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A large-scale, genome-wide association study was performed to identify genetic variations influencing serum
bilirubin levels using 8841 Korean individuals. Significant associations were observed at UGT1A1
(rs11891311, P 5 4.78 3 102148) and SLCO1B3 (rs2417940, P 5 1.03 3 10217), which are two previously ident-
ified loci. The two single-nucleotide polymorphisms (SNPs) were replicated (rs11891311, P 5 3.18 3 10215) or
marginally significant (rs2417940, P 5 8.56 3 1024) in an independent cohort of 1096 individuals. In a con-
ditional analysis adjusted for the top UGT1A1 variant (rs11891311), another variant in UGT1A1 (rs4148323,
P 5 1.22 3 102121) remained significant; this suggests that in UGT1A1 at least two independent genetic vari-
ations influence the bilirubin levels in the Korean population. The protein coding variant rs4148323, which is
monomorphic in European-derived populations, may be specifically associated with serum bilirubin levels in
Asians (P 5 2.56 3 10270). The SLCO1B3 variant (rs2417940, P 5 1.67 3 10218) remained significant in a con-
ditional analysis for the top UGT1A1 variant. Interestingly, there were significant differences in the associated
variations of SLCO1B3 between Koreans and European-derived populations. While the variant rs2417940 at
intron 7 of SLCO1B3 was more significantly associated in Koreans, variants rs17680137 (P 5 0.584) and
rs2117032 (P 5 2.76 3 1025), two of the top-ranked SNPs in European-derived populations, did not reach
the genome-wide significance level. Also, variants in SLCO1B1 did not reach genome-wide significance in
Koreans. Our result supports the idea that there are considerable ethnic differences in genetic association
of bilirubin levels between Koreans and European-derived populations.

INTRODUCTION

Bilirubin is a breakdown product of normal heme catabolism.
Heme, which is primarily derived from the hemoglobin of red
blood cells, is converted to biliverdin by heme oxygenases and
is then reduced to bilirubin (1). Bilirubin is taken into the liver
by the solute carrier organic anion transporter family (2) and is
glucuronidated by UDP-glycosyltransferase in hepatocytes (3).

The addition of one or two molecules of glucuronic acid
increases the solubility of bilirubin. Once bilirubin is conju-
gated with glucuronic acid it is actively secreted into the
bile (4).

The UDP-glycosyltransferase 1 family, polypeptide A1
(UGT1A1) and solute carrier organic anion transporter family
enzymes SLCO1B1 and SLCO1B3 are responsible for
glucuronidation and cellular uptake of bilirubin, respectively,
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and play an important role in regulating the bilirubin levels
(5–7). UGT1A1 is the major determinant of serum bilirubin
levels, and a genetic defect of UGT1A1 leading to complete
or partial inactivation of the enzyme causes three forms of
nonhemolytic, unconjugated hyperbilirubinemia: Crigler–
Najjar syndrome type I and II and Gilbert syndrome (8–11).
Recently, two genome-wide association studies (GWASs)
based on the European-derived populations reported a strong
association of UGT1A1, SLCO1B1 and SLCO1B3 with
serum bilirubin levels (12,13). They confirmed that there is a
substantial contribution from UGT1A1, SLCO1B1 and
SLCO1B3 to bilirubin levels.

Here, we performed a GWAS to identify genetic variants
associated with serum bilirubin levels in the Korean popu-
lation. This is the first large-scale GWAS in an Asian popu-
lation, which included 9937 Korean participants. As a result
of focusing on the Asian population, we observed significant
associations of UGT1A1 and SLCO1B3 with total serum bilir-
ubin levels. It is important to note that the associated single-
nucleotide polymorphisms (SNPs) were different from those
in European-derived populations, which supports the idea of
considerable ethnic genetic differences between Koreans and
European-derived populations.

RESULTS

Genome-wide association of total serum bilirubin levels

A genome-wide association of total serum bilirubin levels was
tested in 8841 individuals from the Korea Association
REsource (KARE, stage I) project (for detailed characteristics
of the study population, see Materials and Methods and Sup-
plementary Material, Table S1). As shown in Figure 1, signifi-
cant associations were observed at two previously reported
loci, UGT1A1 on 2q37 (12,13) and SLCO1B3 on 12p12 (12).

At the UGT1A1 locus, a group of 12 tightly linked
SNPs [linkage disequilibrium (LD) r2 . 0.92] spanning a
50 kb genomic region showed the strongest association (P ,
102148, Fig. 2 and Supplementary Material, Table S2). The

associated 50 kb region covers the UGT1A1 promoter
region, which contains the TATAA box polymorphism
UGT1A1∗28 (rs8175347). Among the 12 SNPs, rs11891311
showed the most significant association with total serum bilir-
ubin levels (P ¼ 4.78 × 102148, Table 1). The minor allele T
of rs11891311 was associated with an increase in total serum
bilirubin levels. The second and third most significant variants
were rs887829 (P ¼ 5.37 × 102148) and rs6742078 (P ¼
7.19 × 102148), which are located in the core promoter and
intron 1 of UGT1A1, respectively (Supplementary Material,
Table S2). Interestingly, the two SNPs were identified as the
most significant SNPs by two independent GWASs (12,13).

SLCO1B3 was the second most significant locus (Fig. 1 and
Supplementary Material, Table S2). A strong association was
observed at the genomic region that includes intron 2 through
downstream of SLCO1B3 (Fig. 3). The rs2417940 variant at
intron 7 of SLCO1B3 was the most significantly associated
with total serum bilirubin levels at this locus (P ¼ 1.03 ×
10217, Table 1). Meanwhile, rs17680137 (P ¼ 0.584) and
rs2117032 (P ¼ 2.76 × 1025), which were identified as the
top-ranked SNPs in the SardiNIA study (12), did not reach
genome-wide significance level (Supplementary Material,
Table S3).

None of the SLCO1B1 SNPs in the Korean population
reached a genome-wide significance level (Supplementary
Material, Table S3). SLCO1B3 and SLCO1B1 are closely
located and found at 12p12 of the human genome, but they
belong to different LD blocks (Fig. 3). Among three SNPs
at 12p12, which were found to have genome-wide significance
in Johnson et al.’s study (13), two of them (rs4149056
and rs2417873) were filtered out by low SNP call rate (SNP
call rate ≤ 95%), and rs4149000 was not significant (P ¼
0.013) in the Korean population (Supplementary Material,
Table S3).

Replication in the second cohort

To confirm our results, we analyzed an additional data set of
1096 Korean individuals (stage II KIOM data set). We first

Figure 1. Genome-wide association plot for total serum bilirubin levels (stage I). The negative common logarithms of P-value in linear regression analysis
adjusted for age and sex are shown. Full results are shown in the left panel, and results with P ≥ 10– 20 are shown in the right panel.
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tested whether there were significant stratification/batch
effects between the two populations. Genomic control inflation
scores were 1.031 (stage I, KARE) and 1.032 (stage II,
KIOM), suggesting that there were no significant stratifica-
tion/batch effects in the data sets. The most significant SNP
in stage I, rs11891311, was strongly associated in the second
(P ¼ 3.18 × 10215), as well as the combined population
(P ¼ 8.68 × 102157; Table 1). rs2417940 of SLCO1B3
showed a suggestive association (P ¼ 8.56 × 1024) in the
second data set. In addition to SNPs in UGT1A1 and
SLCO1B3, several SNPs, such as rs2501324 (CCDC19,
2.33 × 10212) at chromosome 1, rs10901296 (intergenic
region, P ¼ 1.41 × 1029) at chromosome 9 and rs17096653
(intergenic region, P ¼ 2.00 × 1029) at chromosome 14,
showed a significant association in stage I, but the associations
were not replicated in the stage II population. For a full list of
significant variants in stage I, see Supplementary Material,
Table S2.

In summary, the association of UGT1A1 and SLCO1B3 with
total serum bilirubin levels was confirmed in the Korean
population.

GWA results are conditional on UGT1A1 (rs11891311)

UGT1A1 is the rate-limiting enzyme of bilirubin metabolism,
and its association with bilirubin levels is well established. At
the UGT1A1 locus, rs11891311 is one of the most significant
SNPs, and a great portion of the variation in total serum bilirubin
levels may be caused by rs11891311. To determine whether
additional loci remained significant genome-wide after account-
ing for the UGT1A1 effect, we performed a conditional analysis
by including the genotype of rs11891311 in the linear regression
model as covariates, along with age and sex. The rs4148323
variant, which encodes a nonsynonymous change of glycine to
arginine in the first exon of UGT1A1 (also known as
UGT1A1∗6 rs4148323), showed a remarkable association with

Figure 2. Association of UGT1A with total serum bilirubin levels (stage I). The association, recombination rate and linkage disequilibrium (LD) of a 540 kb
genomic region (chromosome 2; 234 050 873–234 596 096) around the UGT1A cluster are plotted. The red-filled diamonds represents LD with the top SNP,
rs11891311 and the blue line indicates the recombination rate.
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serum bilirubin levels (stage I, P ¼ 1.22 × 102121; stage II,
P ¼ 6.83 × 10224; combined, P ¼ 3.08 × 102139, Table 2
and Supplementary Material, Table S4). SLCO1B3 also
remained significant (rs2417940; stage I, P ¼ 1.67 × 10218;
stage II, P ¼ 5.98 × 1024; combined, P ¼ 4.77 × 10218;
Table 2 and Supplementary Material, Table S4). Interestingly,
the association of rs4148323 (Gly71Arg, UGT1A1∗6) and
rs2417940 was enhanced, not decreased, after adjustment
(Tables 1 and 2). Thus, rs11891311 and rs4148323 at the
UGT1A1 locus and rs2417940 at SLCO1B3 are independently
associated with total serum bilirubin levels in the Korean
population.

GWA results conditional on SLCO1B3 (rs2417940)

Besides the UGT1A1 locus, the most significant association was
observed at rs2417940 located in intron 7 of SLCO1B3 (com-
bined P ¼ 2.42 × 10217, Table 1). We also found a suggestive
association at the rs2117032 variant, which was the top SNP
of SLCO1B3 in the SardiNIA study, although it did not reach
a genome-wide significance level. The LD between rs2417940
and rs2117032 was 0.28 of r2 in Koreans. To test whether the
association of rs2117032 is attributable to rs2417940, we per-
formed conditional analysis on rs2417940. When adjusted for
rs2417940, rs2117032 did not show a significant association
(stage I, P ¼ 0.793). Accordingly, rs2417940 may account for
the association of rs2117032 in Koreans.

DISCUSSION

This is the largest GWAS of serum bilirubin levels in an Asian
population. We confirmed the large impacts of UGT1A1 and
SLCO1B3 on bilirubin levels, as well as the considerable
ethnic genetic differences in bilirubin metabolism between
Korean and European-derived populations.

We revealed that there are at least two independent genetic
variations that have an effect on the bilirubin levels at the
UGT1A1 locus. First, the association of the UGT1A1 locus
appears to be mainly due to the functional promoter polymorph-
ism UGT1A1∗28. Along with the two previous GWASs per-
formed in European-derived populations (12,13), we found a
significant association with the promoter region of UGT1A1.

The three SNPs rs887829, rs6742078 and rs11891311, which
were strongly linked to each other (r2 . 0.96, Supplementary
Material, Table S4) and located close to UGT1A1∗28, showed
the most significant association. Interestingly, Johnson et al.
(13) reported that rs6742078 was in high LD (r2 ¼ 0.88) with
UGT1A1∗28. Thus, the major association of the UGT1A1 pro-
moter region may be derived from the functional promoter
polymorphism UGT1A1∗28 in which the longer TATAA
element results in a 5-fold reduction in promoter activity (10).
Also, the nonsynonymous variant rs4148323 (Gly71Arg,
UGT1A1∗6) of UGT1A1 accounted for variation of bilirubin
levels that was not explained by the promoter SNP alone. The
rs4148323 variant encodes a nonsynonymous change from
glycine to arginine, and the enzymatic activity of arginine
allele is reduced to 47% of the wild-type glycine allele (14).
We found a significant association at rs4148323, even after
adjustment for rs11891311 (Table 2 and Supplementary
Material, Table S4). Therefore, the association of rs4148323
is independent of regulatory variations of UGT1A1. A previous
Japanese study reporting the independence of UGT1A1∗6
(rs4148323) from UGT1A1∗28 also supports this finding (15).

In contrast, in both GWASs based on European-derived popu-
lation, the association of the UGT1A1 locus was attributed solely
to genetic variants at the promoter region. When adjusted for the
top SNPs, rs887829 (12) or rs6742078 (13), none of the
UGT1A1 locus SNPs remained significant. The top SNP
accounts for �16.7–18.1% of the variation of serum bilirubin
levels in the European-derived population (13). In contrast,
the two independent and major modulators rs11891311 and
rs4148323 accounted for only 10.47% (7.18 and 3.29%, respect-
ively) of the variation in Koreans. The difference in allele fre-
quency between Asians and European-derived population
may, in part, explain the ethnic difference in the genetic associ-
ation. The minor allele frequencies (MAFs) of rs4148323 are
0.189 and 0.163 in the Korean and HapMap Asian (JPT +
CHB) populations, respectively, while rs4148323 is monomor-
phic in European-derived population. Meanwhile, the minor
alleles of rs11891311, rs887829 and rs6742078 are more
frequent in European-derived population (MAF ¼ 0.283–
0.308) than in Koreans (0.121–0.123).

SLCO1B1 and SLCO1B3 are organic anion transporter
genes closely located at 12p12 of the human genome.

Table 1. Association with total serum bilirubin levels

SNP Chr Positiona Gene Population MAF b Associationb (P)

rs11891311 2 234 304 049 UGT1A1 Stage I (n ¼ 8841) 0.121 0.184 4.78 × 102148

Stage II (n ¼ 1096) 0.109 0.166 3.18 × 10215

Combined (n ¼ 9937) 0.120 0.182 8.68 × 102157

rs4148323 2 234 333 883 UGT1A1 Stage I (n ¼ 8841) 0.189 0.107 2.56 × 10270

Stage II (n ¼ 1096) 0.191 0.136 3.99 × 10216

Combined (n ¼ 9937) 0.189 0.110 5.07 × 10282

rs2417940 12 20 909 142 SLCO1B3 Stage I (n ¼ 8841) 0.212 0.050 1.03 × 10217

Stage II (n ¼ 1096) 0.154 0.073 8.56 × 10204

Combined (n ¼ 9937) 0.207 0.048 2.42 × 10217

The most significant SNPs for each locus are listed. Chr, chromosome; MAF, minor allele frequency.
aChromosome position (Genome Build 36.3).
bLinear regression analysis adjusted for age and sex.
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The two previous GWASs reported dissimilar results; that is,
either SLCO1B1 (13) or SLCO1B3 (12) was associated with
total serum bilirubin levels. Similar to the SardiNIA study,
we found a significant association at SLCO1B3, but not at
SLCO1B1 (Fig. 3). The most significant association was
observed at rs2417940, which is located in intron 7 of
SLCO1B3 (combined P ¼ 2.42 × 10217, Table 1), and it was
responsible for 0.635% of the variation in the bilirubin level.
We also found a suggestive association of rs2117032 (2.76
× 1025), the top SNP at SLCO1B3 in the SardiNIA study,
although it did not reach the genome-wide significance level.
The LD between rs2417940 and rs2117032 was 0.28 of r2

in Koreans. In conditional analysis adjusted for rs2417940,
rs2117032 did not show significant association (stage I, P ¼
0.793), suggesting that rs2417940 may account for the associ-
ation of rs2117032 in Koreans. Another top SNP, rs17680137,
also showed a substantial ethnic difference. Its MAF is
0.00373 and 0.293 in Korean and European-derived popu-
lations (SardiNIA stage 1), respectively, and it is associated
with bilirubin levels in only the European-derived population

(Supplementary Material, Table S3). Several previous studies
reported the association of SLCO1B1 with bilirubin levels in
both Asian and European-derived populations (13,16,17).
However, SNPs of SLCO1B1, including rs4149000, did not
reach genome-wide significance in Koreans (Supplementary
Material, Table S3).

In conclusion, a GWAS including 9937 Korean individuals
confirmed the association of UGT1A1 and SLCO1B3 with total
serum bilirubin levels in the Korean population. SLCO1B1, a
locus previously identified in European-derived populations,
did not reach genome-wide significance in the Korean popu-
lation. The associated variations in this study differed con-
siderably from those seen in European-derived population,
even though the variations were located at the same gene,
which reflects the ethnic difference of bilirubin genetics.
These ethnic differences are reflected in the high Akey’s FST

measures in UGT1A1, SLCO1B1 and SLCO1B3 loci among
different populations (Supplementary Material, Table S5).
Our result emphasizes the importance of replication of
GWAS in diverse populations.

Figure 3. Association of SLCO1B3 with total serum bilirubin levels (stage I). The association, recombination rate and linkage disequilibrium (LD) of a 720 kb
genomic region (chromosome 12; 20 660 255–21 381 648) around SLCO1B3 are plotted. The red-filled diamonds represents LD with the top SNP, rs2417940,
and the blue line indicates the recombination rate.
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MATERIALS AND METHODS

Sample description

Two cohorts (KARE, stage I and KIOM, stage II) were studied
(Supplementary Material, Table S1). Details of Korea Associ-
ation REsource (KARE, stage I) population were previously
described (18). Briefly, the KARE data set included 8841 par-
ticipants from the Ansung and Ansan areas. The KIOM (stage
II) data set included 1096 individuals who visited the Korean
Institute of Oriental Medicine (KIOM) and collaborative hos-
pitals for health examinations between July 2006 and February
2009. Consent was obtained from all participants, and the
Institutional Review Board of KIOM approved the study. A
blood sample was obtained from each individual and used
for routine blood tests, including measuring the total serum
bilirubin levels. The stage I population (52.21+ 8.92) was
older than the stage II population (48.35+ 15.68), and male
individuals were more frequent in stage I (47.30%) than
stage II (38.87%). Total serum bilirubin levels were different
between populations with stage I (0.60+ 0.33 mg/dl) having
lower levels than stage II (0.75+ 0.32 mg/dl). Consistent
with the previous study (13), the bilirubin levels were signifi-
cantly higher in males than that in females in both populations.

Genotyping and imputation

Genotyping and quality control of the KARE data set was pre-
viously described (18). Briefly, 10 004 participants from the
Ansung and Ansan cohorts were genotyped using the Affyme-
trix Genome-Wide Human SNP Array 5.0. After standard
quality control procedures [sample call rate ≥96%, SNP call
rate ≥95%, MAF ≥1% and Hardy-Weinberg equilibrium
(HWE) P ≥ 1026], genotypes of 8841 individuals for
352 228 autosomal SNPs were used in subsequent analyses.
The KIOM data set was genotyped and processed in the
same way. After checking DNA quality, 1225 individuals
were genotyped using the Affymetrix Genome-Wide Human
SNP Array 5.0. We applied the same SNP filtering criteria
described above and selected 1096 individuals for subsequent
analyses.

Untyped HapMap SNPs were imputed with PLINK (version
1.06) using filtered haplotypes (HapMap release 23, 2 100 739
SNPs filtered from 3.99 million SNPs of JPT + CHB release
23) of 90 individuals from the Japanese and Chinese popu-
lations as a reference panel (downloaded from the PLINK

web site), which lead to an imputed data set of �2.1 million
SNPs (19). After imputation, 2 100 739 SNPs were again fil-
tered based on the following criteria: imputation quality
(PLINK information content metric ≥0.8) and MAF ≥1%,
leading to a data set of 1 227 049 SNPs for the association
analysis (Supplementary Material, Table S6). As both KARE
(stage I) and KIOM (stage II) data sets were genotyped
using the same Affymetrix SNP 5.0 array platform, the two
SNP data sets were combined to a data set of 9937 individuals
in the joint analysis.

Statistical analysis

The association with serum bilirubin levels was tested by
linear regression analysis adjusted for age and sex using
PLINK software (19). We used WGAViewer (version
1.26G) (20) to create Manhattan plots, Haploview (version
1.4) (21) to calculate LD, and SNAP (22) to annotate the
proxy of the top SNP, respectively. Association with P ≤
1027 was considered to be genome-wide significant. Akey’s
FST measures among different populations were obtained
from the SNP@Evolution site (23).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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