic determinants of
biochemical profiles and could lead to the elucidation of disease-
causing pathways and therapeutic avenues.

MATERIALS AND METHODS

Study subjects and measurement of covariates
Genotype data of 752 healthy Japanese subjects were obtained from our earlier

study.5 Among the 752 subjects, 449 were males (mean age±standard

deviation¼36.1±11.5 years) and 303 were females (mean age±standard

deviation¼40.6±11.3 years). For these subjects, 38 quantitative traits were

also available, of which 30 traits were obtained from serum and urine

biochemical measurements, 4 were obtained by electrocardiography and 4

were physical characteristics. Informed consent had been obtained from all

subjects for using their DNA in any association studies, and the study was

approved by the institutional ethical committee.

In addition, genotype data of 45 Japanese and 45 Han Chinese subjects were

obtained from the International HapMap database (release 22).7

Genotyping and quality control
Genotyping was performed with the Invader system.8 Details of the methods

for quality control have been described elsewhere.5 To check the quality of

genotyping, Hardy–Weinberg equilibrium was checked, and data that deviated

strongly from the equilibrium (Po0.05) were either submitted to retyping or

discarded. Finally, 4190 SNPs in 199 drug-related genes passed the quality check

and were used for the analyses.

Statistical analysis
Population structure was examined by eigenanalysis, an application of the

principal component analysis. Principal component analysis was performed as

a two-stage process: we formed a matrix of estimated correlations between all

pairs of individuals and then computed the eigenvectors and eigenvalues of that

matrix. We estimated the correlation between two individuals as described

earlier.9 Analysis was performed using smartpca program in EIGENSOFT9,10

and the correlation matrix was calculated with correction for linkage disequili-

brium (LD). We also carried out multidimensional scaling analysis to examine

population stratification by using PLINK.11

Single-SNP association with each of the 38 quantitative traits was assessed by

Mann–Whitney test. For each SNP, two different comparisons were carried out

as follows: between two groups derived from the dominant model for a minor

allele (between the homozygote of a major allele and the rest) and between two

groups derived from the recessive model (between the homozygote of a minor

allele and the rest). We estimated overdispersion of the test statistics by using

the genomic inflation factor (l) on the basis of the median w2. As the tests were
performed for 4190 SNPs and 38 quantitative traits with two different

comparisons, the significance level required after Bonferroni correction for a

regular significance level of 0.05 is 1.57�107. Power calculations showed that we

would have 80% power at this threshold to detect variants responsible for 4.9%

of the variance of any trait.

In the linear regression analysis, adjustment was carried out for covariates,

such as age and gender. We also performed analysis of variance to evaluate the

effect of each SNP on the phenotype. For all analyses, basic statistical tests were

performed using the R environment (www.r-project.org).

LD was analyzed using Haploview.12 Pairwise LD measures, |D¢| and r2, were

calculated. Haplotype-tagging SNPs (htSNPs) were selected on the basis of

pairwise r2 by using the Tagger algorithm13 in Haploview.

Multiple-SNP association analyses were carried out using two approaches:

SNP combination analysis and haplotype-based analysis. SNP combination

analysis was performed using the linear multiple regression model by incor-

porating each SNP genotype as an independent variable. We examined the

additive effect and tested for deviation from additivity (dominance deviation)

at each SNP. The additive effect was modeled by a variable encoded �1, 0 or 1

for the effect at the three genotypes, and the dominance deviation was included

by a variable encoded 1 for heterozygotes and 0 for homozygotes. Haplotype-

based association was analyzed using QTLHAPLO,14 which allows simulta-

neous estimation of haplotype frequencies and parameters for the distribution

of phenotypes in subjects with and without a particular haplotype. The

association between the haplotype and phenotype was tested with a likelihood

ratio test. For each haplotype constructed from htSNPs, dominant and recessive

models were tested.

RESULTS

Summary statistics for quantitative traits
Summary statistics for all traits studied are given in Supplementary
Table 1. The values for phenotypes in the subjects were generally
within normal ranges. In addition, almost all values were far above the
detection limits and quantitation limits of the measurements.

Population structure
Plots of the first two eigenvectors for the 752 Japanese individuals in
this study showed that no clear structure was found in the population

Figure 1 Plots of the first two eigenvectors for each individual. PCA was performed by using smartpca program in EIGENSOFT with LD correction. (a) Plots

of the 752 Japanese individuals (red dots). Genotype data on 4190 SNPs were analyzed. (b) Comparison with genotype data for 45 Japanese (JPT; green

dots) and 45 Han Chinese (CHB; blue dots) subjects from the International HapMap project. The 2647 common SNPs were analyzed.
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(Figure 1a). The mean±standard deviation of the l over all traits was
1.01±0.07, which indicates that the influence of population stratifica-
tion is negligible. We then examined the relationships between these
individuals and 45 Japanese and 45 Han Chinese subjects of the
International HapMap database to explore the axes of genetic varia-
tion in drug-related genes (Figure 1b). Eigenanalysis failed to find a
clear structure in the three populations because only 2647 SNPs within
drug-related genes that do not cover the whole genome sufficiently,
although distributed over all chromosomes, were analyzed, but
separation between the Japanese and Han Chinese subjects with the
first eigenvector was relatively apparent. The number of SNPs used
was too small and the SNPs were too localized (not randomly selected)
to detect the differentiation between the Japanese and Han Chinese
subjects. We also examined population structure in the same popula-
tions with multidimensional scaling analysis and obtained a nearly
identical result (data not shown).

Single-SNP association
The strongest association observed was between serum total bilirubin
levels and five SNPs within the uridine diphosphate glucuronosyltrans-
ferase 1A1 (UGT1A1) gene on chromosome 2. The most associated
SNP was an intronic SNP, rs4148325, with a P-value of 1.82�1010 in
Mann–Whitney test (Tables 1 and 2). These SNPs also included a
nonsynonymous SNP, rs4148323 (211G4A or G71R variant allele
known as UGT1A1*6, P¼5.94�107). Subgroup analysis by gender still
showed a strong association between the five SNPs and serum total
bilirubin levels. Four of the five SNPs in the UGT1A1 gene reached the
significance level after Bonferroni correction. No other genes were
clearly associated with serum total bilirubin levels.
The most significant SNP–trait association other than that between

the SNPs in the UGT1A1 gene and serum total bilirubin levels was of
white blood cell counts and an SNP in the adenosine triphosphate-
binding cassette C5 (ABCC5) gene (rs4148559), showing a P-value of

8.70�106. No other SNP–trait combinations showed an association of
Po1�105. We also report SNP–trait combinations which showed
Po1�103 because there are potentially valid associations within this
set (Supplementary Table 2).

LD analysis of UGT1A1 gene
We then examined the LD within the UGT1A1 gene by calculating two
pairwise LD measures, |D¢| and r2. The five SNPs in the UGT1A1 gene
were located within a 6-kb region and showed strong LD with each
other. The |D¢| values between the five SNPs were 1, indicating that
the SNPs were in complete LD. In addition, the r2 values between
rs4148326 and rs3755319 or between rs4148324 and rs4148325 were
either 1 or very close to 1, showing that these two pairs of SNPs were
almost in absolute (or perfect) LD. On the basis of the LD measures,
three SNPs (rs4148323, rs4148325 and rs4148326) were selected as
htSNPs (Table 2).

Table 1 Association of the five most significant SNPs in the UGT1A1 gene with serum total bilirubin levels

Mean and s.d. (mg per 100ml) Median (mg per 100ml)

dbSNP ID Minor allele Major allele MAF Group 1 Group 2 Sample (n) Group 1 Group 2 Group 1 Group 2 P-value

rs4148325 T C 0.116 TT+CT CC All 0.67 0.29 0.52 0.22 0.60 0.50 1.82E�10

Male 0.69 0.26 0.57 0.23 0.60 0.50 1.06E�05

Female 0.63 0.33 0.46 0.20 0.60 0.40 1.31E�05

rs4148324 G T 0.113 GG+TG TT All 0.67 0.29 0.53 0.22 0.60 0.50 1.99E�10

Male 0.69 0.27 0.57 0.23 0.60 0.50 6.10E�06

Female 0.63 0.33 0.46 0.20 0.60 0.40 1.79E�05

rs4148326 C T 0.234 CC+TC TT All 0.63 0.29 0.51 0.21 0.60 0.50 1.54E�09

Male 0.67 0.28 0.55 0.22 0.60 0.50 8.75E�07

Female 0.56 0.28 0.46 0.19 0.50 0.40 3.54E�04

rs3755319 C A 0.236 CC+AC AA All 0.63 0.29 0.51 0.21 0.60 0.50 4.47E�09

Male 0.67 0.28 0.56 0.22 0.60 0.50 1.50E�06

Female 0.55 0.28 0.45 0.19 0.50 0.40 5.90E�04

rs4148323 A G 0.164 GG+GA AA All 0.55 0.25 0.85 0.30 0.50 0.85 5.94E�07

Male 0.59 0.24 0.87 0.34 0.50 0.90 2.90E�04

Female 0.49 0.23 0.79 0.18 0.40 0.80 8.56E�04

Abbreviations: s.d., standard deviation; SNP, single-nucleotide polymorphism.
Sample size (n) for each group was as follows: all subjects, 752; only male subjects, 449; only female subjects, 303. Minor and major alleles were obtained from the present study. MAF indicates
minor allele frequency, estimated from the present data. P-values were obtained by Mann–Whitney test.

Table 2 SNPs in the UGT1A1 gene and the result of htSNP selection

dbSNP ID Position Feature Amino-acid translation htSNP

rs3755319 chr2:234332321 Intron

rs4148323 chr2:234333883 Exon 1 Gly/Arg (G71R) *

rs4148324 chr2:234337461 Intron

rs4148325 chr2:234338048 Intron *

rs4148326 chr2:234338201 Intron *

Abbreviations: htSNP, haplotype-tagging SNP; LD, linkage disequilibrium; SNP, single-
nucleotide polymorphism.
SNP information was obtained from the dbSNP database. Position is based on NCBI Build 36.
The htSNPs are indicated by asterisks (*); rs3755319 was almost in absolute LD with
rs4148326 (|D¢|¼1, r2¼0.99) and rs4148324 was almost in absolute LD with rs4148325
(|D¢|¼1, r2¼1).
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Linear multiple regression
We analyzed the association between the three htSNPs and serum
total bilirubin levels by linear multiple regression including each
htSNP genotype as an independent variable, with age and gender as
covariates. Linear regression analysis was performed with stepwise
model selection by Akaike’s information criterion and the results
showed that the evidence of association remained highly significant
(minimum P-value¼6.65�1012 at rs4148323). The selected model and
estimated slopes of the regression line are shown in Table 3a. Gender
but not age had a significant effect on the serum bilirubin levels. The
male gender was associated with higher bilirubin levels. As shown
in the table, we examined the additive effect and deviation from
additivity (dominance deviation) at each SNP. Among the three
htSNPs, rs4148325 and rs4148326 were in accordance with the
additive model because no significant dominance deviation was
observed, whereas the deviation from additivity was significant at
rs4148323. The estimated parameters (slopes) of the additive effect
and dominance deviation at rs4148323 (rs4148323_dom in Table 3a)
were negative. These data indicate that the major allele is associated
with lower bilirubin levels and that the heterozygotes have lower
bilirubin levels than those expected from the additive model for
rs4148323.
We also performed analysis of variance on the selected model from

linear multiple regression (Table 3b). The minimum P-value was
8.12�1016 at rs4148325, explaining about 7.9% of the variance in
log-transformed serum total bilirubin levels. The proportion of
variance explained by the remaining two SNPs was about 5.3% at
rs4148323 (4.5% by additive effect and 0.8% by dominance deviation)
and 0.9% at rs4148326.

Haplotype-based association
We observed four haplotypes within the UGT1A1 gene (Table 4).
Subjects with ACT haplotype, identical to subjects with one or two A

(UGT1A1*6) alleles of rs4148323, showed significantly high values of
serum total bilirubin level (P¼7.90�107 for the dominant model,
P¼3.16�107 for the recessive model), consistent with the results
shown in Table 1. Among the subjects without the UGT1A1*6 allele
of rs4148323, those with the haplotype of minor alleles of rs4148325
and rs4148326 (GTC haplotype) showed significantly high values of
serum total bilirubin level, whereas subjects with the major alleles
(GCT haplotype) showed significantly low values. Subgroup analysis
by gender still showed a strong association between the haplotypes
and serum total bilirubin levels.

DISCUSSION

We extensively analyzed the association between available genetic
variants in drug-related genes and commonly measured quantitative
traits with data from 752 healthy subjects and found a strong
association between five SNPs within the UGT1A1 gene and serum
total bilirubin levels. Four of the five most significantly associated
SNPs reached a significance level even after Bonferroni correction
(Po1.57�107).
UGT1A1 is the key enzyme for bilirubin conjugation. Defects in this

enzyme can cause nonhemolytic unconjugated hyperbilirubinemia,
such as Crigler–Najjar syndrome type I and II and Gilbert syndrome.
It has been shown that homozygous or compound heterozygous
mutations of the UGT1A1 gene can lead to these inheritable uncon-
jugated hyperbilirubinemias, and over 30 variants have been identi-
fied.15,16 The promoter region and exon 1 of the UGT1A1 gene
contain the most common phenotype-associated polymorphisms: an
insertion/deletion of TA6/TA7 (UGT1A1*28) and a nonsynonymous
coding variant 211G4A (G71R, UGT1A1*6), respectively. The
UGT1A1*28 allele is common in Caucasian populations and in
those of African origin (0.26–0.56)17 and defines the genetic basis of
Gilbert syndrome. The UGT1A1*6 variant is found almost exclusively
in Asian populations, with a frequency of 0.13–0.25.18 The UGT1A1*6

Table 3 Linear multiple regression on serum total bilirubin levels followed by analysis of variance

Estimate s.e. t-value P-value

(a)

(Intercept) �0.314 0.0714 �4.39 1.29E�05

rs4148323 �0.287 0.0411 �6.99 6.65E�12

rs4148323_dom �0.112 0.0499 �2.25 2.50E�02

rs4148325 �0.187 0.0434 �4.30 1.96E�05

rs4148326 �0.098 0.0330 �2.97 3.12E�03

Gender �0.216 0.0304 �7.10 3.15E�12

Age �0.002 0.0013 �1.45 1.47E�01

d.f. Sum Sq Mean Sq F-value P-value Variance explained

(b)

rs4148323 1 5.82 5.82 38.73 8.44E�10 0.0449

rs4148323_dom 1 1.00 1.00 6.66 1.01E�02 0.0077

rs4148325 1 10.22 10.22 68.04 8.12E�16 0.0789

rs4148326 1 1.21 1.21 8.06 4.67E�03 0.0093

Gender 1 7.25 7.25 48.29 8.54E�12 0.0560

Age 1 0.32 0.32 2.11 1.47E�01 0.0024

Residuals 690 103.62 0.15 0.8006

Abbreviation: SNP, single-nucleotide polymorphism.
(a) Regression analysis with stepwise model selection was performed and the selected model is shown. Serum total bilirubin was log-transformed. For each SNP, additive effect (shown as the
dbSNP ID) and dominance deviation (shown as dbSNP ID_dom) were modeled. Gender was encoded 0 for females and 1 for males.
(b) Variable encoding was the same as shown in Table a. Variance explained was calculated as the proportion of the variance of log-transformed serum total bilirubin explained by the variable.
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variant can also cause the phenotype of hyperbilirubinemia.19 The
UGT1A1*28 and UGT1A1*6 variants are known to reduce enzymatic
activity of UGT1A1 and have been associated with increased risk of
adverse outcomes and severe toxicity during irinotecan treatment.20,21

The clinical application of the genetic test for the UGT1A1*28 allele
before irinotecan therapy has been in practice in the United States
since 2005, based on a cumulative evidence supporting the significant
association of this variant with severe irinotecan toxicity.20,22–25

The five most associated SNPs included rs4148323 (G4A,
UGT1A1*6). Homozygotes of the UGT1A1*6 allele showed signifi-
cantly high values in serum total bilirubin levels, supporting the
evidence from earlier studies. We also investigated the dominance
deviation at rs4148323. The deviation from additivity was significant
at rs4148323 and heterozygotes of rs4148323 showed significantly
lower values in serum total bilirubin levels than expected in the
additive model (close in value to homozygotes of the major allele).
Earlier studies have shown that the UGT1A1*6 and UGT1A1*28 alleles
are mutually exclusive26,27 and contribute additively to the activity of
UGT1A1 in Japanese subjects.28 Subjects who were not homozygotes
for the UGT1A1*6 allele and whose serum total bilirubin level showed
a relatively high value could be carriers of one or two UGT1A1*28
alleles.

In addition to the UGT1A1*6 variant, four intronic SNPs, including
the most strongly associated SNP—rs4148325—were significantly
associated with serum total bilirubin levels. Although not reported
earlier, these SNPs are located in the same haplotype (or LD) block as
the UGT1A1*28 and UGT1A1*6 alleles and could be responsible for
bilirubin metabolism. Further investigations are required to confirm
their contribution to bilirubin metabolism.
Linear multiple regression modeling followed by analysis of var-

iance suggested that three htSNPs in the UGT1A1 gene could explain
0.9–7.9% of the variance in serum total bilirubin levels. Although the
three htSNPs showed high |D¢| values (|D¢|¼1) with each other, the r2

values between them were less than 1, which showed that the SNPs
were in complete, but not in absolute (or perfect), LD with each other.
The r2 values between rs4148323 and rs4148325, between rs4148323
and rs4148326, and between rs4148325 and rs4148326 were 0.02, 0.06
and 0.43, respectively, showing that rs4148323 and either rs4148325 or
rs4148326 could have independent effect on serum total bilirubin
levels. Even considering the dependency between rs4148325 and
rs4148326, at least 13% of the variance in serum total bilirubin levels
could be explained by the three htSNPs. For evaluating the goodness-
of-fit of the model selected from linear multiple regression, we
introduced a receiver operating characteristic (ROC) curve.29,30 The
ROC curve is a plot to show the tradeoff between sensitivity and
specificity, and work in many theoretical aspects of this curve has been
carried out.31–33 The accuracy of a diagnostic test can be evaluated by
the area under the ROC curve (AUC).34 The AUC value varies from 0
to 1, being close to 1 when the diagnostic test has a high degree of
accuracy. We evaluated the accuracy of the selected model and full
model from linear multiple regression by the AUC value (Figure 2).
Each subject was labeled as hyperbilirubinemic or nonhyperbilirubi-
nemic based on the actual serum total bilirubin level with a threshold
bilirubin level of 1.3mg per 100ml (that is, subjects with levels more

Table 4 Haplotype-based association analysis with serum total

bilirubin levels

Haplotype Model m+ m� s2 P-value

All (n¼752)

GCT Dominant �0.74 �0.36 0.41 4.28E�21

Recessive �0.81 �0.59 0.42 1.33E�11

GTC Dominant �0.48 �0.73 0.42 2.91E�11

Recessive �0.20 �0.68 0.43 6.94E�04

ACT Dominant �0.55 �0.72 0.43 7.90E�07

Recessive �0.24 �0.69 0.43 3.16E�07

GCC Dominant �0.64 �0.68 0.43 1.99E�01

Recessive �0.67 �0.67 0.43 1.00E+00

Male (n¼449)

GCT Dominant �0.65 �0.27 0.37 1.75E�16

Recessive �0.71 �0.51 0.38 1.05E�07

GTC Dominant �0.42 �0.64 0.38 2.62E�07

Recessive �0.29 �0.59 0.39 8.37E�02

ACT Dominant �0.50 �0.62 0.39 2.07E�03

Recessive �0.23 �0.60 0.39 8.06E�05

GCC Dominant �0.50 �0.61 0.39 1.16E�02

Recessive �0.42 �0.57 0.39 2.48E�01

Female (n¼303)

GCT Dominant �0.87 �0.50 0.43 1.15E�07

Recessive �0.96 �0.72 0.44 4.87E�06

GTC Dominant �0.60 �0.86 0.44 3.53E�05

Recessive �0.10 �0.82 0.45 1.35E�03

ACT Dominant �0.64 �0.88 0.44 1.29E�05

Recessive �0.28 �0.82 0.45 1.42E�03

GCC Dominant �0.83 �0.80 0.45 6.32E�01

Recessive �1.11 �0.80 0.45 1.77E�01

Abbreviation: SNP, single-nucleotide polymorphism.
For each haplotype, alleles from each SNP are ordered in chromosomal position: rs4148323,
rs4148325 and rs4148326. Association analyses were carried out under the assumption that
log-transformed serum total bilirubin levels of the subjects with a particular haplotype followed
normal distribution N(m+, s2) and the phenotype of the subject without that haplotype followed
N(m�, s2). P-values were obtained by likelihood ratio test in contrast to the null hypothesis
(m+¼m�). Analyses were performed with all subjects or by gender.

Figure 2 The ROC curve for partitioning by the models from linear multiple

regression analysis. Subjects with serum total bilirubin levels of more than

1.3 mg per 100ml were considered true positive patients. The response

variable was log-transformed serum total bilirubin level. The explanatory

variables are shown in Table 3 for the selected model (closed line) and

dominance deviation of rs4148325 and rs4148326 additionally for the full

model (dotted line). The AUC values for the selected model and full model

were 0.8739 and 0.8748, respectively.
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than 1.3mg per 100ml were considered hyperbilirubinemic and were
otherwise considered nonhyperbilirubinemic). The ROC curve was
fitted to the predicted values of log-transformed serum total bilirubin
level by the models. The theoretical ROC curve for continuously
distributed data was obtained by maximum likelihood estimation.35,36

The AUC values for the selected model and full model were almost the
same (0.8739 and 0.8748, respectively) and were relatively high,
suggesting that the accuracy of the two models was almost the same
and that subjects with high values of serum total bilirubin level could
be distinguished by the three htSNPs within the UGT1A1 gene, gender
and age. In this study, we genotyped only five SNPs in the UGT1A1
gene. Additional genotyping of other responsible variants, such as
UGT1A1*28, could improve the accuracy of the models.
In addition to the UGT1A1 gene, recent studies have suggested the

possible association of the adenosine triphosphate-binding cassette C2
(ABCC2) gene and the solute carrier organic anion transporter 1B1
(SLCO1B1) gene with serum bilirubin levels.37–39 In our association
study with serum total bilirubin levels, three SNPs within the ABCC2
gene (rs4148386, rs4148396 and rs2145852) and three SNPs within
the SLCO1B1 gene (rs4149025, rs4149014 and rs4149018) showed
P-values under 0.01, which were, however, far above the significance
level after Bonferroni correction (data not shown). No genes except
for UGT1A1 were clearly associated with serum total bilirubin levels.
Although many SNP–trait combinations showed Po1�103 (Supple-
mentary Table 2), almost all of them were far above the significance
level after correction for multiple testing. Many of these associations
need to be considered as provisional until replicated in other studies.
In this study, we used SNPs in drug-related genes to examine the

associations with commonly measured quantitative traits. This is
mainly because we could achieve adequate power with the obtained
sample size by using the candidate gene approach with an already-
constructed reliable SNP database. Drug-related genes are potential
candidates that may influence commonly measured biochemical traits.
In the next step, genome-wide association studies are promising to
discover unexpected genetic factors or pathways for common quanti-
tative traits and diseases. However, such approaches require a larger
sample size to achieve adequate power. For example, the use of 550 000
SNPs requires the sample size of 954 to achieve the same power as in
this study.
In conclusion, our findings from the large-scale SNP database of

drug-related genes confirm the association between the UGT1A1 gene
and bilirubin metabolism and provide a focus for several novel
research avenues. The UGT1A1*6 allele, together with some intronic
SNPs in the UGT1A1 gene, could serve as a useful genetic marker to
predict individual serum total bilirubin levels in Japanese subjects.
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