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Abstract

Polymorphisms of drug metabolizing enzymes are frequently associated with diseases and side effects of drugs. Recently, a TATA box

mutation of UGT1A1 (UGT1A1*28), a common genotype leading to Gilbert’s syndrome, and several missense mutations of other UDP-

glucuronosyltransferase 1 (UGT1) family members have been described. Furthermore, co-occurrence of UGT1A1*28 and UGT1A6*2 has

been observed. In order to elucidate the basis for co-occurrence of UGT1 mutations, fluorescence resonance energy transfer techniques

were developed for rapid determination of polymorphisms of three UGT isoforms (UGT1A1*28, 1A6*2, and 1A7*2/*3). Hundred healthy

Caucasians and 50 Egyptians were genotyped. All genotypes followed the Hardy–Weinberg equilibrium. Only three major haplotypes

were found, including a haplotype consisting of allelic variants of all three isoforms (29% in Caucasians and 22% in Egyptians), all

leading to reduced UGT activity. Frequent haplotypes containing several UGT1 allelic variants should be taken into account in studies on

the association between diseases, abnormal drug reactions, and UGT1 family polymorphisms.
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1. Introduction

Polymorphisms of drug metabolizing enzymes are

known to play important roles in disease susceptibility

and clinical response to therapeutic drugs [1]. Recently,

several polymorphisms of UGTs have been identified; for

example, a TATA box mutation of UGT1A1 and missense

mutations of two UGT isoforms of family 1 (Table 1).

These polymorphisms include: (i) the TATA box mutation

of bilirubin-conjugating UGT1A1 (UGT1A1*28) which

has been shown to be a major genotype leading to Gilbert’s

syndrome, phenotypically presenting as a benign, non-

hemolytic intermittent hyperbilirubinemia [2–4]. In addi-

tion, reduced activity of UGT1A1 was found to be related

to a higher incidence of irinotecan toxicity since UGT1A1

is mostly responsible for inactivation of its major meta-

bolite SN38 [5,6]. (ii) A missense mutation of UGT1A6

has also been described [7] which has been found to be

associated with reduced protection against colon carcino-

genesis by aspirin [8]. (iii) Recently, three missense muta-

tions of UGT1A7 have been characterized [9], an isoform

not expressed in liver but in the upper gastrointestinal tract

[10]. Interestingly, these polymorphisms were found to be

associated with hepatocellular carcinoma [11] and with

orolaryngeal cancer [12].

The described UGT polymorphisms are present in the

UGT1 gene locus localized on chromosome 2q37 which
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encodes 13 UGT isoforms, 4 of them are pseudogenes [13].

The organization of this locus appears to be unique. It

consists of a large nested array of exons, preceded by their

respective promoters, which are spliced to their common

exons 2–5 by exon sharing. The common exons encode the

part of the UGT1 isoforms which binds their common

cofactor, UDP-glucuronic acid. Exons encode the part of

the isoform which binds their respective substrates. Since

the distance of the described polymorphic allelic variants is

within ca. 90 kb, it is unlikely that it is affected by

recombination events. Previously, frequent co-occurrence

of the TATA box mutation of UGT1A1 and of the poly-

morphisms of UGT1A6 has been described [14].

In order to elucidate the basis for co-occurrence of

polymorphic UGT1 isoforms, we developed rapid methods

to genotype individuals for polymorphisms of the above

three UGT1 isoforms using FRET technology. We ana-

lyzed in 100 healthy Caucasians and 50 Egyptians the

haplotype frequency of four allelic variants of the UGT1

gene locus (UGT1A1*28, UGT1A6*2, UGT1A7*2, and

UGT1A7*3). It was found that haplotype II was astonish-

ingly frequent (29% for Caucasians and 22% for Egyp-

tians), including low activity allelic variants of three UGT

isoforms, e.g. the TATA box mutation of UGT1A1 respon-

sible for Gilbert’s syndrome.

2. Materials and methods

2.1. Study population and isolation of genomic DNA

One hundred randomly selected healthy Caucasians (50

females and 50 males), blood donors from the University

Hospital, Tübingen, Germany, and 50 Egyptians (17 females

and 33 males) from upper Egypt were enrolled for genetic

analysis. All donors gave their written consent. Genomic

DNA samples were prepared from leukocytes contained

in whole blood using the QiaAmp isolation system accord-

ing to the recommendations of the manufacturer.

2.2. Analysis of UGT1 polymorphisms

Wild-type and variant alleles of UGT1A1, UGT1A6, and

UGT1A7 were determined using pairs of fluorescent

probes designed to hybridize to variant regions in amplified

products of genomic DNA. PCR was performed using the

LightCycler-DNA Master Hybridization Probes Kit

(Roche). FRET between the anchor and sensor probes

was detected using the LightCycler. Melting temperature

analysis was used to distinguish between the different

variants. Primers and probes were synthesized by TIB

MOLBIOL, with the hybridization probes containing

fluorescein and LightCycler Red 640.

2.2.1. UGT1A1*28

Genotyping of the TA insertion polymorphism in the

promoter region of the UGT1A1 gene was carried out

according to Borlak et al. [15]. For better resolution,

concentrations of the hybridization probes were increased

to 75 nM.

2.2.2. UGT1A6*2

Primer sets were designed for amplification of a 231-bp

fragment of exon 1 of the UGT1A6 gene in the complex

UGT1 locus. The primers and probes used are shown in

detail in Table 2. The sequence of the sensor probe was

according to the mutated allele (UGT1A6*2). PCR was

performed using 50 ng genomic DNA as template, 3 mM

MgCl2, 0.5 mM of each primer, 50 nM of each hybridiza-

tion probe in a total volume of 20 mL. After an initial

denaturation step at 958 for 3 min, amplification was

performed for 55 cycles of denaturation (958, 5 s, ramp

rate 208/s), annealing (638, 5 s, ramp rate 208/s), and

extension (728, 10 s, ramp rate 208/s). The analytical

melting program was 958 for 20 s and 408 for 40 s,

increasing to 788 at a ramp rate of 0.18/s, with continuous

fluorescence acquisition.

2.2.3. UGT1A7

The PCR was employed to amplify a 425-bp fragment of

exon 1 of the UGT1A7 gene in the UGT1 locus. Primer

sequences are shown in Table 2. Sensor 1 was designed to

cover the polymorphic sites at codons 129/131 and to be

complementary to the N129K and R131K mutations.

Sensor 2 covered the codon 208 and was complementary

to the wild-type allele. PCR amplifications on the Light-

Cycler were performed using 50 ng genomic DNA,

3.0 mM MgCl2, 0.6 mM forward primer, and 0.2 mM

reverse primer in 20 mL reactions. Hybridization probes

concentrations were 50 and 100 nM of the anchor 1/sensor

1 and anchor 2/sensor 2 pairs, respectively. The cycling

program consisted of 3 min of initial denaturation at 958
and 45 cycles of 958 for 10 s, 578 for 7 s, and 728 for 20 s,

with maximum ramp rate. The program for analytical

melting of anchor 1/sensor 1 pair was 958 for 10 s, 408
for 40 s, and an increase to 708 at a 0.18/s ramp rate. The

program for analytical melting of anchor 2/sensor 2 pair

was 958 for 10 s, 408 for 20 s, and an increase to 868 at a

0.28/s ramp rate.

Table 1

UGT polymorphisms

Polymorphism Allelic variation UGT activity

UGT1A1*1 (TA)6TAA

UGT1A1*28 (TA)7TAA Reduced (ca. 3-fold) [2–4]

UGT1A6*1 T181R184

UGT1A6*2 A181S184 Reduced (ca. 2-fold) [7]

UGT1A7*1 N129R131W208

UGT1A7*2 K129K131W208 Reduced (2.6-fold) [9]

UGT1A7*3 K129K131R208 Reduced (5.8-fold) [9]

UGT1A7*4 N129R131R208 Reduced (2.8-fold) [9]
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2.2.4. Cloning of PCR standards

To identify and discriminate UGT1A polymorphisms,

we constructed control plasmids containing sequences

homologous to either the wild-type or the polymorphic

alleles to use as assay standards. Wild-type and poly-

morphic sequences were generated by PCR with the use

of primers listed in Table 2 and the genomic DNA from

subjects identified by dideoxy sequencing as homozygous

for wild-type alleles or mutant alleles as template. PCR

reactions were carried out in a final volume of 20 mL on a

GeneAmp 2400 (Perkin-Elmer). The reaction mixture

consisted of 100 ng genomic DNA, 1.5 mM MgCl2,

0.2 mM each dATP, dCTP, dGTP, and dTTP, 0.5 mM of

each forward and reverse primer, and 2 U AmpliTaq Gold

(Applied Biosystems) with recommended buffer. The

cycling conditions were as follows: initial denaturation

for 10 min at 958; 30 cycles of 958 for 30 s, 608 for 30 s,

and 728 for 1 min. The resulting PCR products were cloned

into plasmid pCR2.1 using the TA Cloning Kit (Invitro-

gen). Sequences were confirmed by custom sequencing

(MWG Biotech).

2.3. Statistical analysis

Allele frequencies for each polymorphic allele were

determined by gene counting. The significance of devia-

tions from Hardy–Weinberg equilibrium was tested using

the random-permutation procedure implemented in the

ARLEQUIN package [16], which is available on the ARLEQUIN

web page.

The population samples studied consisted of unrelated

individuals; therefore, family data could not be used to

determine haplotypes in multiply heterozygous indivi-

duals. Instead, maximum-likelihood estimates of haplo-

type frequencies and the standard errors were calculated

from the multi-site genotyping data using the ARLEQUIN

software, which implements the expectation-maximization

(EM) algorithm [17].

Testing for linkage disequilibrium was performed using

the maximum-likelihood haplotype frequencies obtained

from EM algorithm and then applying a likelihood ratio

test in order to determine whether the resolution of hap-

lotypes are significantly non-random, which is equivalent

to testing whether there is statistically significant linkage

disequilibrium between loci [18]. The calculations were

done using ARLEQUIN software.

3. Results

3.1. FRET analysis of UGT1 polymorphisms

PCR product identification was carried out by DNA

melting curves (Fig. 1). Melting curves clearly distin-

guished homozygous and heterozygous individuals of

polymorphisms of the three UGT1 family members. In

addition to identification of the linked double mutation of

the UGT1A6*2 allele (Table 1), a rare subtype [7] could

also be identified in which only codon 184 was mutated:

DNA from individuals harboring this subtype showed an

atypical melting curve with a peak at 608 (not shown).

Direct DNA sequencing revealed that the DNA contained a

single mutation in one allele (R184S). The wild-type

sequence and the more common double mutation melted

at 51 and 658, respectively. For UGT1A7 analysis, a 425-bp

fragment was amplified in the presence of hybridization

probes corresponding to either codons 129/131 or codon

208. Melting temperatures for 129/131 probes were 48 and

Table 2

Primers and labeled probes

Primers/probes Sequences GenBank accession

number/mapping positions

UGT1A1 D87674

Forward 50-AAGTGAACTCCCTGCTACCTT-30 3045–3065

Reverse 50-CCACTGGGATCAACAGTATCT-30 3297–3277

Anchor 50-CTTTGCTCCTGCCAGAGGTTCGCCCT-F 3186–3161

Sensor 50-LC-CCTACTTATATATATATATATATGGCAAAAACC-p 3158–3126

UGT1A6 M84130

Forward 50-GGCCTGTACTTCATCAACTGCC-30 571–592

Reverse 50-GTAGCACCTGGGAATGTAGGAC-30 797–780

Anchor 50-ACCTCTTCAGGGGTTTTCCGTGTTCCC-F 719–745

Sensor 50-LC-AGCATGCATTCAGCAGCAICCC-p 749–770

UGT1A7 U39570

Forward 50-TGCCGATGCTCGCTGGACG-30 443–461

Reverse 50-AATTGATGTGTGGCTGTAGAGAT-30 914–892

Anchor 1 50-CGAGAAACACTGCATCAAAACAACTCTCC-F 606–578

Sensor 1 50-LC-AGTATTCTACTAATTTTTTGTCCTTAAAC-p 573–545

Anchor 2 50-LC-AAAGTCATGGCGTCTGAGAACCCTAAG-p 772–746

Sensor 2 50-TGATGTGGTTCCATACTCTCTCCTTG-F 798–773

Variant position is underlined. I, inosine; F, carboxyfluorescin; LC, LightCycler Red 640, p, 30-phosphate.
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598 for the wild-type and mutant allele, respectively. At

codon 208, homozygous donors displayed melting peaks at

608 (wild-type) and at 648 (mutated sequence). All melting

curves were verified by comparison with cloned standards

(not shown).

3.2. Genotype and allele frequencies of UGT1

polymorphisms and Hardy–Weinberg equilibrium

Genotype frequencies of the three UGT1A polymorph-

isms investigated in the two populations are reported in

Table 3. In both population samples, each of the three

UGT1A sites was separately tested for agreement with the

assumption of the Hardy–Weinberg equilibrium. No sys-

tematic departures were found. Allele frequencies for each

polymorphic site determined by simple gene counting are

shown in Table 4. Three TATA box genotypes, with 6/6, 6/

7, and 7/7 TA repeats, were found in the promoter region of

the UGT1A1 gene. They were present at frequencies of

50:42:8 (%) for Caucasians and of 56:36:8 (%) for Egyp-

tians, in agreement with previous results [2,3]. UGT1A1

alleles containing five and eight TA repeats were not found.

Similarly, three major genotypes were determined for

the UGT1A6 in both populations, in agreement with Ciotti

et al. [7]. Three (of 100) Caucasians and three (of 50)

Egyptians carried the rare UGT1A6 R184S allele, dis-

cussed in the previous section. We did not uncover an

individual with only the T181A mutation.

UGT1A7 genotyping results showed that only 11% of

the Caucasians (16% of the Egyptians) were homozygous

for the UGT1A7 wild-type allele. Individuals carrying

the UGT1A7 genotypes *1/*4, *3/*4, and *4/*4 were

not found. In the case of individuals who were hetero-

zygous at codons 129/131 and 208, theoretically two

genotypes are possible, UGT1A7*1/*3 or *2/*4. Because

Fig. 1. DNA melting curves for homozygous and heterozygous genotypes of polymorphic UGT1 genes. Each peak represents the melting of the fluorescence-

labeled sensor probe/target duplex.

Table 3

Observed frequencies of UGT1A1 promoter, UGT1A6 and UGT1A7

genotypes compared to expected frequencies calculated from respective

single-allele frequencies according to the Hardy–Weinberg equilibrium (in

parenthesis)

Gene (genotype) Frequency (%)

Caucasians (N ¼ 100) Egyptians (N ¼ 50)

UGT1A1

*1/*1 50 (50.4) 56 (54.8)

*1/*28 42 (41.2) 36 (38.4)

*28/*28 8 (8.4) 8 (6.8)

P values 1.000 0.711

UGT1A6

*1/*1 44 (43.6) 40 (39.7)

*1/*2 42 (42.9) 42 (42.8)

*2/*2 11 (10.6) 12 (11.6)

*1/R184S 2 (2.0) 4 (3.8)

*2/R184S 1 (1.0) 2 (2.0)

P values 0.920 1.000

UGT1A7

*1/*1 11 (12.6) 16 (17.6)

*1/*2 24 (19.9) 20 (16.8)

*2/*2 6 (7.8) 4 (4.0)

*1/*3 25 (25.9) 32 (32.0)

*2/*3 20 (20.4) 12 (15.2)

*3/*3 14 (13.3) 16 (14.4)

P values 0.713 0.837

P values resulting from an exact test using a Markov chain as

implemented by the ARLEQUIN software are also given.
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the UGT1A7*4 allele was not found in both population

samples and its frequency is very low in Caucasians [9], all

ambiguous subjects were assumed to represent the geno-

type UGT1A7*1/*3.

In general, allele frequencies did not differ significantly

between Caucasians and Egyptians. However, individuals

of Egyptian origin tended to have a higher frequency of

UGT1A7*1 allele and a lower frequency of the UGT1A7*2

allele.

3.3. Linkage disequilibrium and multi-site haplotype

inference

A likelihood ratio test detected in the Caucasian popula-

tion highly significant linkage disequilibrium between

UGT1A1 and 1A6, between UGT1A1 and 1A7, and

between UGT1A6 and 1A7 (P < 0:00001). In Egyptians,

pairwise linkage disequilibrium was also detected between

the three UGT1A sites (P < 0:00001).

Table 5 lists the haplotypes and their frequencies, as

estimated by the EM algorithm. With little evidence for a

departure from Hardy–Weinberg equilibrium, use of EM

algorithm for the construction of haplotypes is justified [17].

Of the 18 possible haplotypes (the UGT1A1, UGT1A6, and

UGT1A7 genes harbored two, three, and three alleles,

respectively (Table 4)), only 12 were found, 9 were present

in the Caucasian population and 9 in the Egyptian popula-

tion. Interestingly, only three major haplotypes with fre-

quencies higher than 10% were observed in the two

populations: (i) haplotype I, including the wild-type alleles

of the three UGTs, (ii) interestingly, haplotype II with a

frequency of 29% in Caucasians and 22% in Egyptians in

which all three UGT isoforms were low function allelic

variants, and (iii) haplotype III in which UGT1A1 and

UGT1A6 were wild-type linked to UGT1A7*2.

4. Discussion

FRET technology on the LightCycler was developed to

rapidly genotype polymorphisms of three UGT1 family

members, including the TATA box mutation of UGT1A1

responsible for Gilbert’s syndrome as well as the

UGT1A6*2 and UGT1A7*2/*3 polymorphisms. The tech-

nology was used to genotype 100 healthy Caucasians and

50 Egyptians. The rare allelic variant UGT1A7*4 was not

found. The remaining polymorphic allelic variants followed

the Hardy–Weinberg equilibrium, suggesting that the gen-

otypes developed in the absence of evolutionary forces.

Haplotype frequencies were estimated for the first time

to determine to what extent polymorphic variants of three

UGT1 isoforms were present on the same chromosome

2q37. Although 18 haplotypes are theoretically possible

with two, three, and three allelic variants at three loci, only

three major haplotypes (>10%) were found. Interestingly,

the haplotype II, including low activity allelic variants of

three UGT isoforms, was frequent (29% in Caucasians and

22% in Egyptians). These findings provide hints why all

eight individuals in the Caucasian population and three of

four individuals in the Egyptian population who were

Table 4

Allele frequencies calculated from the observed genotype frequencies

Gene (allele) Frequency (%)

Caucasians (N ¼ 200) Egyptians (N ¼ 100)

UGT1A1

*1 71.0 � 3.2 74.0 � 4.0

*28 29.0 � 3.2 26.0 � 4.0

UGT1A6

*1 66.0 � 3.5 63.0 � 4.8

*2 32.5 � 3.4 34.0 � 4.9

R184S 1.5 � 0.7 3.0 � 2.0

UGT1A7

*1 35.5 � 3.2 42.0 � 5.5

*2 28.0 � 3.0 20.0 � 4.2

*3 36.5 � 3.3 38.0 � 4.8

Standard deviations were calculated by the EM algorithm with 100

restarts.

Table 5

Haplotypes and their estimated frequencies in each population

Number Haplotype Frequency (%)

UGT1A1 UGT1A6 UGT1A7 Caucasians Egyptians

I *1 *1 *1 35.0 � 3.2a 40.9 � 4.6a

II *28 *2 *3 28.5 � 3.1a 21.8 � 4.1a

III *1 *1 *2 26.3 � 2.4a 14.7 � 3.5a

IV *1 *2 *3 3.5 � 1.3a 11.1 � 3.5a

V *1 *1 *3 4.2 � 1.4a 5.1 � 2.2a

VI *1 R184S *2 1.2 � 0.8 1.1 � 1.1

VII *28 *1 *2 – 2.3 � 1.8

VIII *28 R184S *2 – 1.9 � 1.5

IX *1 *2 *1 – 1.1 � 1.0a

X *28 *1 *1 0.5 � 0.5a –

XI *1 *2 *2 0.5 � 0.5 –

XII *1 R184S *3 0.3 � 0.4 –

a The presence of this haplotype could be unambiguously inferred from genotypes in which only zero or one allele varied.
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homozygous for the UGT1A1*28 promoter mutant were

also homozygous for the UGT1A6*2 and the UGT1A7*3

allelic variants. It may be of interest, to study a Japanese

population, where the UGT1A1*28 genotype is rare [19].

Using the FRET technology it was found that the indivi-

dual from which the widely studied Caco-2 cells (fre-

quently used in studies of drug absorption and intestinal

metabolism) are derived, also had a haplotype II pair (not

shown). In general, major genotypes and allele frequencies

were similar in Caucasians and Egyptians. But differences

between these two populations were also observed (see

haplotypes III, IV, and other minor haplotypes).

The reason for the frequently occurring haplotype II is

intriguing. Since the studied UGT1 allelic variants are

present within a short distance of ca. 90 kb on chromosome

2q37 [13], recombination events appear to be unlikely.

While the proximity may explain co-inheritance, evolu-

tionary persistence in two different populations of the

unusually frequent haplotype II, including many low activ-

ity allelic variants, remains to be explained. Generation of

this intriguing haplotype II by sequential mutations

appears to be unlikely. However, we cannot exclude a

hot spot of mutation or of recombination in this evolu-

tionary assembly of cassette-like elements. Generation of

haplotype II must have occurred before the separation of

Caucasian and Egyptian populations. In this context, it may

be relevant that variability in the UGT1A1 promoter may

be a ‘balanced polymorphism’ (i.e. persistence of genetic

form by selection), since it may fine-tune bilirubin levels:

hyperbilirubinemia in newborns may be neurocytotoxic

and lead to kernicterus, a possibly fatal neurologic dis-

order. On the other hand, low bilirubin is cytoprotective

and serves together with biliverdin reductase as a powerful

antioxidant [19–22].

Frequent co-occurrence of UGT1 mutations, such as

UGT1A7*3, leading to reduced detoxification of tobacco

smoke carcinogens may have important implications in

studies on the association of particular polymorphisms

with diseases, such as hepatocellular carcinoma [11],

orolaryngeal cancer [12], gastrointestinal cancer [23],

and pancreatitis [24]. UGT1 polymorphisms are also asso-

ciated with unwanted side effects of drugs, such as bone

marrow and intestinal toxicity in colon carcinoma patients

treated with irinotecan [5,6,25–27]. All allelic UGT1 var-

iants studied reduce their detoxification capacity.

UGT1A7*3 combines the allelic variation present in

UGT1A7*2 and *4 and leads to the strongest reduction

of enzyme activity towards benzo[a]pyrene phenols

(Table 1). It is intriguing that allelic variants of UGT1A7

were associated with hepatocellular carcinoma [9] although

UGT1A7 is not expressed in liver but in the upper gastro-

intestinal tract [10]. Due to the described frequent co-

occurrence of allelic variants of UGT1A7 with polymorph-

isms of two other UGT1 isoforms (and more allelic variants

of UGT1 isoforms are likely to be identified), it remains to be

established which UGT1 polymorphism is responsible for

the association with hepatocellular carcinoma. In conclu-

sion, frequent co-occurrence of multiple allelic variants in

the UGT1 gene locus was observed in the present study in

both Caucasian and Egyptian populations. This co-occur-

rence of UGT allelic variants has to be taken into account in

future studies on the association with diseases and abnormal

drug reactions.
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