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Abstract UDP-glucuronosyltransferase 2 family, poly-
peptide B4 (UGT2B4) is an important metabolizing
enzyme involved in the clearance of many xenobiotics and
endogenous substrates, especially steroid hormones and
bile acids. The HapMap data show that numerous SNPs
upstream of UGT2B4 are in near-perfect linkage disequilib-
rium with each other and occur at intermediate frequency,
indicating that this region might contain a target of natural
selection. To investigate this possibility, we chose three
regions (4.8 kb in total) for resequencing and observed a
striking excess of intermediate-frequency alleles that define
two major haplotypes separated by many mutation events
and with little differentiation across populations, thus sug-
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gesting that the variation pattern upstream UGT2B4 is
highly unusual and may be the result of balancing selection.
We propose that this pattern is due to the maintenance of a
regulatory polymorphism involved in the fine tuning of
UGT2B4 expression so that heterozygous genotypes result
in optimal enzyme levels. Considering the important role of
steroid hormones in breast cancer susceptibility, we
hypothesized that variation in this region could predispose
to breast cancer. To test this hypothesis, we genotyped tag
SNP rs13129471 in 1,261 patients and 825 normal women
of African ancestry from three populations. The frequency
comparison indicated that rs13129471 was significantly
associated with breast cancer after adjusting for ethnicity
[P = 0.003; heterozygous odds ratio (OR) 1.02, 95% confi-
dence interval (CI) 0.81-1.28; homozygous OR 1.50, 95%
CI 1.15-1.95]. Our results provide new insights into
UGT2B4 sequence variation and indicate that a signal of
natural selection may lead to the identification of disease
susceptibility variants.

Introduction

Glucuronidation is an important pathway for the clearance
of numerous endobiotics and xenobiotics, including steroid
hormones, bile acid, carcinogens and clinical drugs (Belan-
ger et al. 2003; Tukey and Strassburg 2000). This reaction
can transfer the glucuronic acid from UDP glucuronic acid
to available substrates and make them more water soluble
and easier to be eliminated from the human body (Tukey
and Strassburg 2000). In human, glucuronidation is per-
formed by two main families of UDP-glucuronosyltrans-
ferases (UGTs), namely UGT1A and UGT2B (Guillemette
2003; King et al. 2000; Mackenzie et al. 2005). The latter
one includes seven active members located in chromosome
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4q13 (Guillemette 2003; King et al. 2000; Mackenzie et al.
2005) and among this family, the UGT2B4 gene is the most
highly expressed member in the liver (Izukawa et al. 2009;
Nakamura et al. 2008; Ohno and Nakajin 2009). In addition
to liver, this gene is mainly expressed in heart, prostate,
breast, and kidney (Gardner-Stephen and Mackenzie 2008;
Nakamura et al. 2008; Ohno and Nakajin 2009). Despite
the important biological role played by this gene, the
impact of natural selection on patterns of variation has not
been investigated.

Balancing selection has been invoked to explain patterns
of variation in several human genes, including those coding
for f[-globin (Currat etal. 2002), glucose-6-phosphate
dehydrogenase (G6PD; Verrelli et al. 2002), PTC (the bit-
ter-taste receptor gene; Wooding et al. 2004), the sixth
complement component (C6; Soejima et al. 2005), flavin-
containing monooxygenase 3 (FMO3; Allerston etal.
2007), follicle stimulating hormone, beta polypeptide
(FSHB; Grigorova etal. 2007), angiotensin-converting
enzyme (ACE; Cagliani et al. 2010a) and, in particular,
genes involved in immune response (Fumagalli et al.
2009b), such as endoplasmic reticulum aminopeptidase 1
and 2 (ERAPI and ERAP2; Andres et al. 2010; Cagliani
et al. 2010b), leukocyte immunoglobulin-like receptor A3
(LILRA3; Hirayasu et al. 2006; Norman et al. 2004), che-
mokine C-C motif receptor 5 (CCR5; Bamshad etal.
2002), human leukocyte antigen (HLA; Black and Hedrick
1997; Liu et al. 2006; Tan et al. 2005), f-defensin (Cagliani
et al. 2008; Hollox and Armour 2008), interleukin (IL)/IL
receptor (Fumagalli et al. 2009¢), and mediterranean fever
(MEFV; Fumagalli et al. 2009a). Under balancing selec-
tion, alleles contributing to an adaptive phenotype are
maintained at an equilibrium frequency as long as the selec-
tive pressure is acting (Andres et al. 2009; Charlesworth
2006). It has been proposed that it is a major mechanism for
maintaining phenotypic and genetic variation in natural
populations (Andres et al. 2009). If the selective pressures
leading to a balanced polymorphism are steady for a long
period of time, the expected signature in patterns of linked
neutral variation is an excess of diversity relative to
between-species divergence levels, a skew towards inter-
mediate frequency alleles, and a distinct haplotype struc-
ture. This signature has been observed at several loci in the
human genome, but it is not common (Bubb et al. 2006).
This finding suggests that balancing selection in humans is
rarely stable over long periods of time or that current
genetic variation data sets are not well suited to reveal this
signature.

Breast cancer is the most common malignant tumor in
women and cumulative estrogen exposure over a life time
has been proven to be a major risk factor (Cauley et al.
1999; Key 1999; Thomas et al. 1997). Due to the role of
UGT?2B enzymes in the metabolism of steroid hormones, it
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has been proposed that variation in the UGT2B genes,
especially the ones that can reduce enzyme activity, is
involved in breast cancer risk (Desai et al. 2003; Nagar and
Remmel 2006). In UGT2B4, one SNP that causes an amino
acid substitution (D458E) has been tested for the effect on
hormone levels and risk to breast cancer and was found not
to be associated with these phenotypes (Sparks et al. 2004).
Some non-coding SNPs which might regulate gene expres-
sion and enzyme abundance can also influence steroid hor-
mone levels, thus constituting good candidates for breast
cancer risk. However, no studies have been performed in
UGT2B4 non-coding variations so far.

Our preliminary bioinformatics analysis identified a
large region upstream of the UGT2B4 gene with a striking
two-haplotype pattern and many SNPs at intermediate
allele frequency (The International HapMap Consortium
2007; Fig. S1), raising the possibility that this region was a
target of balancing selection. However, SNP ascertainment
prevents an unbiased assessment of patterns of variation
and an evaluation of the signature of balancing selection.
Here, we conducted a re-sequencing survey of three seg-
ments in UGT2B4 upstream region and identified high
diversity levels, a strong excess of intermediate frequency
variants, and two major haplotypes separated by a deep
bifurcation, in all populations, consistent with balancing
selection. In addition, we tested a SNP tagging the two
major haplotypes in breast cancer case and control groups
and found it to be significantly associated with disease risk.

Materials and methods
Samples and resequencing

Three segments in UGT2B4 upstream region were ran-
domly chosen for resequencing (Fig. S2). Fifty-six unre-
lated HapMap samples (24 YRI, 22 CEU and 10 ASN)
were included in our resequencing survey. Amplification
was performed using the primers in Table S1. After exonu-
clease I and Shrimp Alkaline Phosphatase (United States
Biochemicals, Cleveland, OH) treatment, sequencing was
performed using internal primers in Table S1 and BigDye
Terminator v3.1 (Applied Biosystems, Foster City, CA,
USA). In total, 4.8 kb were amplified and resequenced.
Polymorphisms were scored by PolyPhred (Stephens et al.
2006) and inspected visually. Visual genotype and LD plots
were drawn using the Genome Variation Server (http://
gvs.gs.washington.edu/GVS/). In addition to the human
samples, the homologous counterpart of segments 2 and 3
was also amplified and resequenced in ten unrelated
chimpanzees (Pan troglodytes; from the Yerkes National
Primate Research Center, http://www.yerkes.emory.edu/
index.html) using the primers in Table S2.
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Data analysis

Population genetics indices, including segregating sites (),
nucleotide diversity (7r; Tajima 1983), Watterson’s estima-
tor of the population mutation rate parameter (0,,; Watter-
son 1975), Tajima’s D (Tajima 1989), and F g, (Weir and
Cockerham 1984; Wright 1950) were determined by
Slider (http://genapps.uchicago.edu/labweb/index.html). The
expected distribution of nucleotide diversity and Tajima’s
D was generated by coalescent simulations using the soft-
ware ms (Hudson 2002) with appropriate demographic
model (Voight et al. 2005) or empirically using the rese-
quencing data from Seattle SNP database (http:/
pga.gs.washington.edu/). DNA divergence, Fu and Li’s
D and F (Fu and Li 1993) and its significance were calcu-
lated by DnaSP 5.10 (Librado and Rozas 2009). Haplotypes
were inferred using the program PHASE 2.0 (Stephens and
Donnelly 2003) and the phylogeny of all haplotypes was
reconstructed by the software NETWORK 4.5 (http:/
www.fluxus-engineering.com) with median-joining algo-
rithm (Bandelt et al. 1999). The time to the most recent
common ancestor (MRCA) for these haplotypes was calcu-
lated by the formula, Ty x Dy/Dye, in which Tye, Dy,
and Dy indicated the divergence time between chimpan-
zee and human (~6 million years ago), the average distance
between human haplotypes, and the divergence between the
chimpanzee and human sequences (74.4 for resequenced
region), respectively. Since we could not find the homolo-
gous region for segment 1 in the chimpanzee genome, this
segment was omitted from phylogeny reconstruction and
MRCA time estimate. The HapMap genotyping data (http:/
/hapmap.org) and UGT2B4 resequencing data from the
Environmental Genome Project (EGP, http://egp.gs.wash-
ington.edu/welcome.html) were also incorporated in some
analysis. Tag SNPs were chosen by IdSelect (Carlson et al.
2004) with % > 0.8.

Tag SNP genotyping in breast cancer case—control
populations

Two hundred and sixty, 138, and 863 breast cancer patients
and 102, 330, and 393 women without breast cancer were
enrolled from the United States, Barbados, and Nigeria,
respectively. All individuals were of African ancestry. Tag
SNP rs13129471 was genotyped in these populations by
a custom Tagman assay (Applied Biosystems) including
primer pair 5'-TGGACTCATCACCTGACTCATGTAA-3'
and 5'-GTCAAAGAGACTGCAGGAACATGA-3" and
probe pair 5'-VIC-ATGCACACTATTCTGAAATA-3’
and 5'-FAM-ATGCACACTATTTTGAAATA-3' (target
site underlined) according to manufacturer’s suggestion.
Hardy—Weinberg equilibrium (HWE) was tested using a
Chi-square test with one degree of freedom in cases and

controls for three populations separately. The genotype fre-
quencies in patients and controls were compared by Chi-
square tests, followed by logistic regression model to esti-
mate odds ratios (OR) and 95% confidence intervals (CI).
Because of allele frequency difference across populations,
the logistic regression adjusted an indicator variable for
population. All statistical tests were performed in Stata 11.0
(StataCorp LP, College Station, TX, USA) and a P < 0.05
was considered statistically significant.

Results and discussion

Within the 4.8 kb resequenced region, 56 SNPs were identi-
fied (see Table S3) and most of them were present in all
three populations (Fig. 1). Consequently, a similar estimate
of the population mutation rate parameter 0, (~2.2 x 1073)
was obtained for all three population samples (Table 1).
Consistent with the HapMap data, most SNPs were in near-
perfect LD (result not shown) and occurred at intermediate
(~30-50%) minor allele frequency (MAF; see Table S3) in
all three populations. As a result, a considerably high nucle-
otide diversity (Table 1), ~4.2 per kb in YRI and CEU and
3.5 in ASN, was observed; this value is ~3.7-4.5 times
higher than the genome-wide average (~0.75 per kb; Reich
et al. 2002; Sachidanandam et al. 2001) or in chromosome
4 (~0.81 per kb; Sachidanandam et al. 2001).

Under evolutionary neutrality, the vast majority of vari-
ants are rare. However, in the region upstream of UGT2B4,
most variation occurs at intermediate frequency in all three
populations (see Table S3). This pattern resulted in a
strongly positive Tajima’s D value in YRI (2.6311,
P =0.0009), CEU (3.514, P <0.0001), and ASN (1.6896,
P =0.055, see Table 1). We also compared the UGT2B4
upstream region to 322 resequenced human genes from the
Seattle SNP database to assess whether the pattern
observed at UGT2B4 is unusual relative to a large collec-
tion of human loci. For the YRI and CEU populations, the
Tajima’s D value for the UGT2B4 upstream region is
higher than the value for all genes in African Americans
and European Americans (result not shown), respectively,
thus confirming that the pattern in the UGT2B4 upstream
region is unusual in the human genome and is not likely to
result from demographic history alone. It might be argued
that this test might be biased since Seattle SNP data include
some coding regions, which might be subjected to different
selective pressures. However, considering the low propor-
tion of coding region in resequenced region, the influence
on distribution from coding region might be negligible.

Additional neutrality tests based on the frequency spec-
trum are Fu and Li’s D and F (Fu and Li 1993), which
compare external and internal mutations in a coalescent tree
(Fu 1997). Here, we used the chimpanzee sequence as an
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Fig. 1 Visual genotype of
UGT2B4 upstream region. Each
column indicates one SNP while
each row denotes one individual.
Blue, red, yellow, and gray rep-
resent homozygous of common
allele, heterozygous, homozy-
gous of rare allele, and missing
data, respectively. DY, E, and X
indicate YRI, CEU, and ASN
HapMap populations, respec-
tively. All positions refer to the
genome sequence (build 36) for
chromosome 4 (color figure on-
line)
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Table 1 Summary statistics for the resequenced regions in human UGT2B4 upstream region

n* st 0, T
YRI 48 51 0.002406 0.004228
CEU 44 44 0.002118 0.004252
ASN 20 40 0.002479 0.003528

Tajima’D (P)¢
2.6311 (0.0009)
3.514 (<0.0001)
1.6896 (0.055)

Fuand Li’s D (P)
1.70908 (<0.05)
1.99802 (<0.02)
1.66768 (<0.05)

Fu and Li’s F(P)
2.83113 (<0.02)
3.08716 (<0.02)
2.15988 (<0.02)

# Number of chromosomes
b Number of segregating sites
¢ P value is from simulation and presented in parentheses

outgroup and excluded segment 1 due to lack of a homolo-
gous segment in the chimpanzee genome. As shown in
Table 1, all three populations showed a significantly posi-
tive Fu and Li’s D and F, which indicate an excess of old
mutations. This result further strengthens the proposal that
the variation pattern in the UGT2B4 upstream region
departs from neutral expectations.

Between-population differentiation of allele frequency,
which can be summarized by the Fg, statistic, can be
enhanced by geographically restricted selective pressures,
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but may be decreased by balancing selection if selective
pressures have similar intensity across populations (Akey
et al. 2002). In the UGT2B4 case, the F¢ values for most
(92.9%) SNPs (see Table S3) are lower than the average
value, 0.123, for non-coding region in the human genome
among the three populations (Akey et al. 2002) and show a
low degree of allele frequency differentiation overall.

We then used PHASE to infer the haplotype phase for
the resequenced region. In total, 26 haplotypes were identi-
fied (data not shown). We also reconstructed the phylogeny
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Fig. 2 Phylogeny of the haplo-
types in UGT2B4 upstream re-
gion. Each circle represents a
unique haplotype and its area
was proportional to the fre-
quency of the haplotype. Within
each node, YRI, CEU, and ASN
are labeled in red, blue, and yel-
low, respectively. The positions
of the mutations differentiating
the haplotypes are shown on
each branch (all position should -
add 70000000; build 36). The
chimpanzee sequence was taken el
as outgroup (color figure online) N 450614

445556

4500
450493

H5E4EL 5
45060

for these haplotypes. As shown in Fig. 2, two major clusters
were separated by as many as 30 mutation events. The two
major haplotypes were found in all three populations at
similar frequency while the rarer haplotypes tend to be spe-
cific to different populations (Fig. 2). The average pairwise
sequence divergence between these clusters was 16.2, thus
implying a divergence time of ~1.3 million years. This date
is later than the divergence of human and chimpanzee, but
precedes the dispersal of modern humans out of Africa
(~80-100 thousand years ago; Cavalli-Sforza and Feldman
2003), which is not unusual but consistent with the pres-
ence of the two major haplotypes in the three major ethnic
groups.

To determine whether the patterns of variation observed
upstream of UGT2B4 are unique to human, we also rese-
quenced the homologous region in ten chimpanzees. None
of the 56 sites that were polymorphic in human were shared
with chimpanzee (see Fig. S3), consistent with the idea that
these haplotypes originated after human—chimpanzee diver-
gence. Moreover, unlike the patterns observed in humans,
we detected relatively low diversity levels (r = 0.001066),
and a slight excess of rare variants (Tajima’s D=
—0.2721). Therefore, this region experienced a distinct
evolutionary history between human and chimpanzee.

The striking pattern of frequency spectrum and the pres-
ence of two deep branches in the genealogy of the UGT2B4
upstream region raise the possibility that balancing selec-
tion acted on this genomic region. The combined analysis
of EGP UGT2B4 resequencing and HapMap genotyping

data indicates that the strong LD pattern starts at two pro-
moter SNPs, rs941389 (—115 relative to translation start)
and rs13129471 (—497), and spans 70 kb, ending at SNP
rs7657504 (Fig. S1). Beyond this interval, the strong LD
pattern decays dramatically (Fig. S1). This pattern of LD
decay is more pronounced in the YRI population sample
(results not shown), which is consistent with many previous
studies showing lower LD levels in populations of African
ancestry (The International HapMap Consortium 2007;
Wang et al. 2006). This region includes numerous cis-regu-
latory elements of UGT2B4 expression that have been vali-
dated through functional in vitro assays, such as binding
sites for HNF1 homeobox A (HNF1A), POU class 2
homeobox 1 (POU2FI1; Gardner-Stephen and Mackenzie
2008), peroxisome proliferatoractivated receptor o (PPARw;
Barbier et al. 2003a), and farnesoid X receptor (FXR;
Barbier et al. 2003b; Zhou et al. 2005). Therefore, it is pos-
sible that the two haplotypes have different promoter and/or
enhancer activity and that the polymorphism underlying the
signature of balancing selection influences the spatial or
temporal regulation of UGT2B4 expression. However, due
to the length of the pattern, it was difficult to identify the
target of selection based on available data.

Steroid hormones, including estrogen, androgen, gluco-
corticoid, mineralocorticoid, and progestine, are crucial for
many aspects of human physiology, especially in initiating
the development and maintaining the function of human
reproductive system, anti-inflammatory reaction, response
to stress, maintaining salt and water balance, and mediating
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Table 2 Genotype distribution

of rs13129471 in women with Population Genotype Cases (%) Controls (%) P OR (95% CI)
E;ii;‘)iamer and healthy African Americans ~ A/A 54 (20.8) 14 (13.7) 0.029 1.00 (ref.)
AIG 108 (41.5)  58(56.9) 0.48 (0.25-0.94)
GIG 98 (37.7) 30 (29.4) 0.85 (0.41-1.73)
Barbadians A/A 27 (19.6) 54 (16.4) 0.55 1.00 (ref.)
AIG 64 (46.4) 148 (44.8) 0.86 (0.50—1.49)
GIG 47 (34.0) 128 (38.8) 0.73 (0.42-1.30)
Nigerians A/A 274 (31.7) 155 (39.4) 1.66E—5 1.00 (ref.)
AIG 391 (453) 191 (48.6) 1.16 (0.89-1.51)
GIG 198 (229)  47(12.0) 2.38 (1.64-3.46)
Total A/A 355(282) 223 (27.0) 0.003 1.00
AIG 563 (44.6) 397 (48.2) 1.02 (0.81-1.28)
GIG 343(272) 205 (24.8) 1.50 (1.15-1.95)

menstrual cycle and pregnancy (Paul and John 2007).
Therefore, deviations from proper steroid hormone levels,
whether deficiency or excess, are likely to be deleterious
(White 1994). UGT2B gene expression plays an important
role in steroid hormone metabolism. For example, when the
UGT2B17 gene is not expressed because it is removed by a
common polymorphic deletion, the steroid hormone clear-
ance is dramatically influenced (Jakobsson et al. 2006; Juul
etal. 2009). Although the relationship between UGT2B4
expression and steroid hormone metabolism has not been
investigated in detail, it is plausible that alterations in
UGT2B4 expression levels have profound consequences on
steroid hormone levels in human body. Based on these con-
siderations, we propose that natural selection acted on the
fine tuning of UGT2B4 gene expression in order to keep an
optimal level of this protein and, as a consequence, of the
steroid hormones metabolized by UGT2B4. In this regard,
it is interesting to note that a signal of balancing selection
was also proposed for the UGT2BI7 gene, though its
functional significance has not been fully investigated (Xue
et al. 2008).

Although balancing selection could provide an interpre-
tation for the observed deviation from neutrality in the
frequency spectrum, we cannot rule out the possibility that
this pattern results from a partial selection sweep in human
populations. Polymorphisms tightly linked to an advanta-
geous mutation driven to intermediate frequency by selec-
tion will also tend to occur at intermediate frequency, thus
inducing a skew in the allele frequency spectrum (Biswas
and Akey 2006; Nielsen et al. 2007), as observed above.
Moreover, since this process is rapid, little decay of linkage
disequilibrium is expected to occur, thus resulting in a sig-
nal in haplotype structure detectable by test statistics such
as the extended haplotype homozygosity (EHH; Sabeti
et al. 2002) or the integrated haplotype score (iHS; Voight
et al. 2006). Although no significant deviation from neutral
expectations was observed for either EHH or iHS in this
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Table 3 Risk factors in breast cancer cases and controls tested for
SNP rs13129471

Risk factor Cases Controls P
(n=1,261) (n=825)
Age, mean £+ SD 474 +12.1 463+ 155 0.075
Menopausal
status, n (%)
Premenopausal 612 (53.4) 460 (57.9) 0.05
Postmenopausal 534 (46.6) 334 (42.1)
Positive family 167 (14.8) 43 (5.5) <0.001
history of
breast cancer,
n (%)
Body mass index 265+ 6.2 273+ 6.4 0.007
(kg/mz),
mean £ SD
Height (cm), 1609 + 7.2 160.1 £ 6.9 0.01
mean £+ SD
Parity, mean £ SD 37+25 30+£25 <0.001
Age at first live birth, 22.8+5.0 225+5.0 0.19
mean £ SD
Oral contraceptives, 344 (34.2) 140 (30.2) 0.13
n (%)

region (result not shown), this possibility might still persist
since the power of these tests is incomplete (Voight et al.
2006).

If, indeed, the UGT2B4 upstream region contains a regu-
latory polymorphism, this variant is expected to have some
phenotypic effects. Given the important role of steroid hor-
mone levels in the susceptibility to breast cancer, we
hypothesized that the two UGT2B4 haplotypes might result
in different breast cancer predisposition. To investigate this
possibility, we genotyped tag SNP rs13129471 in three
different case—control populations with African ancestry.
No deviation from HWE was observed (P > 0.05) in all
three populations (result not shown). The G allele fre-
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quency was 0.363 in healthy Nigerian women, compared
with 0.578 in African Americans and 0.612 in Barbadians.
This allele frequency difference suggests that stratified
analysis or pooled analysis adjusting for population struc-
ture is warranted. After adjusting for population origin, the
OR for heterozygous genotype and homozygous genotype
for the G allele was 1.02 (95% CI 0.81-1.28) and 1.50
(95% CI 1.15-1.95), respectively, when compared with
homozygous genotype for the A allele (P = 0.003; Table 2).
The association was highly significant in Nigerians
(P =0.000017), with heterozygote OR = 1.16 and homozy-
gote OR =2.38 (Table 2). However, only weak association
was observed in African Americans and no association was
observed in Barbadians (Table 2), which might be due to
relatively small sample sizes or incomplete correction for
population structure in these two samples. Table 3 shows
demographics and environmental risk factor information
for our breast cancer patients. We examined whether these
environment risk factors modify the effect of SNP
rs13129471 and found no effect modification. These results
suggest that these two haplotypes can influence breast can-
cer susceptibility and G allele of rs13129471 is the risk
allele in Nigerian women. Moreover, considering that high
steroid hormone level is a risk factor for breast cancer
(Guillemette et al. 2004; Thijssen and Blankenstein 1989),
we proposed that G allele of rs13129471 is associated with
lower UGT2B4 expression.
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