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Abstract: Urate transporters, which are located in the kidneys, significantly affect the level of uric acid
in the body. We looked at genetic variants of genes encoding the major reabsorption proteins GLUT9
(SLC2A9) and URAT1 (SLC22A12) and their association with hyperuricemia and gout. In a cohort
of 250 individuals with primary hyperuricemia and gout, we used direct sequencing to examine
the SLC22A12 and SLC2A9 genes. Identified variants were evaluated in relation to clinical data,
biochemical parameters, metabolic syndrome criteria, and our previous analysis of the major secretory
urate transporter ABCG2. We detected seven nonsynonymous variants of SLC2A9. There were no
nonsynonymous variants of SLC22A12. Eleven variants of SLC2A9 and two variants of SLC22A12
were significantly more common in our cohort than in the European population (p = 0), while variants
p.V282I and c.1002+78A>G had a low frequency in our cohort (p = 0). Since the association between
variants and the level of uric acid was not demonstrated, the influence of variants on the development
of hyperuricemia and gout should be evaluated with caution. However, consistent with the findings
of other studies, our data suggest that p.V282I and c.1002+78A>G (SLC2A9) reduce the risk of gout,
while p.N82N (SLC22A12) increases the risk.
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1. Introduction

Uric acid is the final product of purine metabolism in humans. If the balance between uric acid
production and excretion is impaired, hyperuricemia can occur [1]. Since uric acid is poorly soluble,
at higher concentrations, in the blood, monosodium urate crystals can form [2]. In the early stages,
hyperuricemia is asymptomatic; however, over time, monosodium urate crystals can lead to gout,
a form of inflammatory arthritis. In addition to gout, hyperuricemia is also associated with kidney
disease, hypertension, cardiovascular disease, and type 2 diabetes mellitus [3–5].

Uric acid levels are influenced by various factors, such as the intake of dietary purines, the formation
of endogenous purines, the excretion of uric acid via the kidneys and intestines, genetic predisposition,
medications, and health conditions [1,6]. Different studies indicate that genetic factors are involved
in 25–73% of cases [7]. GWAS studies have shown an association between hyperuricemia and gout
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and dysfunction of urate transporters [8,9]. These urate transport proteins are located primarily in
the proximal tubules of the kidneys, and they are responsible for the excretion and reuptake of uric
acid [1]. Variants of the genes that encode urate transporters are associated with both hyperuricemia
and, in very rare cases, hypouricemia.

The major excretion urate transporter is ABCG2, while the GLUT9 and URAT1 proteins are
important for reabsorption [6].

The SLC2A9 gene (ENSG00000109667, solute carrier family 2 member 9, located on chromosome
4p16) encodes glucose transporter 9 (GLUT9). It occurs in two isoforms, GLUT9a, which is located on the
basolateral membrane and GLUT9b, which is located on the apical membrane of the proximal tubules
in the kidneys [2]. GLUT9 provides urate reuptake, and single-nucleotide polymorphisms (SNPs) of
SLC2A9 are associated not only with hyperuricemia and gout, but also with renal hypouricemia type 2
(OMIM(Online Mendelian Inheritance in Man) # 612076) [10].

The SLC22A12 gene (ENSG00000197891, solute carrier family 22 member 12, located on
chromosome 11q13) encodes urate transporter 1 (URAT1). Genetic variants of this gene lead, as in
the case of SLC2A9, to hyperuricemia and gout and rare cases to hypouricemia type 1 (OMIM #
220150) [11].

The ABCG2 gene (ENSG00000118777, located on chromosome 4q22) encodes the ATP-binding
cassette sub-family G member 2 protein (ABCG2), which is the major secretor of uric acid. In addition
to the kidneys, the ABCG2 protein is also located in the intestines, where it facilitates up to one-third
of the excretion of uric acid [12]. In our previous work, we reported that genetic variants of the
ABCG2 gene (ENSG00000118777) increases the risk of developing gout, especially the common
nonsynonymous variant p.Q141K (rs2231142) [13]. These variants are also associated with early disease
onset, as confirmed by the findings of our study using a cohort of patients with pediatric-onset primary
hyperuricemia and gout [14].

There are other urate transporters in the proximal tubules that are also responsible for uric
acid transport, i.e., NPT1 (solute carrier family 17 member 1, SLC17A1), NPT4 (solute carrier family
17 member 3, SLC17A3), OAT4 (solute carrier family 22 member 11, SLC22A11), OAT10 (solute
carrier family 22 member 13, SLC22A13), and MRP4 (ATP binding cassette subfamily C member 4,
ABCC4) [2,15]. However, recent evidence suggests that these proteins have less impact on uric acid
levels in the blood than GLUT9, URAT1, and ABCG2 [2,16].

The aims of our study were to identify which variants of the SLC2A9 and SLC22A12 genes existed
in a cohort of 250 individuals with primary hyperuricemia and gout, and at what frequency they
existed. We also intended to determine whether the variants were associated with uric acid levels
and/or other important factors related to the development of hyperuricemia and gout. Polymorphisms
of the ABCG2 gene, biochemical parameters, and metabolic syndrome markers in this cohort were
previously investigated in one of our other studies [13].

2. Experimental Section

The cohort consisted of 177 patients with primary gout and 73 patients with primary hyperuricemia
under care from The Institute of Rheumatology. The gout diagnosis was determined using criteria
developed by the American College of Rheumatology (ACR) Board of Directors and the European
League Against Rheumatism (EULAR) Executive Committee [17]. The hyperuricemia group included
individuals with elevated levels of uric acid (women > 360 µmol/L and men > 420 µmol/L).
Increased levels of uric acid had to be repeatedly detected over a period of at least four weeks.

In our previous study, we examined 234 individuals from our cohort in search of pathogenic
variants of the ABCG2 gene [13]. The advantage of using this cohort was that we had already
excluded individuals suspected of secondary hyperuricemia and secondary gout from our study.
Using questionnaires filled out by physicians, we noted the presence of chronic kidney disease,
active malignancy, diabetes, hypertension, or severe psoriasis. Furthermore, the age of onset of the
first signs of gout and the patient’s family history of this disease were noted. In addition, an extensive
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biochemical examination was performed from peripheral blood samples. These same data were also
recorded for an additional 16 individuals who were added to the cohort used in this, our current study.

Prior to data collection, all 250 participants signed informed consent. Ethics approval for this study
was obtained from the Ethics Committee of the Institute of Rheumatology (reference number 6181/2015).

In order to identify SNPs of the SLC2A9 and SLC22A12 genes, PCR amplification and sequencing
were performed. Peripheral blood was collected into EDTA tubes, and total DNA was isolated by using
QIAamp DNA Mini Kits (Qiagen, Hilden, Germany) and stored immediately at −20 ◦C until analysis.

Specific PCR primers for coding regions of the SLC2A9 and SLC22A12 genes were designed,
and PCR reaction conditions were optimized. For analysis of SLC22A12, the longest transcript,
ENST00000377574, coding 553 amino acids and containing 10 exons was chosen. Other transcripts of
SLC22A12 were shorter but did not differ in the amino acid sequence. As for the SLC2A9 gene, it occurs
in two transcripts that differ in exon 3. The longer transcript, ENST00000264784, contains 540 amino
acids and PCR primers were designed for all twelve exons. In the shorter transcript, ENST00000506583,
coding 511 amino acids, exons 1 and 2 were missing. In addition to the twelve exons in SLC2A9,
PCR primers were also designed for exon 3 in which the amino acid sequence differs, in exon 3,
from the longer transcript, ENST00000264784. The remaining exons of the two transcripts have the
same sequence.

PCR products were first verified using electrophoretic analysis with 2% agarose gels.
Following electrophoresis, Presto 96 Well PCR Cleanup Kits (Geneaid, New Taipei City, Taiwan)

were used to purify PCR products.
To determine nucleic acid sequences, purified PCR products were analyzed using an Applied

Biosystems 3130 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA), i.e., a 4-capillary
electrophoretic instrument based on the Sanger sequencing method.

For evaluation of the data, reference sequences of the SLC2A9 and SLC22A12 transcripts listed
in the Ensembl database were needed. We used Lasergene (DNASTAR) software (version 10.1.2,
www.dnastar.com) to search for SNPs having the sequences of the individuals in our cohort.

Data were summarized as medians with interquartile ranges (IQR) or as absolute and relative
frequencies where appropriate. Continuous characteristics between patients with hyperuricemia and
patients with gout were compared using the Wilcoxon two-sample test; categorical characteristics
were compared using the Fisher exact test. The binomial test was used for comparisons of sample
minor allele frequencies (MAF) with population MAFs; results with p-values < 0.0001 were considered
statistically significant. Differences in MAF between patients with hyperuricemia and with gout were
explored using the Fisher exact test. Associations of the allelic variants with biochemical measurements
(serum uric acid, creatinine, FEUA) and anamnestic data (age of onset of hyperuricemia or gout) were
explored using the Kruskal-Wallis nonparametric ANOVA.

Associations between the allelic variants and hypertension were examined using the Fisher exact
test. The level of statistical significance was set at 0.05; the Benjamini-Hochberg adjustment for multiple
comparisons was used wherever appropriate. All analyses were performed using statistical language
and environment R, version 3.6.3 (www.r-project.org).

3. Results

The characteristics of the cohort are summarized in Tables 1 and 2. Basic clinical data and
biochemical data relevant for hyperuricemia are also included. The overview also indicates how many
individuals have the p.Q141K variant of the ABCG2 gene, which significantly increases the risk of gout
since it reduces urate transport capacity.

www.dnastar.com
www.r-project.org
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An overview of the variations found in our cohort of 250 individuals of the SLC2A9 and SLC22A12
genes is presented in Table 3. No nonsynonymous variants were found of the SLC22A12 gene; however,
five synonymous variants were detected: p.N82N, p.H86H, p.H142H, p.A416H, and p.L437L. We also
identified three intronic variants.

In the SLC2A9 gene, we detected seven nonsynonymous variants. Six of them were found
in transcript ENST00000264784 (p.G25R, p.T275M, p.D281H, p.V282I, p.R294H, p.P350L) and the
p.A17T variant was detected in exon 3 of transcript ENST00000506583. We also identified five
synonymous variants in transcript ENST00000264784: p.L108L, p.T125T, p.I168I, p.L189L, and p.S515S.
In transcript ENST00000264784 of the SLC2A9 gene, we detected 16 intron variants and a novel
variant, c.1002 + 68C > T, which is not yet listed in the Ensembl (Ensembl Genome Browser, www.
ensembl.org) and NCBI (National Center for Biotechnology Information, www.ncbi.nlm.nih.gov)
databases. We analyzed this variant using the Human Splicing Finder; the result was that this mutation
probably has no impact on splicing. By examining the intron-exon boundaries of exon 3 of transcript
ENST00000506583, we discovered three additional intronic variants.

Statistical analysis using the binomial test revealed genetic variants that were significantly more
common in our cohort of 250 individuals with hyperuricemia and gout compared to their frequency in
the European population (data from the Ensembl database). The variants of the SLC2A9 gene were
p.L108L, p.T125T, p.L18L, c.151-60T>C, c.249+35C>T, c.249+119G>A, c.250-40A>G, c.410+49A>G,
c.1002+72G>A, c.63+18delT, and c.-40-45G>A (p = 0). A higher allelic frequency was found in
SLC22A12 for variants c.662-7C>T and c.955-38G>A (p = 0). On the other hand, some variants of the
SLC2A9 gene had higher MAFs in the European population, namely p.V282I, p.A17T, c.535+67A>G,
c.1002+78A>G, c.1113+9A>C, c.1114-89G>C, and c.-40-13T>C (p = 0).

Table 4 shows the results of the Fisher test comparing differences in the occurrence of genetic
variants in individuals with hyperuricemia vs. patients with gout. Interestingly, variants p.A17T (OR
(odds ratio) = 3.44, p = 0.0023, p-value adjusted = 0.0432) and c.-40-13T>C (OR = 3.18, p = 0.0306,
p-value adjusted = 0.2510) of SLC2A9 were observed to be more frequent in patients with gout.
In contrast, variants c.249 + 119G > A (OR = 0.42, p = 0.0012, p-value adjusted = 0.0432), c.151-60T>C
(OR = 0.49, p = 0.0035, p-value adjusted = 0.0432) and c.249+35C>T (OR = 0.49, p = 0.0042, p-value
adjusted = 0.0432) were more frequently found in the hyperuricemia subgroup. All associations except
for c.-40-13T>C were statistically significant after adjustment for multiple comparisons.

www.ensembl.org
www.ensembl.org
www.ncbi.nlm.nih.gov
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The results of the statistical evaluation of the associations between variants of the genes and serum
uric acid levels and fractional excretion of uric acid are shown in Table 5. After adjustment for multiple
comparisons, there were no statistically significant associations. We also evaluated the relationship
between genetic variants and creatinine, hypertension, age of onset of hyperuricemia or gout, but no
associations were detected.

Since we already knew the ABCG2 gene sequencing results for the investigated cohort, we also
focused on comparing the mutual occurrence of variants in the ABCG2, SLC2A9, and SLC22A12
genes. As for the ABCG2 gene, we focused on dysfunctional variants p.Q141K (rs2231142), p.R147W
(rs372192400), p.T153M (rs753759474), p.F373C (rs752626614), p.T434M (rs769734146), p.S476P, and
p.S572R (rs200894058) [13]. Concerning the SLC2A9 and SLC22A12 genes, we were particularly
interested in nonsynonymous variants (p.G25R, p.T275M, p.D281H, p.V282I, p.R294H, p.P350L) and
other variants known from the literature to be associated with hyperuricemia and gout, or vice versa,
i.e., to reduce the risk of gout, namely p.N82N, p.H86H, p.H142H, p.L108L, p.I168I, c.1002+78A>G,
and c.535+67A>G [18–23]. We found that individuals with any of the above-mentioned dysfunctional
variants of ABCG2 (except p.Q141K) were more likely to have the p.D281H allele in SLC2A9 (p = 0.0389).
An interesting finding was that individuals with any of the dysfunctional variants of ABCG2 were less
likely to have the homozygous variant p.P350L of SLC2A9. Furthermore, we found that individuals
with the intronic variant c.1002+78A>G of SLC2A9 were less likely to have dysfunctional variants
of ABCG2 (p = 0.014). Comparisons of the mutual occurrence of other variants did not show any
statistically significant results, so only results for variants p.D281H, p.P350L, and c.1002+78A>G are
summarized in Tables 6–9.
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4. Discussion

The main aims of our single center study were to (1) identify variants of the SLC2A9 and SLC22A12
genes, (2) determine their frequency compared to the European population, and (3) to evaluate the
variants in relation to clinical, biochemical, and genetic data of a cohort with primary hyperuricemia
and gout.

No nonsynonymous variants were found of the SLC22A12 gene, which was highly conserved.
This leads to an important question about the effect of synonymous and intronic variants on
the development of hyperuricemia and gout. From variants detected in our cohort, we found
references in the literature to three synonymous variants. In one study comparing the effect of single
nucleotide polymorphisms on uric acid levels, the p.N82N variant was found to be associated with
hyperuricemia [18]. Another synonymous variant, p.H86H, was also associated with hyperuricemia
and gout [19,24,25]. In contrast, variant p.H142H reduces the risk of gout, according to authors of
the study carried out on the Vietnamese population [20]. However, variants p.H86H and p.H142H
are common in the European population as well as in our cohort. In contrast, the p.N82N variant
rarely occurs; the MAF for the European population is 0.004; in our cohort, this variant occurred in
two individuals.

In the SLC2A9 gene, the variant p.V282I was found to be significantly more frequent in the
European population (0.214) than in our cohort (0.118) (p = 0). According to a previously published
study, this variant reduces the risk of gout [21]. Results regarding intronic variant c.1002+78A>G
were also interesting. We found that this variant is significantly more common in the European
population compared to our cohort. Our results also seem to be consistent with other research that
found c.1002+78A>G reduces the risk of gout [23].

Functional studies have already been performed for all seven nonsynonymous variants that we
found of the SLC2A9 gene. Evaluation of urate uptake and expression was performed using Xenopus
laevis oocytes. The results did not show significant differences (i.e., expression, location, and urate
uptake) between native GLUT9 and proteins with nonsynonymous variants [26].

The association between genetic variants and serum uric acid levels and fractional excretion of
uric acid cannot be interpreted with certainty. However, no association was found between creatinine,
hypertension, age of onset of hyperuricemia or gout, and variants of the genes.

It is worth mentioning that in patients with primary gout, variants of the ABCG2 gene occur
more frequently than SNPs in SLC2A9, SLC22A12, and the other genes coding urate transporters.
This matches our earlier observations, which showed that, in our cohort of 250 individuals with
primary hyperuricemia and gout, the p.Q141K variant of ABCG2 has a higher allele frequency relative
to its allele frequency in the European population (0.24 vs. 0.09). Interestingly, the p.Q141K variant
reduces urate transport capacity by up to 53% [16]. This variant also appears to be associated with a
lower body mass index and C-reactive protein value [27].

Since different urate transporters are involved in the regulation of uric acid, it was interesting
to compare the mutual occurrence of dysfunctional variants of the ABCG2 gene with variants of the
SLC2A9 and SLC22A12 genes. One study has already focused on the co-occurrence of selected variants
of these genes, i.e., which variants p.H142H (SLC22A12), p.V282I (SLC2A9) or p.G141K (ABCG2) were
associated with reduced uric acid excretion [28]. According to our results, variant p.D281H appears to
occur more frequently along with the dysfunctional variants of the ABCG2 gene, so this allele could
contribute, together with other variants of ABCG2, to increased levels of uric acid. Results regarding
two other variants, p.P350L and c.1002+78A>G, are also noteworthy, i.e., they occur more frequently
in individuals who do not have dysfunctional variants of ABCG2. Taking into account that, according
to the conclusion of another study, variant c.1002+78A>G reduces the risk of gout, our results suggest
that c.1002+78A>G and p.P350L could reduce the risk of hyperuricemia and gout [23].

It is also important to mention that GLUT9 and URAT1 are referred to as proteins that are
associated not only with hyperuricemia and gout, but also with hypouricemia since they are urate
reuptake transporters. Figure 1 provides an overview of selected variants of the SLC2A9 and SLC22A12
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genes that are associated with hyperuricemia and gout, or vice versa, with hypouricemia. None of the
variants found in our cohort were associated with hypouricemia, which is not surprising in light of the
characteristics of our cohort and also because renal hypouricemia is a very rare disease [29,30].
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Figure 1. Genetic variants of SLC2A9 and SLC22A12 associated with hyperuricemia, gout, and renal
hypouricemia. The picture shows some of the genetic variants that are, according to various studies,
associated with elevated uric acid levels and increased risk of gout (on the left), or with rare renal
hypouricemia (on the right). In the upper two quadrants, SNPs in the SLC2A9 gene are shown, while in
the lower quadrants, SNPs in SLC22A12 are listed. The underlined genetic variants were found in
our cohort. References to studies relating to genetic variants in this figure: p. R294H and p.I168I [22],
p.L108L [31], c.535 + 67A > G [23], p.N82N [18], p.H86H [19], p.C258T and p.C426T [32], p.L75R [33],
p.T125M [34], p.R171H [35], p.T467M and p.L415_G417del [29], p.R434M [36]. Foot and kidney images
were copied from Servier Medical Art, by Servier (https://smart.servier.com; kidney image: https:
//smart.servier.com/smart_image/kidney-2/; foot image: https://smart.servier.com/smart_image/pied/)
and adapted for the purposes of this article. Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License.

The lack of nonsynonymous variants of SLC22A12 in our cohort was not so surprising since
it is likely that these variants act as gout suppressors based on the reabsorption function of the
URAT1 protein. This possibility is supported by a study that focused on nonsynonymous variant
p.G774A, which is known to lead to the development of idiopathic renal hypouricemia in the Japanese
population. In a cohort of 185 individuals with gout, the authors did not find p.G774A in any patient,
while in healthy control subjects, it was present with a frequency of 2.3% [37]. Another study, which
focused on two nonsynonymous variants p.R90H and p.W258X of SLC22A12, had very similar findings.
These variants were also associated with renal hyperuricemia and were not detected in a large cohort
of 1993 gout patients. In the group of healthy controls, these variants occur and reduce the risk of
hyperuricemia [38]. However, the authors of another study came to different conclusions; they found
nonsynonymous variants of the SLC22A12 gene in 16 patients from a cohort of 69 individuals with
gout. The p.C850G variant was detected in 11 patients from the cohort, while no nonsynonymous
variants were found in the healthy controls. The unexpected results of this study can be explained
by the different frequencies of the variants in diverse populations, i.e., the research was done in the
Mexican population. Insight into this issue could provide useful information on the functional impact
of the variants detected in this study, which is a question for further research [39].

The main advantage of our study was primarily its detailed genetic analysis of urate transporters
GLUT9, URAT1, and the previously analyzed ABCG2 in a clinically and biochemically characterized
cohorts of Czech patients with primary hyperuricemia and gout. However, our study has some
limitations. A larger cohort would provide a clearer view of the effects of the variants of the SLC22A12
and SLC2A9 genes on the development of hyperuricemia and gout. This would also facilitate a
more accurate statistical evaluation of less frequent variants in terms of uric acid levels. We also do
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not have data on the possible occurrence of asymptomatic urate crystal deposition in individuals
with hyperuricemia, which could explain the association with genetic variants of the examined
genes. It should also be noted that other urate transporters are involved in the transport of uric acid.
Collectively these proteins act as a complex mechanism in the proximal kidney tubules, and it is very
likely that the impaired function of one transporter could be compensated for by one or more of the
other proteins.

However, more research on this topic needs to be done before the complexities of uric acid
transport are fully understood, and other genes that encode urate transporters need to be examined.
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Original article

Functional non-synonymous variants of ABCG2 and
gout risk

Blanka Stiburkova1,2, Katerina Pavelcova1,3, Jakub Zavada1, Lenka Petru1,3,
Pavel Simek1, Pavel Cepek1, Marketa Pavlikova1 Hirotaka Matsuo4,
Tony R. Merriman5 and Karel Pavelka1

Abstract

Objectives. Common dysfunctional variants of ATP binding cassette subfamily G member 2 (Junior blood

group) (ABCG2), a high-capacity urate transporter gene, that result in decreased urate excretion are major

causes of hyperuricemia and gout. In the present study, our objective was to determine the frequency and

effect on gout of common and rare non-synonymous and other functional allelic variants in the ABCG2

gene.

Methods. The main cohort recruited from the Czech Republic consisted of 145 gout patients; 115 nor-

mouricaemic controls were used for comparison. We amplified, directly sequenced and analysed

15 ABCG2 exons. The associations between genetic variants and clinical phenotype were analysed

using the t-test, Fisher’s exact test and a logistic and linear regression approach. Data from a New

Zealand Polynesian sample set and the UK Biobank were included for the p.V12M analysis.

Results. In the ABCG2 gene, 18 intronic (one dysfunctional splicing) and 11 exonic variants were de-

tected: 9 were non-synonymous (2 common, 7 rare including 1 novel), namely p.V12M, p.Q141K,

p.R147W, p.T153M, p.F373C, p.T434M, p.S476P, p.D620N and p.K360del. The p.Q141K (rs2231142)

variant had a significantly higher minor allele frequency (0.23) in the gout patients compared with the

European-origin population (0.09) and was significantly more common among gout patients than among

normouricaemic controls (odds ratio = 3.26, P<0.0001). Patients with non-synonymous allelic variants had

an earlier onset of gout (42 vs 48 years, P = 0.0143) and a greater likelihood of a familial history of gout

(41% vs 27%, odds ratio = 1.96, P = 0.053). In a meta-analysis p.V12M exerted a protective effect from

gout (P<0.0001).

Conclusion. Genetic variants of ABCG2, common and rare, increased the risk of gout. Non-synonymous

allelic variants of ABCG2 had a significant effect on earlier onset of gout and the presence of a familial

gout history. ABCG2 should thus be considered a common and significant risk factor for gout.

Key words: gout, urate transport, ABCG2

Rheumatology key messages

. Dysfunctional genetic variants of ABCG2, common and rare, markedly increased the risk of gout.

. Dysfunctional genetic variants of ABCG2 associate with an earlier onset of gout.

. ABCG2 should be considered a common and significant risk factor for gout.

Introduction

Over the past decade, genome-wide association studies

and meta-analyses have revealed over 30 common se-

quence variants influencing hyperuricaemia or gout,

mostly in urate transporters [1]. Recently, novel gout risk

loci HIST1H2BF-HIST1H4E, NIPAL1 and FAM35A were

identified [2]. However, detailed knowledge of the
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degree to which genetic variants predict serum uric acid

(SUA) concentrations remains limited.

Uric acid (UA) is the end product of purine metabolism

in humans. Transport mechanisms for UA are localized

mainly in the proximal tubules of the kidneys, where UA

is extensively filtered and reabsorbed with some (�10%)

excreted [3]. The intestine can also excrete UA; it is esti-

mated that up to one-third of UA may be excreted into the

gut and this fraction may increase in patients with chronic

renal failure [4]. SUA concentrations are highly heritable

(proportion 0.38�0.63 [5�8]), consistent with a significant

genetic component.

Genes that influence the level of SUA via renal UA ex-

cretion primarily encode urate transporters such as

URAT1 (SLC22A12) and GLUT9 (SLC2A9). The heritable

secretion component of urate homeostasis is principally

mediated by the product of the ATP-binding cassette,

subfamily G, member 2 (ABCG2/BCRP) gene. It is ex-

pressed on the plasma membranes of a variety of tissues,

including the placenta, pharynx, bladder, brain and

kidney, where it mediates the efflux of xenobiotics

[9, 10]. Recent studies suggest that ABCG2 also plays

an important role in intestinal excretion [11, 12].

Decreased UA excretion caused by ABCG2 dysfunction

is a common mechanism of hyperuricaemia. The poly-

morphism rs2231142, allelic variant p.Q141K, results in

a 53% reduction in UA transport with at least 10% of all

gout cases in people of European ancestry attributable to

this variant [13�16]. Moreover, a significant association

between rs2231142 and an increased risk of a poor re-

sponse to allopurinol has been described [17�19]. The aim

of the present study was to determine the effect of

common and rare non-synonymous and other functional

allelic variants in the ABCG2 gene in patients with gout,

and investigate the relationship between rs2231142 and

the response to allopurinol.

Methods

Subjects

The main cohort of 145 subjects with gout was selected

from patients of the Institute of Rheumatology, Prague,

the Czech Republic. The control group of 115 normour-

icaemic subjects was selected from the personnel of the

Institute of Rheumatology. Gouty arthritis was diagnosed

according to the 1977 American Rheumatism Association

preliminary criteria [20]. Patients suffering from secondary

gout and other purine metabolic disorders associated with

pathological concentrations of SUA were excluded. For

each patient, a family history of gout, age of disease

onset, and details of their gout treatment were recorded.

Excess production of UA associated with purine meta-

bolic disorders was excluded through investigation of

purine metabolites. For this reason, two separate meas-

urements were performed: one set of samples was taken

while patients were receiving allopurinol/febuxostat treat-

ment, and the second set of samples was taken 72 h after

temporary suspension or before initiation of allopurinol/

febuxostat treatment.

To specifically study the p.V12M (rs2231137) variant, a

New Zealand sample set of Māori and Pacific (Polynesian)

ancestry (929 cases and 861 controls [21]) was typed for

the surrogate rs4148153 using the Illumina CoreExome

platform (Illumina, Inc., San Diego, CA, USA). It was ne-

cessary to use the surrogate because rs2231137 was not

included on the CoreExome platform and imputation was

not possible owing to the lack of a reference haplotype

sample set from the Polynesian population. Data for

rs2231137 were extracted from the publicly available UK

Biobank (2432 cases and 102 989 controls).

The study was conducted in accordance with the

Declaration of Helsinki. Before entering the study, each

patient signed an informed consent regarding biological

sample collection, storage, and genetic testing. All tests

were performed in accordance with standards set by the

institutional ethics committees, which approved the pro-

ject in Prague (no.6181/2015) and New Zealand (no. MEC

05/130/10). UK Biobank data were accessed under ap-

proval no. 12611.

Clinical and biochemical investigations

Biochemical analytes were measured using a Beckman

Coulter AU system (Beckman Coulter, Brea, CA, USA).

High performance liquid chromatography determination

of hypoxanthine, xanthine and oxypurinol in urine were

performed on an Alliance 2695 and a 2998 photodiode

array detector (Waters, Milford, MA, USA) as described

previously [22].

PCR amplification of ABCG2 and sequence analysis

Genomic DNA of the Czech data set was extracted from

EDTA whole blood using a QIAmp DNA Mini Kit (Qiagen,

GmbH., Hilden, Germany). All protein-coding exons (2�16)

were amplified using PCR and purified using a PCR DNA

Fragments Extraction Kit (Geneaid, New Taipei City,

Taiwan). DNA sequencing was performed with a DNA se-

quencer (Applied Biosystems 3130 Genetic Analyzer;

Thermo Fisher Scientific, Waltham, MA, USA). The geno-

types of allelic variants in the Czech control cohort were

determined using PCR with allele-specific primers. Primer

sequences and PCR conditions are available upon request.

The reference sequence was defined as version

ENST00000237612.7; chromosome 4:

88 090 269�88 158 912 reverse strand (www.ensembl.org).

The reference protein sequence was defined as Q9UNQ0

(http://www.uniprot.org/uniprot).

Prediction of the possible impact of finding non-syn-

onymous allelic variants on protein function was deter-

mined using PolyPhen, Provean, Mutation Taster, SIFT,

Human Splicing Finder and MutPred predictive software.

Statistical analysis

The data were summarized as absolute and relative fre-

quencies, means (S.D.) and/or medians (with interquartile

range; IQR), where appropriate. Linear and logistic regres-

sion models were used to examine association of allelic

variant with SUA and with gout patient/normouricaemic

status, respectively. Comparisons of patient

www.rheumatology.oxfordjournals.org 1983
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characteristics between different groups of patients, ac-

cording to presence/absence of allelic variants, were per-

formed using Student’s two-sample t test, Wilcoxon’s

test, chi-square test or Fisher’s exact test, as appropriate.

To replicate the study of Roberts et al. [17] in the Czech

cohort, we divided the gout patients based on their

response to allopurinol treatment according to Roberts

et al.’s definition (i.e. good responders were defined as

having SUA on treatment 4357 mmol/l = 6 mg/dl with an

allopurinol dose 4300 mg, poor responders as having

SUA on treatment >357 mmol/l = 6 mg/dl with allopurinol

dose >300 mg). We were, however, unable to verify com-

pliance by measuring the allopurinol metabolite oxypurinol

as was done by Roberts et al. [17]. Differences in the

rs2231142 allele frequency between good and poor re-

sponders were tested using Fisher’s exact test and a lo-

gistic regression model.

The New Zealand Polynesian and UK Biobank p.V121M

association analyses were adjusted by age and sex with

the Polynesian sample set additionally adjusted by the

number of self-reported Polynesian grandparents with

gout. Gout was ascertained in the New Zealand sample

set by clinical examination and in the UK Biobank by a

combination of urate-lowering therapy and self-reporting

of doctor-diagnosed gout [20].

All analyses were performed in the statistical language

and environment R, version 3.2.2 (R Foundation for

Statistical Computing, Vienna, Austria) with Rmeta used

for the p.V12M meta-analysis. The level of statistical sig-

nificance was set at 0.05.

Results

Subjects

The main demographic and biochemical characteristics of

the subjects are summarized in Table 1. Our cohort con-

sisted of 145 individuals with primary gout. In total 48

patients (33%) had a positive family history of gout; of

those, 30 patients had first-degree relatives affected, 8

patients had second-degree relatives affected and 10 pa-

tients did not provide information about affected relatives.

Sequencing analysis of ABCG2

In the ABCG2 gene, 18 intronic variants and 11 exonic se-

quence variants (one not annotated) were detected (Table 2

and supplementary Table S1, available at Rheumatology

Online). In the case of c.689 + 1 G>A, related to an individ-

ual with severe gouty phenotype, two abnormal ABCG2

splicing variants were identified: r.[532_689del] deletion of

exon 6, and r.[532_689del; 944_949del] deletion of exon 6

and deletion of the first six base pairs of exon 9. These

deletions, as we published previously, lead to a frameshift,

a premature stop codon, a mis-localized ABCG2 signal on

the plasma membrane and no urate transport activity in

HEK293 cells [24].

Of the exonic variants, nine were non-synonymous:

p.V12M (rs2231137), p.Q141K (rs2231142), p.R147W

(rs372192400), p.T153M (rs753759474), p.F373C

(rs752626614), p.T434M (rs769734146), p.S476P (not

annotated), p.D620N (rs34783571) and a three base dele-

tion p.K360del (rs750972998). Heterozygous p.V12M was

detected in seven individuals. Heterozygous variants

p.R147W, p.T153M, p.F373C, p.T434M, p.K360del and

p.S476P were detected once, and variant p.D620N was

detected twice. In silico, all seven allelic variants with un-

known and/or having a rare minor allele frequency

(i.e. <0.01) were predicted as probably damaging. The

p.Q141K variant was present with a significantly higher

minor allele frequency (MAF; 0.23, 55 heterozygotes/6

homozygotes) in the Czech cohort of gout patients com-

pared with the European-origin population (MAF = 0.09)

and the worldwide population (MAF = 0.12). In total, 71 pa-

tients (49.0%) harboured at least one of these nine

non-synonymous variants. Of those, 11 harboured two

non-synonymous variants: six had two copies of

p.Q141K, five had one copy of p.Q141K and one of the

other identified non-synonymous variants. There was no

patient with three or more copies of identified non-syn-

onymous variants. The identified variants, their genotype

distribution, alternative allele frequency in the Czech gout

cohort and database source are shown in Table 2 and

supplementary Table S1, available at Rheumatology

Online. Positions of identified non-synonymous allelic vari-

ants in the membrane topology model of ABCG2 are

showed in Fig. 1.

Association between allelic variants in ABCG2, pre-
sence of gout and levels of hyperuricaemia

The results from our association analyses are shown in

supplementary Table S1, available at Rheumatology

Online. A univariate association of SUA, measured on allo-

purinol/febuxostat treatment, with allelic variants showed

the minor alleles of rs2231138 and rs2231165 to be po-

tentially positively associated with increased SUA concen-

tration (P = 0.038 and P = 0.022, respectively). Similarly,

the minor alleles of rs2231156 and rs2231165 showed a

positive association with increased SUA, off-treatment

(P = 0.041 and P = 0.043, respectively). These variants

showed associations significant at the 0.05 level; how-

ever, they were not statistically significant with the

Bonferroni correction for multiple comparisons applied.

The comparison of the gout group vs normouricaemic

group showed a strong association between rs2231142

and gout/normouricaemic status: the variant frequency

in gout patients was almost triple the frequency in nor-

mouricaemic controls (23% vs 8%, odds ratio

(OR) = 3.26, 95% CI: 1.96, 5.36, P< 0.0001).

Association between allelic variants in ABCG2 and
response to allopurinol

There were 42 (29%) good responders and 9 (6%)

poor responders. The rest of the cohort (94 patients,

65%) had either higher SUA with lower doses of

allopurinol (50 patients) or lower SUA when treated

with higher doses of allopurinol (9 patients); 35 patients

had missing data for genotype, dose or UA concentra-

tion, or received treatment other than allopurinol.

1984 www.rheumatology.oxfordjournals.org
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Characteristics of good and poor responders are pre-

sented in Table 3.

The minor allele frequency of rs2231142 was numeric-

ally higher in patients who responded poorly to allopurinol

therapy (OR = 1.78, 95% CI: 0.41, 7.75; P = 0.440; see

Table 3), but the result was not statistically significant.

Adjustment for gender, BMI, estimated glomerular filtra-

tion rate and SUA concentration without the use of urate-

lowering therapy did not change the results, although

large confidence intervals suggest that the sample was

too small.

The presence of identified non-synonymous allelic vari-

ants was two times higher in patients who responded

poorly to allopurinol therapy (6 of 9, 67%) compared with

good responders (14 of 42, 33%; OR = 4.00, 95% CI: 0.87,

18.42; P = 0.075). The result was not statistically signifi-

cant; however, this might change with a larger data set.

Association between allelic variants in ABCG2 and
age of onset of gout

In the Czech cohort, the mean age of gout onset was

44.9 years. Remarkably, we detected a non-synonymous

allelic variant in the ABCG2 gene in seven of eight patients

(88%) with very early gout onset (between ages 10 and

20 years). Of those, the p.Q141K variant was present in six

patients. In the group with early onset between 21 and

30 years, the non-synonymous allelic variants were de-

tected in 12 of 21 patients (57%). On the other hand,

these variants were under-represented when the age of

onset was over 61 years (6 of 20, 30%). This shows an

apparent shift in proportions of patients with non-

synonymous alleles who are over-represented in earlier

age of onset categories and under-represented in older

age of onset categories �2-test for trend in proportions,

P = 0.010). The median age of onset among patients with

any non-synonymous allelic variant was 42 years, while

among patients without non-synonymous allelic variants

it was 48 years (Wilcoxon’s test P = 0.014). Under a

dose�response model, the median age of onset among

those with two non-synonymous alleles was 31 years (in

a linear regression model: b= �4.9 meaning a shift of 4.9 to

earlier age of onset with each extra copy of a non-syno-

nynous allele; P = 0.013).

As for family history, patients with non-synonymous

variants had familial gout in 29 of 71 cases (40.8%),

while patients without non-synonymous variants had

TABLE 1 Main demographic, biochemical and genetic characteristics of the subjects (n = 145)a

Characteristic N (%)

Sex

Male 131 (90.3)

Female 14 (9.7)

Familial occurrence 48 (33.1)
First degree 30 (20.7)

Second degree 8 (5.5)

No information provided 10 (6.9)

Allopurinol treatment 116 (80.0)
Febuxostat treatment 14 (9.7)

At least one non-synonymous variantb 71 (49.0)

Mean (S.D.) Range

Age, years 55.5 (13.5) 14�90

Age of onset, years 44.7 (14.9) 13�84

SUA on treatment, mmol/l(n = 134, M/F: 123/11) 377.0 (98.1) 163�725
SUA off treatment, mmol/l(n = 90, M/F: 79/11) 441.7 (94.3) 245�683

FEUA on treatment(n = 134, M/F: 123/11) 3.75 (1.86) 0.90�11.76

FEUA off treatment(n = 87, M/F: 76/11) 3.92 (1.50) 0.75�11.27

BMI, kg/m2 (n = 114) 29.5 (4.8) 19.5�43.4
eGFR, ml/min (n = 134) 86.5 (20.9) 22.9�127.9

Plasma oxypurinol, mmol/l(n = 96) 70.5 (48.3) 4.3�270.4

Median (IQR) Range

Treatment dose, mgc(n = 130, M/F: 118/12) 300 (100) 0�900

The differences in characteristic between male and female gout patients were mostly non-significant. aFor some parameters,

there were missing data; in cases where the missing data amounted to 5% or more, the real n is mentioned in parentheses.
bExon non-synonymous allelic variant as described in Table 2. cFebuxostat dose recomputed so that 40 mg febuxos-
tat = 300 mg allopurinol. eGFR: estimated glomerular filtration rate; F: female; FEUA: excretion fraction of uric acid; M:

male; SUA: serum uric acid.
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familial gout in 19 of 74 cases (25.7%). This association

showed borderline significance (OR = 1.96, 95% CI: 0.97,

3.96; Fisher’s test, P = 0.053). The relationship between a

family history of gout, onset of gout and allelic variants in

ABCG2 is shown in Fig. 2.

Association of p.V12M with gout: meta-analysis

Our data showed that the p.V12M alternative allele was

under-represented in the Czech gout cases (fre-

quency = 0.02) compared with the general European

population (frequency = 0.06, P = 0.036). While we did

not test for an association with gout, these observations

are consistent with previous studies showing the p.12M

allele to be protective against gout in Han Chinese and

Taiwanese Aboriginal sample sets [24]. Therefore we

tested p.V12M for association with gout in a NZ

Polynesian sample set (using surrogate rs4148153) and

in the UK Biobank cohort, and meta-analysed with the

Tu et al. [25] and Zhou et al. [26] studies (Fig. 3). There

was evidence of a p.V12M association with both

the Polynesian (OR = 0.76, P = 0.005) and UK Biobank

sample sets (OR = 0.81, P = 0.02), with the p.12 M allele

conferring a protective effect. A meta-analysis using pub-

lished data indicates strong evidence that p.12 M has a

gout protective effect (OR = 0.73, P< 0.0001).

Discussion

In this study, we identified a total of 29 sequence variants

[one intronic splicing variant, one hitherto unpublished al-

lelic non-synonymous variant, six non-synonymous vari-

ants with unknown and/or a very rare MAF (i.e. <0.01) and

two non-synonymous common variants] in the ABCG2

gene in a Czech gout cohort. The new findings of this

study are the following: identification of novel non-

synonymous allelic variant p.S476P; the presence of

non-synonymous allelic variants in ABCG2 was signifi-

cantly higher in the gout cohort compared with the

common population; earlier onset of gout was associated

with the presence of non-synonymous allelic variants in

the ABCG2 transporter.

ABCG2 is highly variable in the human population. Most

of the variants are rare, and only two common non-syn-

onymous allelic variants (MAF5 0.01), p.V12M and

p.Q141K, have been identified. A previous study showed

that ABCG2 common dysfunction causes hyperuricaemia

by two complementary mechanisms: increased urate

levels in the blood caused by reduced urate excretion

by the kidneys, and renal urate overload caused by

reduced urate excretion by the intestines [27]. The func-

tional characterization and impact of most variants,

except for p.Q141K, which accounts for approximately

one-half the reduction of UA transport, are currently

unknown.

The structural model for ABCG2 focuses on the organ-

ization and alignment of residues within six transmem-

brane spanning domains. No identified variant in our

cohort was present in transmembrane segments. The

variant p.V12M, localized in the short and flexible N-ter-

minal region, had a lower minor allele frequency

(MAF = 0.02) in the Czech cohort of gout patients than in

the European-origin population (MAF = 0.06). A significant

association between p.V12M and gout has been reported

in separate samples from different ethnic groups, for ex-

ample, Taiwanese Han, Taiwan Aborigines [25] and

Chinese Han [26]. These findings were extended in this

study by a meta-analysis of diverse population groups.

The meta-analysis confirmed the protective effect of the

p.12 M allele. This variant is genetically independent of

p.Q141K (r2 = 0.002 in Europeans) and thus it represents

an ABCG2 effect additional to that of p.Q141K. Data from

the Japanese population also showed a different haplo-

type for p.V12M and dysfunctional variants p.Q126X and

p.Q141K, which supports the independent protective

effect of p.V12M [14]. However, tagging experiments

have shown that p.V12M has no measurable effect on

the processing or function of the ABCG2 protein [28]. In

the Czech cohort, the seven carriers of p.V12M allele had

a disease onset at a relatively younger age (range 23�69,

FIG. 1 Position of identified allelic variants in membrane topology model of ABCG2
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median 41), without notable differences in family gout his-

tory relative to the whole cohort. Based on the Czech data

alone, we cannot support or contradict the possible pro-

tective role of p.V12M.

In the Czech cohort, the p.Q141K variant was present

with a significantly higher allele frequency, almost triple

the frequency in normouricaemic controls (23% vs 8%,

P< 0.0001) and higher than in the European-origin popu-

lation (9%, P< 0.0001). p.Q141K is located in the nucleo-

tide binding domain, the most conserved region in all ABC

proteins (where the domain binds and cleaves ATP). The

prevalence of this variant is 1�5% in the African, 9% in the

Caucasian, and 30% in the Asian population [15]. Our re-

sults confirm that this particular alteration in the ABCG2

gene is a common cause of hyperuricaemia. This finding is

consistent with previous studies in which rs2231142

has been associated with hyperuricaemia and gout in in-

dividuals of European, Han Chinese, Japanese and

African American ancestry [14, 15, 29�32]; however, this

association was not found in Māori subjects from New

Zealand [32].

The rare variants p.R147W (Caucasian MAF = 0.0001)

and p.T153M (Caucasian MAF unknown) were identified in

our gout cohort in one heterozygous individual each

(MAF = 0.003). These variants were localized close to

p.Q141K, in the nucleotide-binding domain, and are prob-

ably damaging through disruption of ATP binding. The in-

frame three nucleotide deletion p.K360del (Caucasian

MAF = 0.007) and p.F373C (Caucasian MAF unknown),

also identified in one heterozygous individual each, were

located in the intracellular membrane-spanning domain.

Variant p.T434M (Caucasian MAF unknown), identified

in one heterozygous individual, was located in the first

extracellular loop between transmembrane domains 1 and

2. The novel variant p.S476P was located in the first intra-

cellular loop between transmembrane domains 2 and 3.

Variant p.D620N (Caucasian MAF = 0.0004), identified in

two heterozygous individuals, was located in the last extra-

cellular loop between transmembrane domains 5 and 6.

This is a specific region with an unusual conformation (con-

secutive V-shaped helices partially inserted into the mem-

brane) with an experimentally verified N-glycosylation site

[33]. These variants have not been characterized yet in

ABCG2 functional studies, but the nature of these variants

suggests that they may have a functional impact: analysis

using PolyPhen software, Provean and Mutation Taster pre-

dicted that substitutions p.R147W, p.F373C, p.T434M,

p.S476P and p.D620N could possibly be damaging.

Analyses using other predictive software such as SIFT,

Human Splicing Finder and MutPred were not consistent

and emphasize the need for experimental functional

characterization.

An association analysis in the Czech cohort showed a

relationship between SUA and three single nucleotide

TABLE 3 Baseline demographics, frequency of rs2231142 and its association with allopurinol response among patients

with gout

Variable Good responder (n = 42) Poor responder (n = 9) P-valuea

Familial occurrence, n (%) 9 (21.4) 3 (33.3) 1.0000b

Age, mean (range), years 61.0 (25-90) 64.3 (50-74) 0.4333

Male, n (%) 36 (85.7) 7 (100) 0.5749b

BMI, mean (S.E.), kg/m2 28.4 (4.5) 33.0 (4.0) 0.0245

eGFR, mean (S.E.), ml/min 87.1 (18.2) 72.0 (12.0) 0.0214

Serum urate, mean (S.E.), mmol/l 300.3 (47.0) 421.8 (76.6) <0.0001

Allopurinol dose, mean (range), mg/day 233.3 (100�300) 588.9 (400�800) <0.0001

Plasma oxypurinol, mean (S.E.), mmol/l 76.7 (45.2) 90.4 (29.6) 0.4178

Off serum urate, mean (S.E.), mmol/l 405.3 (64.8) 439.1 (86.4) 0.2654

rs2231142

GG, N (relative frequency) 29 (0.69) 5 (0.56) 0.4589b

GT, N (relative frequency) 13 (0.34) 4 (0.44)

TT, N (relative frequency) 0 (0.00) 0 (0.00)

MAF, N (relative frequency) 13 (0.15) 4 (0.22) 0.4589b

Non-synonymous allele variants

None, N (relative frequency) 28 (0.67) 3 (0.33) 0.1289b

At least one, N (relative frequency) 14 (0.33) 6 (0.67)

Association of ABCG2 SNP rs2231142 with allopurinol response in patients with gout/hyperuricaemia P-valuec

Unadjusted OR (95% CI) 1.78 (0.41, 7.75) 0.4395

Adjusted on age, BMI (95% CI) 2.97 (0.35, 25.06) 0.3168

Adjusted on GFR (95% CI) 1.54 (0.32, 7.29) 0.5894

Adjusted on off serum urate (95% CI) 2.86 (0.49, 16.64) 0.2415

Association of any identified non-synonymous variant with allopurinol response in patients with gout/hyperuricaemia P-valuec

Unadjusted OR (95% CI) 4.00 (0.87, 18.42) 0.0752

aIf not stated otherwise, good vs poor responders are compared using two-sample t-test. bGood vs poor responders are

compared using Fisher’s exact test. cOR estimates, 95% CIs and P-values come from logistic regression models with poor/

good response as dependent variable, presence of ABCG2 SNP rs2231142 as predictor and different covariates as specified
in the table. eGFR: estimated glomerular filtration rate; G: guanine; GFR: glomerular filtration rate; MAF: minor allele frequency;

T: thymine.
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polymorphisms within the ABCG2 locus, marked by intronic

variants rs2231138, rs2231165 and rs2231156. These vari-

ants showed a significant association with the concentration

of SUA (P< 0.05) during hyperuricaemic treatment

(rs2231138, rs2231165) and after 72 h without treatment

(rs2231156, rs2231165). However, the associations were

not statistically significant after the Bonferroni correction. A

comparison of genotype distribution showed a lower MAF in

the gout group vs the Caucasian population for rs2231138

(0.021 vs 0.044) and rs2231165 (0.010 vs 0.021), and a

higher MAF in rs2231156 (0.159 vs 0.073). However, the

size of the studied groups was not sufficiently large for a

detailed analysis of such rare variants with very low MAFs.

Furthermore, this finding could have been caused by a link-

age disequilibrium with previously reported and more

strongly associated common variants that include

rs2231142 and intronic rs2622629 [34].

Although we did not find a statistically significant asso-

ciation between rs2231142 and an increased risk of a

poor response to allopurinol, the directionality of the

ORs of this analysis support the hypothesis that the dys-

functional p.Q141K variant may be associated with a poor

response to allopurinol in patients with gout. It is further

supported by the increased occurrence of all identified

non-synonymous allele variants among poor responders

compared with good responders. We can theorize that

genotyping rs2231142 may someday be a useful tool for

more effective allocation of gout patients relative to thera-

peutic interventions (e.g. uricosurics and/or febuxostat) as

part of the ‘personalized medicine’ concept.

FIG. 2 Family history, age distribution and allelic variants in the ABCG2 gene

(A) Histogram of age of gout onset among patients with and without any of the nine exon non-synonymous alleles. (B)

Box-and-whiskers plot of age of gout onset among patients with and without any of the nine exon non-synonymous

alleles. (C) Proportion of patients with and without any of the nine exon non-synonymous alleles in age of gout onset (by

decades). (D) Proportion of patients with and without any of the nine exon non-synonymous alleles among patients with

and without gout family history.
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ABCG2 dysfunctional variants have a strong impact on the

progression of hyperuricaemia. A study in a cohort of 5005

Japanese participants reported that the ABCG2 population-

attributable risk percentage (PAR%) for hyperuricaemia was

29.2%, which is much higher than those of the other typical

environmental risks, that is, overweight/obesity (BMI5 25.0;

PAR% =18.7%), heavy drinking [>196 g/week (male) or

>98 g/week (female) of pure alcohol; PAR%= 15.4%] and

ageing (560years old; PAR% = 5.74%) [35].

Gout usually occurs between the fourth and sixth decade

of life. In a large cohort study of 23 857 incident gout pa-

tients from the UK, the mean age of onset of gout was 61.9

(S.D. 14.5) years [36]. However, the number of patients

experiencing onset at a younger age is now increasing

[37]. A study of 705 Japanese male gout cases described

that 88.2% of early-onset patients (twenties or younger)

were positive for mild to severe ABCG2 dysfunctional vari-

ants. Severe ABCG2 dysfunction particularly increased the

risk of early-onset gout (OR = 22.2, P = 4.66� 10�6) [38].

Our results confirm that common dysfunction of ABCG2 is

a significant cause of familial and/or early-onset gout.

Our study has several strengths. First, our analysis of all

ABCG2 exon regions was complete and thorough and we

believe that it has not been done before to such an extent

in a gout cohort. Second, in the selection of our gout

cohort, we controlled for and excluded several potential

confounders of secondary hyperuricaemia/gout and other

purine metabolic disorders associated with pathological

concentrations of SUA. Some limitations of this study

should be acknowledged. First, the size of the studied

groups was not large enough to rule out that some func-

tional variants may have gone undetected. Second, we

studied genetic variants in transcribed regions and

exon�intron boundaries only and therefore genetic vari-

ants outside these regions would have gone undetected.

Conclusions

In conclusions, our finding of one intronic splicing and one

novel, six very rare and two common non-synonymous

ABCG2 allelic variants in a sample of 145 gout patients

suggests that the ABCG2 gene should be considered a

strong and common risk for gout. This finding is

supported by the significant effect of these variants, es-

pecially the dysfunctional variant p.Q141K, on those with

early-onset gout and the presence of a familial gout his-

tory. Genotyping the rare variants of ABCG2 in conjunc-

tion with its common variants will eventually contribute to

evaluation of an individual’s risk for gout, a wider selection

of effective treatments and better understanding of why

some patients respond poorly to treatment, especially in

patients with a family history and/or early gout onset.
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Clinical Vignette
Rheumatology 2017;56:1992

doi:10.1093/rheumatology/kex243

Advance Access publication 30 June 2017

Large-vessel vasculitis in positron emission
tomography and ultrasound fusion imaging

A 65-year-old female was referred with loss of weight, dyspnoea

and night sweats. Laboratory tests revealed elevated inflamma-

tory markers. Imaging with 18F-labelled fluorodeoxyglucose (18F-

FDG) positron emission tomography/computed tomography

(PET/CT) showed increased 18F-FDG-uptake in the axillary

arteries and the aorta (Fig. 1A, blue and green arrows). Large-

vessel vasculitis was suspected, given the high specificity (89%)

and sensitivity (80%) of PET/CT for this diagnosis [1]. The limited

soft-tissue contrast of CT images impedes a detailed assessment

of morphological vascular pathologies. These can be better

examined using US, which depicts vascular wall thickening as a

sign of inflammatory processes (Fig. 1B, blue arrow).

PET/US fusion was performed, combining the advantages of

metabolic (PET) and morphological (US) examinations [2]. The

Volume Navigation technology of GE Healthcare’s LOGIQTM

E9 US device allows the merging of previously acquired PET data-

sets with real-time US. Figure 1C shows the accurate correlation

of PET and US images in the left-sided axillary artery. Additional

Doppler sonography was applied to assess the perfused vessel

lumen (Fig. 1D). Sagittal images of PET, CT and US in Fig. 1E�G

demonstrate the co-registration of PET and US images, using

spine and liver as morphological landmarks. The increased 18F-

FDG-uptake correlates with the pathologically thickened wall of

the abdominal aorta (Fig. 1E�G, green arrows and videos of trans-

versal and sagittal PET/US fusion imaging of the abdomen, avail-

able as supplementary data at Rheumatology Online).
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FIG. 1 PET/CT/US fusion images of axillary artery and abdominal aorta in large-vessel vasculitis
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The impact of dysfunctional variants of
ABCG2 on hyperuricemia and gout in
pediatric-onset patients
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Abstract

Background: ABCG2 is a high-capacity urate transporter that plays a crucial role in renal urate overload and extra-renal
urate underexcretion. Previous studies have suggested an association between hyperuricemia and gout susceptibility
relative to dysfunctional ABCG2 variants, with rs2231142 (Q141K) being the most common. In this study, we analyzed
the ABCG2 gene in a hyperuricemia and gout cohort focusing on patients with pediatric-onset, i.e., before 18 years of
age.

Method: The cohort was recruited from the Czech Republic (n = 234) and consisted of 58 primary hyperuricemia and
176 gout patients, with a focus on pediatric-onset patients (n = 31, 17 hyperuricemia/14 gouts); 115 normouricemic
controls were used for comparison. We amplified, sequenced, and analyzed 15 ABCG2 exons. The chi-square goodness-
of-fit test was used to compare minor allele frequencies (MAF), and the log-rank test was used to compare empirical
distribution functions.

Results: In the pediatric-onset cohort, two common (p.V12M, p.Q141K) and three very rare (p.K360del, p.T421A, p.T434M)
allelic ABCG2 variants were detected. The MAF of p.Q141K was 38.7% compared to adult-onset MAF 21.2%
(OR = 2.4, P = 0.005), to the normouricemic controls cohort MAF 8.5% (OR = 6.8, P < 0.0001), and to the
European population MAF 9.4% (OR = 5.7, P < 0.0001). The MAF was greatly elevated not only among pediatric-onset
gout patients (42.9%) but also among patients with hyperuricemia (35.3%). Most (74%) of the pediatric-onset patients
had affected family members (61% were first-degree relatives).

Conclusion: Our results show that genetic factors affecting ABCG2 function should be routinely considered in
a hyperuricemia/gout diagnosis, especially in pediatric-onset patients. Genotyping of ABCG2 is essential for risk
estimation of gout/hyperuricemia in patients with very early-onset and/or a family history.

Keywords: Gout, Hyperuricemia, Urate transport, ABCG2

Background
Serum urate concentration is a complex phenotype in-
fluenced by both genetic and environmental factors, as
well as their interactions. Hyperuricemia results from an
imbalance between endogenous production and excre-
tion of urate. The most common mechanism leading to
hyperuricemia is decreased excretion of urate. Hyperuri-
cemia is a central feature in the pathogenesis of gout.

Gout is a metabolic disorder caused by an inflammatory
reaction to the deposit of urate crystals in joints and soft
tissues. The disorder progresses through several degrees,
and chronic hyperuricemia is a necessary condition for
gout to develop. Prevalence of gout is higher in men [1],
and women with gout are more likely to be older (link
with menopause) [2], have co-morbidities, and be on
diuretics compared with men with gout [3, 4]. Gout
usually occurs between the fourth and sixth decade of
life. Pediatric-onset of hyperuricemia and gout in clinical
practice is rare and suggestive of a genetic disorder as
PRPS1 superactivity [5] and hypoxanthine-guanine
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phosphoribosyltransferase deficiency [6], especially when
a strong family history is obtained.
Serum urate (SU) concentrations are heritable (0.38–

0.63) [7–9], which is consistent with a significant genetic
component. Over the past decade, genome-wide associ-
ation studies (GWAS) and meta-analyses have led to an
increase in our knowledge of the common genetic vari-
ants that influence SU concentrations. To date over 30
common sequence variants, which can affect hyperurice-
mia/gout have been revealed, most of which are in urate
transporters [10, 11]. Urate transport is a complex
process involving several transmembrane proteins that
provide reabsorption (e.g., URAT1, GLUT9) and secre-
tion (ABCG2). They are located on the apical and baso-
lateral membrane of proximal tubule cells. ABCG2 also
plays a significant role in regulating uric acid transport
in the gastrointestinal tract [12]. The genetic predispos-
ition to hyperuricemia is evidenced by monogenic
diseases and population-based studies [13]. However, de-
tailed knowledge of the degree to which genetic variants
predict SU concentrations remains limited.
ABCG2 is a high-capacity urate transporter that

plays a crucial role in renal urate overload and
extra-renal urate underexcretion. Many previous stud-
ies have indicated that the common dysfunctional var-
iants rs72552713 (p.Q126X) and rs2231142 (p.Q141K)
increase the risk of gout and hyperuricemia, signifi-
cantly influence the age of onset of gout, and are
highly associated with a familial gout history [14, 15]. Vari-
ant p.Q126X, a common variant in the Japanese population,
is a rare variant in European and African-American popula-
tions, whereas p.Q141K is a common variant in all these
populations [16]. The ABCG2 population-attributable per-
cent risk for hyperuricemia has been reported to be 29.2%,
which is much higher than those with more typical envir-
onmental risks, i.e., BMI ≥ 25.0 (18.7%), heavy drinking
(15.4%), and age (≥ 60 years old, 5.74%) [17]. In a GWAS of
clinically defined gout, the ABCG2 locus showed the most
significant association with gout susceptibility [11, 18, 19].
These findings indicate that common variants of ABCG2
are extremely important in gout pathogenesis. However,
some variants of increased penetrance that are associated
with gout are population specific and/or uncommon. Ap-
proximately 80% of Japanese patients with gout have been
reported to possess either the p.Q126X or p.Q141K variant
of ABCG2 [20], and these variants increased the risk of
gout conferring an OR of more than 3 [14]. On the other
hand, the 19 rare non-synonymous variants of ABCG2
identified in Japanese gout cohort [21] were not shared
among the population samples that were tested in Czech
gout cohort where eight rare non-synonymous ABCG2 var-
iants were identified [15, 21]. These populations, with a
specific distribution of dysfunctional ABCG2 variants, thus
increase the risk of gout.

In our previous study, we analyzed the ABCG2 gene
[15] in a cohort of 145 subjects with gout. Our results
showed a higher minor allele frequency of the p.Q141K
variant in the gout patients (0.23) compared with the
European-origin population (0.09) and were significantly
more common among gout patients than among nor-
mouricemic controls (odds ratio = 3.26, P < 0.0001).
Our analysis shows also an apparent shift in proportions
of patients with non-synonymous alleles who are
over-represented in an earlier age of onset categories
and under-represented in older age of onset categories
(χ2-test for the trend in proportions, P = 0.010). Such
over-representation merited a detailed exploration. We
therefore expanded the cohort by including both newly
recruited gout patients (five pediatric-onset) and the
hyperuricemic patients (17 pediatric-onset).
Until now, no study of individual variants of the ABCG2

transporter, using a well-characterized pediatric-onset co-
hort suffering from primary hyperuricemia/gout (i.e., con-
sidering clinical data on purine metabolism, the occurrence
of associated diseases, familiar anamnesis, medication), has
been performed. In this study, we analyzed the ABCG2
gene in a Czech hyperuricemia and gout cohort focusing
on pediatric-onset (before 18 years of age) patients. Our
data show, for the first time, that ABCG2 dysfunction is a
strong independent risk for pediatric-onset of hyperurice-
mia and gout.

Methods
The definition of hyperuricemia was as follows: (1) men >
420 μmol/l on two repeated measurements and (2) women
and children under 15 years > 360 μmol/l on two repeated
measurements, taken at least 4 weeks apart. Gouty
arthritis was diagnosed according to the American
College of Rheumatology criteria, i.e., (1) the presence
of sodium urate crystals seen in the synovial fluid
using a polarized microscope or (2) subjects meet 6
of 12 clinical criteria [22].
A cohort of 145 previously described gout subjects (9

with pediatric-onset) was enlarged to 176 gout patients
(5 more with pediatric-onset), and a group of 58 hyper-
uricemic patients (17 pediatric-onset) was added. In
total, 234 hyperuricemic or gout patients were recruited,
31 with a pediatric-onset (22 newly recruited patients).
The age of ascertainment (hyperuricemia) and onset
(gout) was determined as the age of laboratory diagnosis
in case of asymptomatic hyperuricemia, or as the first
symptoms of gout. For the sake of shortness, the term
“onset” is used for both situations.
Asymptomatic hyperuricemic patients with pediatric-

onset were identified through a random finding in a rou-
tine laboratory examination (e.g., for infectious diseases).
In one case, the patient was ascertained based on a posi-
tive family history.
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The pediatric-onset group of 31 patients from 30 fam-
ilies (one pair of siblings) consists of two separate sets.
The first part consisted of 15 pediatric patients with hy-
peruricemia (10 subjects) and gout (5 subjects), mostly
from the Department of Pediatrics and Adolescent Medi-
cine, which includes the Metabolic Center (the only one
in the Czech Republic involved in the Metabolic European
Reference Network MetabERN). This set is complemented
with 16 adult patients with pediatric-onset of hyperurice-
mia (7 subjects) and gout (9 subjects) from the Institute of
Rheumatology (super-conciliar institute for the Czech Re-
public). All patients were residents of the Czech Republic,
Central-European population, with no history or signs of
renal diseases.
To explore the cause of hyperuricemia and gout, we

performed a detailed metabolic investigation. The bio-
chemical tests were performed using morning urine sam-
ples; 24-h urine collections were not available. Patients
suffering from secondary gout and other purine metabolic
disorders associated with pathological concentrations of
SU (such as the reduced activity of hypoxanthine-guanine

phosphoribosyltransferase and superactivity of phosphori-
bosyl pyrophosphate synthetase 1, i.e., resulting in in-
creased excretion of xanthine and hypoxanthine in urine)
were excluded. Pediatric subjects were specifically
screened for kidney disorders (Fanconi syndrome and
uromodulin-associated disorders) and for metabolic gen-
etic disorders (glycogen storage disease, hereditary fruc-
tose intolerance, and mitochondrial disorders). Patients
with such disorders were excluded from the study. The
diagnostic algorithm and appropriate examinations are
summarized in Fig. 1.
The analysis of ABCG2 was performed from genomic

DNA, as reported previously [8]. All tests were per-
formed in accordance with standards set by the institu-
tional ethics committees (no. 6181/2015). All statistical
analyses were performed in the statistical language and
environment R, v. 3.5. The Wilcoxon two-sample test
and the Fisher exact test were used to compare group
characteristics, the χ2 goodness-of-fit test was used to
compare minor allele frequencies, and the log-rank test
was used to compare empirical distribution functions.

Fig. 1 Differential diagnostic algorithm in a pediatric-onset patient with hyperuricemia. (BMI body mass index, WHR wait to hip ratio, HbA1c
glycated hemoglobin, Ca calcium, ALP alkaline phosphatase, SU serum urate, GSD glycogen storage disorders, B blood, U urine, S serum)
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The role of possible confounders was checked through
the Mantel-Haenszel test and logistic regression.

Results
In the cohort of 234 Caucasians suffering from hyperuri-
cemia (N = 58) or primary gout (N = 176), we focused on
31 individuals with pediatric-onset of either hyperuricemia
or gout. The main characteristics of both pediatric-onset
and adult-onset groups are summarized in Table 1. Of the
31 pediatric-onset subjects, 19 non-consanguinity patients
had at least of one non-synonymous allelic variant in the

coding region of the ABCG2 gene. Their main characteris-
tics are summarized in Table 2.
Although pediatric-onset patients were consecutively

included in the study, and even though they often did
not show renal function impairment and were not taking
medications known to change renal handling of uric acid
(such as diuretics, aspirin, cyclosporine, pyrazinamide),
the excretion fraction of urate (FE-U) was under the ref-
erence range in 14 of 19 patients with allelic ABCG2 var-
iants, while another two patients were at the lower
border of the reference range. Only one patient has de-
creased urate levels in their urine (the lower limit was ≤

Table 1 Demographic, biochemical, and genetic characteristics of pediatric-onset (N = 31) and adult-onset (N = 203) cohorts

Pediatric-onset (N = 31) Adult-onset (N = 203) Fisher’s test P value

N % N %

Sex M/F 26/5 83.9/16.1 174/29 85.7/14.3 0.786

Hyperuricemia/primary gout 17/14 58.1/41.9 41/162 79.8/21.2 < 0.0001

Familial occurrence 23 74.2 64 31.5 < 0.0001

Familial occurrence,

1st degree 19 61.3 Not specified –

2nd degree 4 12.9

No treatment 15 48.4 36 17.7 < 0.0001

Allopurinol treatment 12 38.7 154 75.9

Febuxostat treatment 4 12.9 13 6.4

rs2231142

GG 14 45.2 124 61.1 0.001

GT 10 32.3 72 35.5

TT 7 22.6 7 3.4

rs2231142, MAF 24 38.7 86 21.2 0.005

rs2231137, MAF ** 1 1.6 7 1.7 1.000

rs769734146, MAF 1 1.6 1 0.2 0.623

rs750972998, MAF 1 1.6 0 0.0 0.278

rs199854112, MAF 1 1.6 0 0.0 0.278

Median (IQR) Range Median (IQR) Range Wilcoxon’s test P value

Age of onset, years 15.0 (4.0) 1–18 43.5 (24.2) 18–84 < 0.0001

Age now, years 19.0 (19.5) 3–59 55.0 (22.0) 19–90 < 0.0001

BMI now 25.1 (7.6) 16.0–41.0 29.0 (5.1) 19.5–50.0 < 0.0001

Max recorded SU, μmol/l
(N = 34/155) #

522.0 (144.0) 314–796 481.0 (101.0) 252–770 0.021

SU on treatment, μmol/l
(N = 17/176) #

419.0 (96.0) 300–608 371.5 (132.5) 252–770 0.091

FE-U on treatment
(N = 15/173) #

3.2 (1.7) 1.6–5.5 3.2 (1.7) 0.9–14.3 0.403

Treatment dose, mg *
(N = 15/168)

100 (200) 80–500 200 (200) 0–800 0.181

#For some parameters, there were missing data; in case missing data amounted to 5% or more, the real N is mentioned in parentheses in the form Nadolescent/Nadult

*Febuxostat dose was recomputed so that 40 mg febuxostat = 300 mg allopurinol
**Of the functional ABCG2 variants explored in [15], the five mentioned in the table were present among adolescent-onset patients. The variants rs372192400,
rs753759474, rs752626614, and p.S476P (not annotated) had MAF 0.0025 among adult-onset patients, and rs34783571 had MAF 0.0049 among adult-onset
patients. Neither of them appeared among adolescent-onset patients (P values of the test for difference were equal to 1.000)
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0.1 mmol/L of UA per mmol/L of creatinine, which rep-
resents the lower 2.5th percentile of the entire reference
range). In terms of percentiles, 7 patients were below
the 5th percentile of the reference range (≤ 0.2 mmol/L
of urate per mmol/L of creatinine), 13 patients were
below the 20th percentile (≤ 0.3 mmol/L of urate per
mmol/L of creatinine), and 18 patients were below the
40th percentile (≤ 0.4 mmol/L of urate per mmol/L of
creatinine).
The analysis of ABCG2 in the pediatric-onset cohort re-

vealed two common non-synonymous variants (rs2231137
(p.V12M), rs2231142 (p.Q141K)) and three rare heterozy-
gous non-synonymous variants (in-frame deletion
rs750972998 (p.K360del), missense variant rs199854112
(p.T421A), and rs769734146 (p.T434M)). Seven of the 31
pediatric-onset patients were homozygous, and 10 were
heterozygous for p.Q141K. This makes the minor allele
frequency (MAF) of p.Q141K 38.7% compared to (1) the
adult-onset MAF = 21.2% (OR = 2.4, P = 0.005), (2) 115
normouricemic controls MAF = 8.5% (OR = 6.8,
P < 0.0001 [15]), and (3) the European population (source
1000 Genomes Project Phase 3) MAF = 9.4% (OR = 5.7,
P < 0.0001, Fig. 2). To add to the picture, the MAF of
p.Q141K was 35.3% (4 homozygotes, 4 heterozygotes)
among the 17 pediatric-onset hyperuricemic patients and
42.9% (3 homozygotes, 6 heterozygotes) among the 14
pediatric-onset gout patients; meaning that a high
frequency of p.Q141K was detected not only among
symptomatic gout patients but among asymptomatic
hyperuricemic patients as well.
As for other non-synonymous variants, one pediatric-

onset gout patient was heterozygous for p.Q141K, and
the rare p.K360del variant and another gout patient were

heterozygous for the rare p.T421A variant. One hyperur-
icemic pediatric-onset patient was heterozygous for
p.Q141K and the rare p.T434M variant. Those rare vari-
ants were not found among the adult-onset patients.
One pediatric-onset hyperuricemic patient was heterozy-
gous for p.V12M with a MAF of 1.6%, which was similar
to the adult-onset MAF of 1.7%.
The in-frame three nucleotide deletion p.K360del

(European MAF = 0.007) was located in the intracellular
membrane-spanning domain. Variants p.T421A (Euro-
pean MAF < 0.0001) and p.T434M (European MAF
< 0.0001) were located in the transmembrane domain 2.
The in silico analysis (PROVEAN and SIFT) predicted a
neutral impact for p.K360del and p.T421A and a dele-
terious impact for p.T434M.
In our pediatric-onset cohort, the mean age of hyper-

uricemia onset was 13.0 years, for gout the onset it was
15.4 years. Figure 3a shows the major role of p.Q141K
homozygosity in the onset of gout/hyperuricemia from
another point of view, while the median age of hyperuri-
cemia/gout onset was around 40 years for heterozygotes
and wild-type homozygotes, it was significantly lower,
i.e., 21 years, for p.Q141K homozygotes (P = 0.005).
Among the 31 pediatric-onset patients, we found that

23 (74%) had affected family members (in 19 cases, 61%
were first degree relatives). This was more than twice
that seen in the adult-onset group (31%, P < 0.0001,
Table 1). The trend was even stronger for hyperuricemic
patients (82%) compared to (62%) for adolescent-onset
gout patients. Alternatively, while patients without a
family history of hyperuricemia/gout had a median onset
age of 47 years, patients with affected family members
had a median onset age of 28 years (P < 0.0001, Fig. 3b).

Fig. 2 Genotype frequency of p.Q141K in a pediatric-onset cohort with hyperuricemia/gout (31 subjects, MAF = 38.7%) compared to an adult-
onset hyperuricemia/gout (203 subjects, MAF = 21.2%), and a normouricemic control cohort (115 subjects, MAF = 8.5%), and data from the ExAC
and 1000 Genome databases
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Discussion
Elevated urate concentration is central to the pathogen-
esis of gout. Renal underexcretion of urate, due to the
dysfunction of the ABCG2 high-capacity urate exporter,
is a major contributor to hyperuricemia. This study
identified a high frequency of ABCG2 variants, common
and rare, in a cohort of pediatric-onset primary hyper-
uricemia and gout patients.
The common dysfunctional variant, p.Q141K, results

in a 53% reduction in urate transport and has been re-
ported to be a major genetic cause of gout in the Euro-
pean population [23]. The second most common variant
in European, p.V12M (rs2231137, MAF 0.06), does not
appear to affect urate transport [13] and a previously re-
ported meta-analysis indicates that p.V12M has a gout
protective effect (OR = 0.73, P < 0.0001) [15]. The con-
tribution of ABCG2 variants in predicting primary hy-
peruricemia/gout seems to be limited mainly to the
absence of a functional characterization of rare variants.
However, the allelic variants can be easily analyzed, and
their identification can suggest a hyperuricemia/gout risk
prognosis. Functional characterizations of the rare vari-
ants p.K360del, p.T421A, and p.T434M are not available.
However, an in silico analysis predicts a neutral impact
for p.K360del and p.T421A and damaging impact for
p.T434M. Future function studies regarding the impact
of those variants are necessary to determine the correl-
ation between functional studies and scores from predic-
tion algorithms. For example, this relationship does not
exist for the most frequent dysfunctional variant
p.Q141K: a number of functional analyses in Xenopus
laevis oocytes and HEK cells showed significantly de-
creased protein expression and function. However,

p.Q141K is classified as tolerated by PolyPhen, SIFT,
Provean, Mutation Taster, MutPred, and Human Spli-
cing Finder software.
Our data showed that ABCG2 dysfunction was a strong

independent risk for pediatric-onset hyperuricemia/gout:
the MAF of p.Q141K was 38.7% compared to adult-onset
with a MAF of 21.2%, compared to the normouricemic
controls cohort with a MAF of 8.5%, and to the European
population with a MAF of 9.4%. Compared to the whole
hyperuricemia/gout cohort, there is an apparent shift in
the proportion of patients with non-synonymous alleles
who are over-represented in pediatric-onset patients (not
only for gout but also for hyperuricemia) and
under-represented in older age of onset categories. A her-
editary component for pediatric-onset hyperuricemia/gout
was further supported by the observation of a statistically
significant association of familial hyperuricemia/gout in
the pediatric-onset cohort: 74% in the pediatric-onset co-
hort and 33% in adult-onset (P < 0.0001). Taken together,
our data suggested that ABCG2 genetic variants have a
strong impact on the progression of hyperuricemia and
gout in pediatric-onset patients and imply the importance
of ABCG2 genotyping for the screening of high-risk
individuals.
In summary, our findings confirmed a heritability

component for hyperuricemia and gout. This relation-
ship was recently demonstrated in a cohort of asymp-
tomatic male offspring of parents with gout, in which
the male offspring had a significantly higher frequency
of hyperuricemia, urate under-excretion, and prevalence
of monosodium urate crystal deposits [24]. A positive
family history is an important diagnostic clue; however,
it may be absent in de novo mutations and where

Fig. 3 a The influence of p.Q141K: homozygotes develop hyperuricemia very early compared to heterozygotes and wild-type homozygotes. b
The existence of familial hyperuricemia/gout shifts the age of onset towards earlier ages in the whole set
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hyperuricemia/gout was either not diagnosed or not
communicated to the rest of the family.
Detailed studies of SU in children are very rare. The first

GWAS of SU was performed in the Viva La Familia Study
[25]. This study found (1) SU concentrations were signifi-
cantly heritable and (2) strong associations with genetic
variants of the SLC2A9 urate transporter. However, this
GWAS did not extend the association of variants in the
ABCG2 genetic locus with SU concentrations to children
in a family-based study. Our analysis of SLC2A9 coding
regions in a pediatric-onset cohort revealed three syn-
onymous variants in exon regions and three common het-
erozygous non-synonymous variants rs2276961 (p.G25R),
rs3733591 (p.R294H), and rs2280205 (p.P350L). The MAF
of these variants were similar to those in the adult-onset
hyperuricemia/gout cohort and in the European popula-
tion. Moreover, our previous study, which used association
analysis together with functional and immunohistochemi-
cal characterization of these variants identified in the adult
population, did not show any influence of these allelic var-
iants on expression, subcellular localization, or urate up-
take of GLUT9 transporters [26]. These different findings
can partly be attributed to the population substructure
and sample size considering that the majority of the
GWAS with a strong association between ABCG2 and hy-
peruricemia/gout were conducted in European or Asian
descent populations.
ABCG2 transporters are expressed on the apical epithe-

lium membrane of the small intestines and colon, in
erythrocyte membranes, apical membranes of kidney
proximal tubular cells, and the canalicular membrane of
hepatocytes [27]. Reduced and loss-of-function ABCG2
variants are associated with significantly decreased
extra-renal clearance of urate [28]. The animal model of
Abcg2-knockout mice showed increased serum urate and
renal urate excretion and decreased intestinal urate excre-
tion [12]. Moreover, a significant association between the
common variant p.Q141K and an increased risk of a poor
response to allopurinol has been described [29–31].
Data about the parameters of renal handling of urate

in hyperuricemia/gout patients are not frequently re-
ported in the literature. Perez-Ruiz et al. 2002 reported
that renal underexcretion is the main mechanism for the
development of primary hyperuricemia in gout, but even
patients showing apparently high 24-h urate output
showed lower urate clearance than controls, indicating
that relative, low-grade underexcretion of urate was at
work [32].
Our data in a pediatric-onset cohort with allelic ABCG2

variants showed a decrease in FE-U together with de-
creased urinary levels of urate. The published data about
the relationship between ABCG2 dysfunction and the
fractional excretion of urate are inconsistent. Matsuo et al.
[18] observed an increase in FE-U associated with ABCG2

dysfunction. In contrast, Köttgen et al. [10] showed that,
while the ABCG2 p.Q141K allele raised SU by 13 μmol/L
(0.217mg/dL) per risk allele in Europeans, there was a
small decrease of 0.076% in FE-U (P = 9.8 × 10−3). Kan-
nangara et al. [33] found no association between the
ABCG2 genotype and FE-U (r = 0.02, P = 0.83). Overall,
these data indicate the very little clinical effect of the
p.Q141K polymorphism on FE-U. These observations are
in compliance with the concept of Ichida et al. [12] that
the currently considered “overproduction type” hyperuri-
cemia should be renamed to “renal overload type,” com-
prising two subtypes: “extra-renal urate underexcretion”
and genuine “urate overproduction.” The common dys-
function of ABCG2 thus can cause a decrease of urate ex-
cretion via the extra-renal pathway rather than the renal
pathway.
Hyperuricemia is an important risk factor for gout and

has significant associations with several other conditions
including hypertension, cardiovascular disease, and
chronic kidney disease. The potential role of urate-low-
ering therapy, in the management of these “non-gout
diseases,” has been raised [34]. However, according to
the American College of Rheumatology guidelines, ther-
apy is not recommended for people with asymptomatic
hyperuricemia. Our data showed, for the first time, that
ABCG2 dysfunction is a strong independent risk in
pediatric-onset hyperuricemia and gout where other fac-
tors that appear in adulthood, such as alcohol consump-
tion, diuretic use, and increase in BMI, may further
increase the risk of elevated serum urate levels. The high
frequency of p.Q141K, which was detected not only
among pediatric-onset gout patients but also among
asymptomatic hyperuricemic pediatric-onset patients,
confirmed the powerful effect of ABCG2 dysfunction on
the early development of hyperuricemia and gout. Fur-
ther studies into the progress of pediatric-onset hyper-
uricemia and its development into gout later in adult life
are badly needed. Taken together, our findings strongly
suggest the need for a discussion about the potential
benefits of urate-lowering therapy after a diagnosis of
hyperuricemia in pediatric-onset patients with ABCG2
dysfunction.
Our study has two important strengths: (1) our cohort

included pediatric-onset hyperuricemia and gout pa-
tients, which are relatively rare, and includes detailed
biochemical characteristics and family information and
(2) we controlled for several potential confounders, such
as kidney diseases and metabolic diseases that might
have influenced measured SU concentrations. Limita-
tions of this study must also be acknowledged: (1) the
size of the studied group may not have been sufficiently
large, and it is possible that some very rare ABCG2 and
SLC2A9 associated variants may have gone undetected
and (2) the number of frequent genetic variants of genes
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encoding urate transporters was limited to the transcrip-
tion regions and exon-intron boundaries.

Conclusion
The ABCG2 gene is a well-established hyperuricemia/gout
risk locus. In this work, we present the first study of
ABCG2 allelic variants in a pediatric-onset hyperuricemia
and gout cohort. The high frequency of genetic variants,
common and rare, among patients with pediatric-onset
hyperuricemia and gout needs to be kept in mind during
differential diagnostic procedures and during therapy. Fur-
ther analysis of the progress of asymptomatic hyperurice-
mia to gout is necessary: our data suggest a high
frequency of the dysfunctional p.Q141K variant in both
pediatric-onset subgroups (42.9% in gout, 35.3% in hyper-
uricemic) compared with adult gout onset (21.2%) and
normouricemic controls (8.5%).
When working with patients, genetic data can contrib-

ute to more accurate disease prognoses, help personalized
lifestyle advice, and improve therapy (urate-lowering
therapy choice). The benefits of early initiation of
urate-lowering therapy in pediatric-onset patients with a
strong genetic risk require careful analysis. Additionally, a
discussion regarding the value of a personalized approach
to the management of hyperuricemia in clinical practice is
necessary.
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Abstract: ATP-binding cassette subfamily G member 2 (ABCG2) is a physiologically important
urate transporter. Accumulating evidence demonstrates that congenital dysfunction of ABCG2
is an important genetic risk factor in gout and hyperuricemia; recent studies suggest the clinical
significance of both common and rare variants of ABCG2. However, the effects of rare variants of
ABCG2 on the risk of such diseases are not fully understood. Here, using a cohort of 250 Czech
individuals of European descent (68 primary hyperuricemia patients and 182 primary gout patients),
we examined exonic non-synonymous variants of ABCG2. Based on the results of direct sequencing
and database information, we experimentally characterized nine rare variants of ABCG2: R147W
(rs372192400), T153M (rs753759474), F373C (rs752626614), T421A (rs199854112), T434M (rs769734146),
S476P (not annotated), S572R (rs200894058), D620N (rs34783571), and a three-base deletion K360del
(rs750972998). Functional analyses of these rare variants revealed a deficiency in the plasma membrane
localization of R147W and S572R, lower levels of cellular proteins of T153M and F373C, and null
urate uptake function of T434M and S476P. Accordingly, we newly identified six rare variants of
ABCG2 that showed lower or null function. Our findings contribute to deepening the understanding
of ABCG2-related gout/hyperuricemia risk and the biochemical characteristics of the ABCG2 protein.

Keywords: ABCG2/BCRP; common disease; European cohort; exon sequence; functional study; gout
susceptibility; heritability of serum uric acid; multiple rare variant; urate transporter; WGA

1. Introduction

Gout—a common disease with increasing global occurrence, typically causing severe pain and
physical disability—results from hyperuricemia characterized by elevated serum uric acid (SUA)
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concentrations [1]. Indeed, uric acid accumulation in the body causes hyperuricemia and subsequently
increases the risk of gout. Although not all individuals with hyperuricemia develop symptomatic
gout, the risk of gout increases in proportion to the elevation of urate in circulation. Humans do
not have a functional uricase (urate-degrading enzyme) [2], so uric acid is the final metabolite in
the purine catabolic pathway in humans. Hence, urate excretion from the body is necessary for
the maintenance of uric acid homeostasis. Moreover, accumulating evidence suggests that the net
amount of excreted uric acid is regulated mainly by urate transporters, such as urate transporter 1
(URAT1, a renal urate re-absorber) [3], solute carrier family 2 member 9 (SLC2A9, also known as
glucose transporter member 9) [4–6], and ATP-binding cassette subfamily G member 2 (ABCG2, a high
capacity urate exporter expressed in the kidney and intestine) [7–9]. Importantly, we recently reported
that decreased extra-renal urate excretion caused by ABCG2 dysfunction is a common mechanism of
hyperuricemia [7,10,11].

As a 655-amino acid N-linked glycoprotein expressed on the renal and intestinal brush border
membranes, ABCG2 transports its substrates, such as urate, from the cytosol to the extracellular space
in an ATP-dependent manner [12]. The human ABCG2 gene consists of 16 exons and 15 introns and is
located on chromosome 4q21–q22 [13], a region that showed one of the most significant associations
with gout susceptibility in a series of Genome-wide association studies (GWASs) [8,14–19]. Hitherto,
45 allelic variants have been found in the ABCG2 gene with most of the variants having been reported
to have wide ethnic differences in allele frequency. In contrast, two single nucleotide polymorphisms
have been reported in ABCG2: c.34G>A (V12M) and c.421C>A (Q141K) are recognized as common
variants in a relatively large number of ethnic groups [20]. Biochemical characterizations revealed that
the V12M variant has no effects on the expression and urate transport activity of ABCG2, whereas the
Q141K variant decreases the cellular function of ABCG2 through reduction of its protein levels [12].
In addition to Q141K, ABCG2 Q126X (c.376C>T), which is common in the Japanese population but rare
in other populations, has additionally been identified as a hyperuricemia- and gout-risk allele [9–11,21].
Given that these two variants are associated with a significantly increased risk of gout (odds ratio >

3) [9,21], the effects of common variants of ABCG2 on gout susceptibility are likely to be genetically
strong. However, although some information is available [22–24], the effects of rare variants are not
fully understood.

In our previous study employing genetic analyses for gout patients in Japan and functional
analyses of some non-synonymous rare variants of ABCG2, we found that multiple rare and common
variants of ABCG2 are independently associated with gout risk [22]. Nevertheless, this “Common
Disease, Multiple Common and Rare variant” model for the association between ABCG2 and gout
needs to be further validated, especially in other populations. To this point, we recently identified
ten non-synonymous variants of ABCG2, including two common variants and eight rare variants,
using a cohort of 145 patients with gout in the Czech Republic [23,24]. Among the rare variants, only
an intron splicing variant c.689+1G>A that causes a frameshift-dependent premature stop codon
was identified as an ABCG2 null variant via functional assays [24]. However, regarding the other
rare variants, whether each one is associated with gout risk in the Czech population remains to be
elucidated. Moreover, owing to lack of molecular analyses, the previous study could not determine the
effects of each rare variant on the urate transport activity of ABCG2 [23]. Importantly, except for a rare
variant K360del (c.1079_1081delAGA), the rare variants identified in the Czech population [23] were
not found in the Japanese population [22]. Therefore, further studies on clinical risk prediction for
gout in terms of rare ABCG2 variants as well as the functional validation of such variants are required.

In the present study, we employed an enlarged cohort of 250 patients with hyperuricemia or gout to
determine non-synonymous allelic variants of ABCG2 related to the risk of such diseases. Based on the
results of the sequence analysis of ABCG2 and database information, nine rare exonic variants of ABCG2
(R147W, T153M, K360del, F373C, T421A, T434M, S476P, S572R, D620N) were subjected to functional
analyses. Here, we demonstrate the novel effects of these rare exonic variants on the expression,
cellular localization, and function of ABCG2 protein as a urate transporter via molecular analyses. Our
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findings might support a “Common Disease, Multiple Common and Rare variant” hypothesis for the
association between ABCG2 and gout susceptibility in a European population. Additionally, these
findings about population-specific genetic variants could deepen our understanding of the heritability
of SUA levels and gout, which were previously estimated to be 27–41% and approximately 30%,
respectively, in Europeans [14].

2. Materials and Methods

2.1. Clinical Subjects

The analyzed set consists of two groups: a hyperuricemic group consisting of 68 subjects and
a gout group consisting of 182 subjects, which was an enlarged cohort compared to that containing 145
gout subjects described previously [23]. The main cohort of 58 primary hyperuricemia subjects and
177 subjects with gout was selected from patients of the Institute of Rheumatology, Prague, the Czech
Republic. The 10 pediatric subjects with hyperuricemia and five with gout was selected from patients
of the Department of Pediatrics and Adolescent Medicine, Charles University, Prague as previously
described [25].

In terms of SUA, the definition of hyperuricemia was as follows: (1) men > 420 µmol/L on two
repeated measurements taken at least 4 weeks apart and (2) women and children under 15 years >

360 µmol/L on two repeated measurements taken at least 4 weeks apart. Gouty arthritis was diagnosed
according to the American College of Rheumatology criteria: (1) the presence of sodium urate crystals
seen in the synovial fluid using a polarized microscope or (2) at least six of 12 clinical criteria being
met [26]. Patients suffering from secondary gout and other purine metabolic disorders associated with
pathological concentrations of SUA were excluded. The control group consisted of 132 normouricemic
subjects, which was an enlarged control population compared to that containing 115 subjects described
previously [23], was selected from among the personnel of the Institute of Rheumatology. All tests were
performed in accordance with standards set by the institutional ethics committees, which approved
the project in Prague (no.6181/2015).

2.2. PCR Amplification of ABCG2 and Sequence Analysis

ABCG2 coding regions were analyzed from genomic DNA, as described previously [23].
The reference sequence was defined as version ENST00000237612.7 (location: Chromosome 4:
88,090,269−88,158,912 reverse strand) (www.ensembl.org). The reference protein sequence was
defined as Q9UNQ0 (http://www.uniprot.org/uniprot).

2.3. Materials

ATP, AMP, creatine phosphate disodium salt tetrahydrate, and creatine phosphokinase type I
from rabbit muscle were purchased from Sigma-Aldrich (St. Louis, MO, USA) and [8-14C]-uric acid
(53 mCi/mmol) were purchased from American Radiolabeled Chemicals (St. Louis, MO, USA). All
other chemicals used were commercially available and of analytical grade.

2.4. Preparation of ABCG2 Mutants’ Expression Vectors

To express human ABCG2 (NM_004827.3) fused with the EGFP-tag at its N-terminus
(EGFP-ABCG2) and EGFP (control), we used an ABCG2/pEGFP-C1 plasmid that was generated
in our previous study [27]. Using a site-directed mutagenesis technique, vectors expressing different
ABCG2 variants were generated from an ABCG2 wild-type (WT)/pEGFP-C1 plasmid. To confirm the
introduction of mutations, each variant cDNA of ABCG2 fused with EGFP generated in the plasmid
was subjected to full sequencing using the BigDye Terminator v3.1 (Applied Biosystems Inc., Foster
City, CA, USA) and an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems Inc.) according
to the methods described in our previous study [27].

www.ensembl.org
http://www.uniprot.org/uniprot
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2.5. Cell Culture

Human embryonic kidney 293 cell-derived 293A cells were purchased from Life Technologies
(Carlsbad, CA, USA) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Nacalai
Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum (Biowest, Nuaillé, France), 1%
penicillin/streptomycin, 2 mM L-glutamine (Nacalai Tesque), and 1 × Non-Essential Amino Acid (Life
Technologies) at 37 ◦C in an atmosphere of 5% CO2 as described previously [27]. All experiments were
carried out with 293A cells at passages 10–16.

Each vector plasmid for ABCG2 WT or its mutants was transfected into 293A cells by using
polyethyleneimine MAX (PEI-MAX; 1 mg/mL in milliQ water, pH 7.0; Polysciences Inc., Warrington,
PA, USA) as described previously [27] with some modifications. The amount of plasmid DNA used
for transfection was adjusted to be the same for ABCG2 WT and its mutants. In brief, each plasmid
was mixed with PEI-MAX (1 µg of plasmid/5 µL of PEI-MAX for 5 × 105 293A cells) in Opti-MEMTM

(Thermo Fisher Scientific K.K., Kanagawa, Japan) and incubated for 20 min at room temperature.
293A cells were collected after treatment with a 2.5 g/L-Trypsin and 1 mmol/L-EDTA solution (Nacalai
Tesque), followed by centrifugation at 1000× g for 5 min. The cell pellet was re-suspended in fresh
DMEM, and the resulting suspension was mixed with plasmid/PEI-MAX mixture (50:50, v/v). Then,
the cells were re-seeded at a concentration of 1.4 × 105 cells/cm2 onto a collagen-coated glass bottom
dish (cover size 22 × 22 mm and 0.16–0.19 mm thick; Matsunami Glass Inc., Tokyo, Japan) for confocal
microscopy or cell culture plates for whole cell lysate preparation. The medium was replaced with
a fresh medium after the first 24 h of incubation.

2.6. Preparation of Whole Cell Lysates

At indicated periods after the plasmid transfection, whole cell lysates were prepared in an ice-cold
lysis buffer A containing 50 mM Tris/HCl (pH 7.4), 1 mM dithiothreitol, 1% (w/v) Triton X-100, and
a protease inhibitor cocktail for general use (Nacalai Tesque) as described previously [28]. Protein
concentration of the whole cell lysate was quantified using a BCA Protein Assay Kit (Pierce, Rockford,
IL, USA) with bovine serum albumin (BSA) as a standard according to the manufacturer’s protocol.
For glycosidase treatment, the whole cell lysate samples were incubated with PNGase F (New England
Biolabs Japan Inc., Tokyo, Japan) (1.25 U/µg of protein) at 37 ◦C for 10 min as described previously [29,30],
and then subjected to immunoblotting.

2.7. Preparation of ABCG2-Expressing Plasma Membrane Vesicles

The membrane vesicles were prepared from ABCG2-expressing 293A cells as described
previously [24] with minor modifications. In brief, 293A cells seeded on 145-mm tissue culture
dishes (CELLSTAR, 145 × 20 mm; Greiner Japan, Tokyo, Japan; 10 dishes/variant) at approximately 80%
confluency were transiently transfected with each plasmid using PEI-MAX (24 µg of plasmid/120 µL
of PEI-MAX/145-mm dish). Forty-eight hours after the transfection, the cells were collected and
subjected to plasma membrane isolation. The 293A cells were suspended in a hypotonic buffer (1 mM
Tris/HCl, 0.1 mM EDTA, pH 7.4, and the protease inhibitor cocktail for general use) and gently stirred
for 1 h on ice. Then, the solution was ultra-centrifuged at 100,000× g for 30 min at 4 ◦C, and the
pellet was diluted with an ice-cold isotonic buffer (10 mM Tris/HCl, 250 mM sucrose, pH 7.4), then
homogenized with a dounce tissue homogenizer (Cat#: 2-4527-03; ASONE, Osaka, Japan) on ice.
The crude membrane fraction was carefully layered over a 38% sucrose solution (5 mM Tris/HEPES,
pH 7.4). After ultra-centrifugation at 280,000× g for 45 min at 4 ◦C, the turbid layer at the interface
was collected, suspended in the isotonic buffer, and ultra-centrifuged at 100,000× g for 30 min at 4 ◦C.
The membrane fraction was collected and re-suspended in an isotonic buffer and then passed through
a 25-gauge needle. The resulting plasma membrane vesicles were rapidly frozen in liquid N2 and kept
at −80 ◦C until used. The protein concentration was measured using the BCA Protein Assay Kit.
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2.8. Immunoblotting

Expression of ABCG2 protein in whole cell lysate and plasma membrane vesicles was examined
by immunoblotting according to the methods reported in our previous study [31]. In brief, the
prepared samples were mixed with a sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer solution containing 10% 2-mercaptoethanol, separated by electrophoresis
on poly-acrylamide gels, and then transferred to Polyvinylidene Difluoride membranes (Immobilon;
Millipore Corporation, Billerica, MA, USA) by electroblotting at 15 V for 60 min.

For blocking, the membrane was incubated in Tris-buffered saline containing 0.05% Tween 20 and
3% BSA (Nacalai Tesque) (TBST-3% BSA) for 1 h at room temperature. Blots were probed with a rabbit
anti-EGFP polyclonal antibody (A11122; Life Technologies; diluted 1000 fold in TBST 0.1% BSA), a rabbit
anti-α-tubulin antibody (ab15246; Abcam Inc., Cambridge, MA, USA; diluted 1000 fold), or a rabbit
anti-Na+/K+-ATPaseα antibody (sc-28800; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; diluted
1000 fold) followed by incubation with a donkey anti-rabbit immunoglobulin G (IgG)-horseradish
peroxidase (HRP)-conjugated antibody (NA934V; diluted 3000 fold). HRP-dependent luminescence
was developed using the ECLTM Prime Western Blotting Detection Reagent (GE Healthcare UK Ltd.,
Buckinghamshire, UK) and detected using a multi-imaging Analyzer Fusion Solo 4TM system (Vilber
Lourmat, Eberhardzell, Germany). The band density was quantified using the Fusion software (Vilber
Lourmat) to assess protein expression levels.

2.9. Confocal Laser Scanning Microscopic Observation

For confocal laser scanning microscopy, 48 h after the transfection, 293A cells were fixed with
ice-cold methanol for 10 min and then washed three times with PBS (-). Then, the cells were incubated
with TO-PRO-3 Iodide (Molecular Probes, Eugene, OR, USA) diluted 250 fold in PBS (-) for 10 min
at room temperature. After the visualization of nuclei, the cells were washed with PBS (-) twice and
then mounted in VECTASHIELD Mounting Medium (Vector Laboratories, Burlingame, CA, USA).
To analyze the localization of EGFP-fused ABCG2 protein, fluorescence was detected using a FV10i
Confocal Laser Scanning Microscope (Olympus, Tokyo, Japan).

To visualize plasma membranes, we used a fluorescent wheat germ agglutinin (WGA) conjugate
(WGA, Alexa Fluor® 594 conjugate; Thermo Fisher Scientific K.K.) according to the manufacturer’s
protocol, with minor modifications. Specifically, the cells were fixed with 4% paraformaldehyde for
15 min at room temperature and then washed three times with PBS (-). Then, the cells were treated
with WGA (10 µg/mL) in PBS (-) for 10 min at room temperature. After washing with PBS (-), the cells
were treated with PBS (-) containing 0.02% (w/v) Triton X-100 and then subjected to TO-PRO-3 Iodide
staining as described above.

2.10. Urate Transport Assay

The urate transport assay with ABCG2-expressing plasma membrane vesicles was conducted
using a rapid filtration technique [31–33]. As described in our previous report [31], we used 20 µM
of radiolabeled urate in reaction mixtures (10 mM Tris/HCl, 250 mM sucrose, 10 mM MgCl2, 10 mM
creatine phosphate, 1 mg/mL creatine phosphokinase, 0.25 mg/mL each plasma membrane vesicle, pH
7.4, and 50 mM ATP or AMP as the absence of ATP) which were incubated for 10 min at 37◦C for the
evaluation of ABCG2 function as an ATP-dependent urate transporter. The urate transport activity
was calculated as an incorporated clearance defined as the incorporated level of urate [DPM/mg
protein/min]/urate level in the incubation mixture [DPM/µL]. ATP-dependent urate transport was
calculated by subtracting the urate transport activity in the absence of ATP from that in the presence of
ATP. Furthermore, ATP-dependent urate transport activities of each ABCG2 variant were described as
the percent of the activity of ABCG2 WT.
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In addition, because urate uptake assays for the identified ABCG2 variants were conducted using
a Xenopus leavis oocyte expression system, the relevant information is shown in the Supplemental
Data [34].

2.11. Schematic Illustration of ABCG2 Protein

According to the structure of human ABCG2, which was determined by cryo-electron
microscopy [35], 2D topology of ABCG2 protein was constructed, and the obtained-topology data
were plotted and modified using the T(E)Xtopo package [36]. Information of highly conserved peptide
motifs among ABC transporters, such as Walker A, Walker B, and signature C, in ABCG2 protein were
obtained from a previous report [37].

2.12. Statistical Analysis

Clinical data were summarized as absolute and relative frequencies for categorical variables and
as medians with interquartile range (IQR) and data range for continuous variables. Hyperuricemic and
gout sub-cohorts were compared using either Fisher’s exact test for categorical variables or Wilcoxon
sum-rank test for continuous variables. Kruskall-Wallis test (one-way non-parametric ANOVA) and
pairwise Wilcoxon tests with Bonferroni correction (for post-hoc comparisons) were used to compare
ages of gout/hyperuricemia onset among groups with zero, one, and two allelic variants of interest.
Fisher’s exact test was used to compare the family gout history and the presence of alleles of interest.
For individual allelic variants, minor allele frequency (MAF) data were excreted from the public
databases NCBI and ExomAc and compared to cohort MAF in this study using a binomial test.
Statistical language and environment R (version 3.5.0) (R Foundation for Statistical Computing, Vienna,
Austria) was used for clinical data analyses.

Regarding experimental results, all statistical analyses were performed by using EXCEL 2013
(Microsoft Corp., Redmond, WA, USA) with Statcel3 add-in software (OMS publishing Inc., Saitama,
Japan) according to our previous study [38]. The specific statistical tests that were used for individual
experiments are described in the figure legends. Statistical significance was defined in terms of P values
less than 0.05 or 0.01.

3. Results and Discussion

3.1. Subjects

The main demographic and biochemical characteristics of the subjects are summarized in Table 1.
Our cohort (a total of 250 patients recruited from the Czech Republic) consisted of 182 individuals with
primary gout (166 male/16 female) among which 66 patients (36% of the cohort) had a positive family
history of gout. In a sub-cohort of 68 hyperuricemia patients (48 male/20 female), 31 patients (46%
of the sub-cohort) had a positive family history. With respect to medications, 58 patients (23%) did
not take any urate-lowering therapy medication, 175 patients (70%) took allopurinol, and 17 patients
(7%) took febuxostat (the details are summarized in Supplemental Table S1). Considering that ABCG2
is one of the most influential genetic risk factors for gout and hyperuricemia, we next examined
a relationship between non-synonymous mutations in ABCG2 and the risk of such diseases in our
gout/hyperuricemia cohort.

Table 1. Demographic, biochemical, and genetic characteristics of gout and hyperuricemia cohorts.

Characteristic

All Patients
(N = 250)

Gout Patients
(N = 182)

Hyperuricemia Patients
(N = 68) P-Value #

N % N % N %

Gender Male 214
36

85.6
14.4

166
16

91.2
16.8

48
20

70.6
29.4

0.0002Female

Familial occurrence 97 38.8
(40.2 *) 66 36.3

(36.5 *) 31 45.6
(51.7 *) 0.0480
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Table 1. Cont.

Characteristic N Median
(IQR) Range N Median

(IQR) Range N Median
(IQR) Range P-Value †

Age at examination [years] 250 51.5
(25.0) 3–90 182 54.0

(21.0) 11–90 68 36.0
(42.0) 3–78 <0.0001

BMI at examination 209 28.4
(5.8) 16–50 151 28.4

(5.4) 19.5–50 58 28.1
(6.4) 16–41 0.0822

Gout/hyperuricemia onset $

[years]
236 40.0

(28.0) 1.2–84 181 40.0
(24.0) 8–84 55 27.0

(40.5) 1.2–76 0.0070

SUA at examination, with
medication [µmol/L] 201 375.0

(134.0) 163–808 159 372.0
(128.0) 163–808 42 424.0

(140.0) 240–628 0.0515

FEUA at examination, with
medication 194 3.4

(2.0) 0.9–14 158 3.4
(1.9) 0.9–14 36 3.8

(2.1) 1.3–8 0.5862

# Fisher’s exact test for categorical and † Wilcoxon two-sample sum rank test were used to compare the gout
sub-group with the hyperuricemia sub-group; * relative frequencies when missing information about familial
occurrence was excluded; $ onset (gout) and age of ascertainment (hyperuricemia). IQR, interquartile range; SUA,
serum uric acid; FEUA, fractional excretion of uric acid.

3.2. Identification of ABCG2 Variants in a Gout/Hyperuricemia Cohort

To determine non-synonymous allelic variants in ABCG2 relating to the risk of gout or
hyperuricemia, we performed targeted exon sequencing of ABCG2 in our cohort. The results—all
identified variants and their allele frequencies—are summarized in Table 2. We identified 11 exonic
non-synonymous variants including two common variants: p.V12M (rs2231137) and p.Q141K
(rs2231142), which are well-characterized, nine rare variants: p.R147W (rs372192400), p.T153M
(rs753759474), p.F373C (rs752626614), p.T421A (rs199854112), p.T434M (rs769734146), p.S476P (not
annotated), p.S572R (rs200894058), p.D620N (rs34783571), and a three-base deletion p.K360del
(rs750972998). The ABCG2 genotype frequency of our gout/hyperuricemia cohort was compared to
MAF data from the Exome Aggregation Consortium (http://exac.broadinstitute.org/) and 1000 Genomes
(http://www.internationalgenome.org/), which addressed a European-origin population (Table 2). The
frequency of Q141K (a common variant linked to the risk of gout/hyperuricemia [9–11,21]) in our
cohort (0.238)—0.247 in the gout sub-cohort (87 heterozygotes and 16 homozygotes) and 0.213 in the
hyperuricemia sub-cohort (19 heterozygotes and 5 homozygotes)—was significantly higher than that
was reported in the European-origin population (0.094). Several rare variants were present at higher
allele frequencies in our cohort compared with the control population as shown in Table 2. However,
as a limitation in this study, we note that our cohort population was not sufficiently large for a detailed
analysis of the individual effect of each rare variant, owing to very low MAF on the disease risk.
To overcome this limitation, analysis of a larger data set will be needed in the future.

Next, we focused on the combination of the common and rare variants of ABCG2. In total,
115 gout/hyperuricemia patients (46.0% of case) harbored at least one of the identified 11 non-
synonymous variants (Supplemental Table S1). Among the patients, 23 individuals harbored two
non-synonymous variants: 16 patients were homozygous for Q141K while seven patients had Q141K
and one of the other variants. No patients harbored three or more of the non-synonymous variants, and
no participants were found to be homozygous for rare variants. Interestingly, we found an association
between the number of non-synonymous variants in ABCG2 and the age of onset of gout/hyperuricemia
in our cohort (Supplemental Figure S2). The median age of onset among patients with zero, one, or
two variants were 42, 40, and 22 years, respectively (P < 0.0002, Kruskal-Wallis test). Post-hoc analysis
revealed that the group with two variants significantly differs from the other groups, suggesting that
an increased number of non-synonymous alleles might cause an earlier age of onset.

Regarding family history, patients with non-synonymous variants had familial gout in 54 of
111 cases (48.6%), whereas patients who did not have non-synonymous variants had familial gout in
43 of 130 (33%) cases (Figure 1). This association was statistically significant (odds ratio = 1.91, 95% CI:
1.10, 3.34; P = 0.0176, Fisher’s exact test). Considering that a previous study with a small cohort had
found only borderline significance (P = 0.053) for this association [23], our result can be considered
to be a strength of this study. As previously described, these findings suggest the epidemiological

http://exac.broadinstitute.org/
http://www.internationalgenome.org/
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importance of ABCG2 common and rare variants for gout/hyperuricemia risk in the Czech population,
supporting a “Common Disease, Multiple Common and Rare variant” hypothesis for the association
between ABCG2 and gout, which was proposed in our previous study on Japanese gout patients [22].

Table 2. Identified ABCG2 variants and their mutant allele frequency.

ABCG2 Variants
(rs Number)

Gout
(N = 182)

Hyperuricemia
(N = 68)

All Patients
(N = 250)

Normouricemia
(N = 132) Population

MAF P-Value #

N MAF N MAF N MAF 95% CI * N MAF

Common
V12M

(rs2231137) 8 0.0220 1 0.0074 9 0.0180 0.0083, 0.0339 5 0.0189 0.0610 <0.0001

Q141K
(rs2231142) 90 0.2473 29 0.2132 119 0.2380 0.2013, 0.2778 22 0.0833 0.0940 <0.0001

Rare N N N MAF N Population MAF
R147W

(rs372192400) 1 0 1 0.0020 1 0.0001

T153M
(rs753759474) 1 0 1 0.0020 0 0.0001

F373C
(rs752626614) 1 0 1 0.0020 0 0.0000

T421A
(rs199854112) 0 1 1 0.0020 0 0.0001

T434M
(rs769734146) 1 1 2 0.0040 1 0.0000

S476P
(Not annotated) 1 0 1 0.0020 0 No data

S572R
(rs200894058) 1 0 1 0.0020 0 0.0002

D620N
(rs34783571) 2 0 2 0.0040 0 0.0040

K360del
(rs750972998) 1 0 1 0.0020 0 0.0001

For common variants: * A 95% confidence interval (CI) for minor allele frequency (MAF) was estimated; # Binomial
test was used (all patients vs population control). Comparative information on the obtained MAFs for the cases in
this study versus those for the 132 normouricemic subjects in the control group from the Institute of Rheumatology
(Prague, Czech Republic) is shown. For rare variants: due to very small counts of each rare variant, MAF for the
whole sample of 250 patients was given as well as population MAF (if available).

Figure 1. Family history of gout and the numbers of allelic variants in ABCG2. Depending on the
presence or absence of family gout history, proportion of gout patients with or without any of the
11 non-synonymous alleles identified in ABCG2 is summarized. The presence of ABCG2 allelic variants
was associated with the gout family history (odds ratio = 1.91, 95% CI: 1.10, 3.34; P = 0.0176, Fisher’s
exact test).
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Importantly, regarding the identified rare variants of ABCG2, T421A was a novel variant and the
effects of the other variants on the protein function of ABCG2 as a urate transporter have not yet been
characterized. Thus, we conducted a series of functional analyses to assess the rare variants that we
identified (Table 2); the positions of each mutant are described in Figure 2.

Figure 2. Schematic illustration of a putative topological model of human ABCG2 protein. Red box,
rare variants analyzed in the present study; Black box, common variants. Helices in the transmembrane
domain are numbered (1a to 6b) according to a previous study [34]. Asn596 is an N-linked glycosylation
site. Unique motifs common to ABC proteins: Walker A (amino acids 80–86), Walker B (amino acids
205–210), and signature C (amino acids 186–200) in ABCG2 protein are indicated by colors.

3.3. Effect of Each Mutation on the Glycosylation Status of ABCG2 Protein

To investigate the effect of each non-synonymous mutation in the ABCG2 gene on the intracellular
processing and function of ABCG2 protein, we transiently expressed ABCG2 WT and its nine
variants (R147W, T153M, K360del, F373C, T421A, T434M, S476P, S572R, and D620N) in 293A cells.
Each expression vector was prepared using a site-directed mutagenesis technique from an ABCG2
WT/pEGFP-C1 plasmid and confirmed by DNA sequence. To address the former topic, we first
performed immunoblot analyses using the anti-EGFP antibody for the detection of EGFP-tagged
ABCG2. The results revealed that the R147W and S572R variants did not produce a matured
glycoprotein (Figure 3A). Moreover, using N-glycosydase (PNGase F)-treated whole cell lysates, we
compared the levels of ABCG2 protein in the cells among the variants and WT (Figure 3B). Since the
Q141K variant reportedly reduces ABCG2 protein level [39–41], we employed this variant as a control
in this study. The reducing effect of Q141K on the ABCG2 protein level detected in the present study
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(Figure 3) was almost comparable to that in a previous study [41] which, like us, also used a similar
transient expression strategy to validate ABCG2 mutations in vitro. This consistency supports the
reliability of the following results. Semi-quantitative evaluation of immunoblot signals showed that
each variant decreased the levels of ABCG2 protein; the R147W and S572R variants showed significant
effects (<25% of WT), the T153M and F373C variants had profound effects on reducing ABCG2 protein
level (<50% of WT), and the other variants only mildly affected the protein expression of ABCG2.

Figure 3. Effects of each mutation on the maturation status and protein levels of ABCG2 in transiently
transfected 293A cells. (A) Immunoblot detection of ABCG2 wild-type (WT) and its variants in the
whole cell lysate samples that were prepared 48 h after the transfection. Arrowhead, matured ABCG2
as a glycoprotein; α-Tubulin, a loading control. (B) Relative protein levels of ABCG2 WT and its
variants. The signal intensity ratio (ABCG2/α-tubulin) of the immunoreactive bands was determined
and normalized to that in ABCG2 WT-expressing cells. Data are expressed as the mean ± SD. n = 3.

3.4. Effect of Each Mutation on the Intracellular Localization of ABCG2 Protein

We next investigated the effect of each mutation on the intracellular localization of the ABCG2
protein. Confocal microscopic observation demonstrated that ABCG2 WT and most of the variants
localized on the plasma membrane of the cells (Figure 4A). In contrast, the R147W and S572R variants
that hardly experienced protein maturation processing in the cells were not localized on the plasma
membrane. This result was supported by high magnification image observation under a fluorescent
WGA (a plasma membrane probe)-treated condition (Figure 4B). Thus, we concluded that the R147W
and S572R variants have little function as a urate transporter on the plasma membrane and we
performed further analyses for the other seven variants, as described below.



Cells 2019, 8, 363 11 of 18

Figure 4. Effects of each mutation on the cellular localization of ABCG2 protein in transiently transfected
293A cells. (A) Intracellular localization of ABCG2 variants. Q126X (a stop gain variant that is deficient
in the plasma membrane localization [22]) and Q141K are controls. (B) High magnification images of
cells transfected with R147W and S572R variants indicate that these mutations impaired localization
to the plasma membrane of the cells. Framed areas in the panels of top lane were observed under
a higher magnification. Confocal microscopic images were obtained 48 h after the transfection. Nuclei
were stained with TO-PRO-3 iodide (gray). Plasma membrane (PM) was labeled with Alexa Fluor®

594-conjugated wheat germ agglutinin (WGA) (red). Bars indicate 5 µm.

3.5. Effect of Each Mutation on the Urate Transport Activity of ABCG2 Protein

To investigate the seven ABCG2 variants that localized on the plasma membrane, we performed
functional assays using ABCG2-expressing plasma membrane vesicles. Prior to the assay, the expression
of each ABCG2 variant on the plasma membrane vesicles was confirmed by immunoblot analysis
(Figure 5A), which supported the results obtained through confocal microscopy (Figure 4A). Then,
the ABCG2 function was evaluated as an ATP-dependent urate transport into the vesicles (Figure 5B).
The results show that the T434M and S476P variants diminished the function of the ABCG2 protein.
Although the T153M and F373C variants-expressing plasma membrane vesicles exhibited reduced
activity of urate transport as compared with ABCG2 WT (Figure 5B), this difference in the ABCG2
function between WT and these two variants was rescued by the normalization of urate transport
activity by ABCG2 protein expression on plasma membrane vesicles (Supplemental Figure S3). These
results suggest that the T153M and F373C variants do not affect ABCG2 function qualitatively (via
alteration of its intrinsic transporter activity), but rather do so quantitatively (via decreasing its cellular
protein level). The other ABCG2 variants (K360del, T421A, and D620N) had little effect on ABCG2
function. Additionally, supportive results were obtained from the Xenopus oocyte expression system.
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Figure 5. Functional validation of each ABCG2 variant as ATP-dependent urate transporters.
(A) Immunoblot detection of ABCG2 WT and its variants expressed in plasma membrane vesicles
prepared from 293A cells. Na+/K+ ATPase, a loading control. (B) ATP-dependent transport of urate by
ABCG2 WT and its variants. The data are shown as % of WT; data are expressed as the mean ± SD.
n = 3. Statistical analyses for significant differences were performed using Bartlett’s test, followed by
a Dunnett’s test (*, P < 0.05; **, P < 0.01 vs WT).

3.6. Integration of the Obtained Data

Finally, we integrated the results of functional analyses (Figures 3–5) and classified the nine
ABCG2 variants according to their effects on the intracellular processing and protein function of ABCG2
(Supplemental Figure S4). As summarized in Table 3, five of the eight rare variants of ABCG2 found in
our gout/hyperuricemia cohort were less functional or null. Although the available information was
limited, the allele frequencies of such less functional or null variants in the cohort tended to be higher
than those in the European-origin population (Table 2). To this point, there was little inconsistency
between the results of functional analyses and genetic analyses. However, a more comprehensive
understanding requires further studies with a larger data set.

Table 3. Summary of the effects of each mutation on ABCG2 protein and its function.

rs Number Nucleotide Change AA Change PM
Localization

Protein
Level on PM

Urate
Transport

Effect on the Cellular
ABCG2 Function

rs372192400 439C>T R147W − N.D. N.D. Null
rs753759474 458C>T T153M + + + Decrease to about a quarter
rs750972998 1079_1081delAGA K360del + ++ ++ N.S.
rs752626614 1118T>G F373C + + ++ Decrease to about half
rs199854112 1261A>G T421A + ++ ++ N.S.
rs769734146 1301C>T T434M + ++ − Almost null

Not annotated 1426T>C S476P + ++ − Almost null
rs200894058 1714A>C S572R − N.D. N.D. Null
rs34783571 1858G>A D620N + ++ ++ N.S.

The effects in each column are relatively indicated by: ++, comparable to WT; +, positive in localization or less
than ++; −, negative (disruption). AA, amino acid; PM, plasma membrane; N.D., not determined; N.S. not
significantly different.
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Regarding three rare variants—K360del, T421A, and D620N—that were functionally comparable
to WT, their allele frequencies in our cohort were not significantly different from those in the
European-origin population (Table 2). Thus, at least in their individual cases, these rare variants might
have smaller effects on gout/hyperuricemia risk compared with the other identified rare variants.
To further elucidate whether the presence of such functional rare variants could affect disease risk,
future studies will be required to assess enlarged cohorts in terms of haplotype. With respect to
biochemistry, our results indicated that K360, T421, and D620 are not essential for the function of
the ABCG2 protein. With respect to D620N, a previous study, using an insect cell expression system,
reported that this amino acid substitution had little effect on the ABCG2-mediated transport of
porphyrin, which is an endogenous substrate of ABCG2 [37]; a similar result was obtained in this
study, supporting the adequacy of functional validation we carried out. Considering that these three
amino acid positions (K360, T421, and D620) are not predicted to be located in the transmembrane
domains of ABCG2 (Figure 2), these positions could have a flexibility in the kind of amino acids and
little effect on the appropriate structures of the ABCG2 transporter during its molecular function on
the plasma membrane.

Additionally, our findings provide insights into the amino acid positions that are important for
ABCG2 function. Interestingly, in null or approximately null variants of ABCG2, the original amino
acids (R147, T434, S476, and S572) are conserved with several major mammalian species (Figure 6).
Among them, R147 is close to Q141, while the others are in transmembrane domains (Figure 2). Given
that the Q141K and R147W variants decreased the protein levels of ABCG2 (Figure 3), peptides around
these two amino acids might be important for the stabilization of ABCG2 protein. Since the S572R
variant likewise diminished ABCG2 protein levels (Figure 3), the S572 residue, which is located in the
boundary region between helices 5b and 5c (Figure 2), may be important. Interestingly, a previous
study reported that an artificial mutation I573A (a neighbor position of S572) disrupted maturation and
reduced plasma membrane localization of ABCG2 protein [42], which could support the biochemical
importance of the boundary region in the intracellular stability of the ABCG2 protein. Regarding
T434 and S476, there is a possibility that these amino acids might be involved in the formation of
a penetrating pathway for ABCG2 substrates or may be critical for the dynamics of the function of the
ABCG2 transporter.

Before closing, we would like to discuss the necessity for the analyses of rare ABCG2 variants.
Based on the recent findings of GWASs of clinically defined gout [16,43], common variants of ABCG2
are extremely important in gout pathogenesis. However, because the ABCG2 gene is reportedly to be
highly-polymorphic with population specificity [44], there will be population-specific rare variants of
ABCG2 that could be a genetic risk factor of gout. Indeed, such rare variants that were found in the
present study with the Czech Republic population were distinct from those found in our previous study
with a Japanese population [22]. Considering the theoretical limitations in GWAS analyses, which
focus on only single nucleotide polymorphisms (SNPs), the clinical and experimental approaches that
we employed in this study could be a reasonable way to identify pathophysiologically important rare
variants. Given that many SNPs in ABCG2 have been studied [20], identification and validation of
population-specific rare variants will be important for achieving more effective and accurate prediction
of ABCG2-related gout/hyperuricemia risk.
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Figure 6. ABCG2 amino acids evolutionary conserved among seven mammalian species. The positions
of non-synonymous substitutions conserved among seven species examined in the present study are
grey labelled. Regarding Abcg2 protein in each species, NCBI Reference Sequence ID and amino
acid sequence identity (vs human ABCG2, NM_004827.3) are summarized as below: Pan troglodytes
(Chimpanzee, GABE01009237.1), 99%; Macaca mulatta (Rhesus macaque, NM_001032919.1, 96%; Sus
scrofa (Pig, NM_214010.1), 84%; Bos taurus (Bovine, NM_001037478.3), 84%; Rattus novergicus (Rat,
NM_181381.2), 81%; Mus musculus (Mouse, NM_011920.3), 81%. Multiple sequence alignments and
homology calculations were carried out using the GENETYX software (GENETYX Co., Tokyo, Japan)
with the ClustalW2.1 Windows program according to our previous study [27].

4. Conclusions

In the present study, we explored the exonic non-synonymous variants of ABCG2 using a cohort
of 250 individuals (68 primary hyperuricemia patients and 182 primary gout patients) recruited from
a European descent population in the Czech Republic. Patients with non-synonymous variants showed
an earlier on set of gout (Supplemental Figure S2), which is consistent with the results of previous
studies [21,23]. The enlarged cohort enabled us to reveal that the numbers of non-synonymous variants
of ABCG2 could affect the frequency of familial gout (Figure 1), which was inconclusive in our previous
study because of the small sample size [23]. Moreover, as summarized in Table 3, we successfully
characterized the nine rare variants of ABCG2 (Figures 3–5). Additionally, given that ABCG2 is
recognized to be an important determinant of the pharmacokinetic characteristics of its substrate
drugs [45,46], this information will be significant for the field of pharmacogenomics.

In summary, our findings will deepen our understanding of ABCG2-related gout/hyperuricemia
risk as well as the biochemical characteristics of the ABCG2 protein. To achieve a more accurate
evaluation of an individual’s risk for gout, addressing rare ABCG2 variants is of importance.
Furthermore, for effective genotyping in clinical situations, uncovering the population-specificities of
such rare variants will be important.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/4/363/s1,
Supplemental Figure S1: Urate accumulation in Xenopus oocytes expressing URAT1 WT and ABCG2 variants after
a 30 min incubation in ND-96 solution containing 600 µM radiolabeled uric acid. Supplemental Figure S2: Onset of
gout/age of ascertainment of hyperuricemia and the numbers of allelic variants in ABCG2, Supplemental Figure S3:
Urate transport activities relative to ABCG2 protein levels, Supplemental Figure S4: Schematic illustration of
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the effects of each rare mutation we studied on the intracellular processing and function of ABCG2 protein,
Supplemental Table S1: Medication and number of allelic variants in the gout and hyperuricemia cohorts.
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