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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.
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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

http://www.mdpi.com/2073-4409/8/4/363/s1
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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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1. Supplemental Methods 

1.1. Sub-cloning and in vitro Transcription 

Using the GeneArt™ Site-Directed Mutagenesis System and AccuPrime™ Pfx DNA Polymerase 
(Invitrogen, Carlsbad, CA, USA), vectors for in vitro transcription of different ABCG2 variants were 
generated from the full-length ABCG2 wild-type (WT) open reading frame (ORF) inserted in the 
pCMV6-AC vector (ORIGENE, Rockville, MD, USA). Appropriate cRNAs were prepared using an 
Invitrogen™ Ambion™ mMESSAGE mMACHINE™ T7 Transcription Kit (Invitrogen) and stored at 
−80 °C until used. In a similar manner, the cRNA of URAT1 (NM_144585.3) was obtained from the 
full-length URAT1 WT ORF inserted in the pcDNA 3 vector (Thermo Fisher, Vilnius, Lithuana). 
Before in vitro transcription, template plasmids were linearized using Not I. 

1.2. Preparation of URAT1 and ABCG2 Expressing Oocytes 

Female Xenopus laevis was anesthetized in a 0.1% ethyl 3-aminobenzoate methanesulfonate 
solution (Sigma-Aldrich, Steinheim, Germany) and then transferred on ice. After surgical incision, 
part of the ovary was cut from the abdominal cavity. To obtain defolliculated oocytes, extracted 
oocytes were treated with 2 mg/mL Collagenase A (Sigma-Aldrich) in a Ca2+-free OR2 solution (82.5 
mM, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and pH 7.4) for 90 min at 18 °C with 
gentle shaking, and then washed in fresh OR2 solution. Under stereomicroscpic observation, only 
oocytes with a diameter > 1 mm (at stages V–VI) were transferred to ND-96 solution (96 mM NaCl, 
2mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and pH 7.5) for subsequent microinjection. 
Using a pneumatic microinjector (Narishige, Tokyo, Japan), 50 ng of cRNA was injected into each 
oocyte and the oocytes were subjected to further incubation at 18 °C. 
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1.3. Urate Transport Assay in Xenopus Oocytes 

Urate transport assay in Xenopus leavis oocytes was carried out according to the methods 
describe in a previous study [S1]. In brief, two days after cRNA injection, intact oocytes were 
transferred into an ND-96 solution (a standard incubation buffer for oocyte uptake assay) containing 
600 μM radiolabeled uric acid ([8-14C]-uric acid; American Radiolabeled Chemicals, St. Louis, MO, 
USA). After incubation for 30 min at 18 °C, oocytes were washed in cold ND-96 solution three times, 
and then lysed using 1N NaOH and neutralized using 2N HCl in scintillation tubes. In an Ultima 
GoldTM scintillation cocktail (SigmaAldrich), radioactivities of oocytes that had incorporated 
radiorabeled urate were measured using a Hewlett Packard Liquid Scintillator (TRI-CARB 2900TR, 
PerkinElmer, Downers Grove, IL, USA). Uptake of uric acid was analyzed for 30 oocytes in total for 
each allelic variant. 

1.4. Statistical Analysis 

Data from the oocyte uptake assay were analyzed by one-way analysis of variance (ANOVA) 
and differences between groups (ABCG2 WT vs each allelic variant) were examined through a two-
sample t-test. Statistical significance was defined in terms of P values less than 0.05 or 0.01. 

2. Supplemental Results 

2.1. Urate Uptake in Xenopus Oocytes Expressing URAT1 and ABCG2 

In this assay, each ABCG2 variant was co-expressed with URAT1 WT that was used for the 
enhancement of urate uptake into oocytes. To estimate the urate efflux ability of each ABCG2 variant, 
the net accumulation of radiolabeled urate into the URAT1 WT/ABCG2 double-expressing oocytes 
was examined for 30 min in ND-96 solotion. As expected, among the tested groups, only URAT1 WT-
expressing oocytes had the maximum capacity for urate accumulation and URAT1 WT/ABCG2 WT-
expressing oocytes showed the lowest capacity for urate accumulation (Supplemental Figure S1). 
The results suggest that oocytes expressing seven ABCG2 variants (T434M, S474P, T153M, F373C, 
Q141K, R147W, and S572R) could have lower capacity for urate efflux compared with oocytes 
expressing ABCG2 WT. 

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. In the 
oocytes expressing seven variants, higher urate accumulation was detected compared with ABCG2 
WT. *, P < 0.05; **, P < 0.01. 

Supplemental Table S1 
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Supplemental Table S1. Medication and number of allelic variants in the gout and hyperuricemia 
cohorts. 

Characteristic 
All patients 

(N = 250) 
Gout 

(N = 182) 
Hyperuricemia (N = 68) P-value# 

N % N % N %  
Medication        

 Nothing 58 23.2 28 15.4 30 44.1 
0.0000  Allopurinol 175 70.0 137 75.3 38 55.9 

 Febuxostat 17 6.8 17 9.3 0 0.0 
Number of Q141K        

 0 147 58.8 103 56.6 44 64.7 
0.3682  1 87 34.8 68 37.4 19 27.9 

 2 16 6.4 11 6.0 5 7.4 
Number of V12M        

 0 241 96.4 174 95.6 67 98.5 0.4511 
 1 9 3.6 8 4.4 1 1.5 

At least one variant        
 0 135 54.0 92 50.5 43 63.2 0.0873  1 or 2 115 46.0 90 49.5 25 36.8 

Number of variants        
 0 135 54.0 92 50.5 43 63.2 

0.1121  1 92 36.8 74 40.7 18 26.5 
 2 23 9.2 16 8.8 7 10.3 

# Fisher’s exact test was used to compare the gout cohort with the hyperuricemic cohort in terms of 
the use of medication, Q141K and V12M genotype distribution, and the number/presence of 11 
studied allelic variants. There was no patient with three or more non-synonymous variants in ABCG2. 

Supplemental Figure S2 

 

Supplemental Figure S2. Onset of gout/ age of ascertainment of hyperuricemia and the numbers of 
allelic variants in ABCG2. According to the number of the 11 non-synonymous alleles identified in 
ABCG2, information on onset age was summarized as a box-and-whiskers plot. Based on the Kruskal-
Wallis test, there were significant differences among groups (P < 0.0002); post-hoc comparisons 
(pairwise Wilcoxon tests with Bonferroni correction) showed significant differences between the two-
allele group and both none- and one-allele groups. ***, P < 0.001; ****, P < 0.0001; ns, not significantly 
different between groups. 
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Supplemental Figure S3 

 

Supplemental Figure S3. Urate transport activities relative to ABCG2 protein levels. ABCG2 protein 
levels were determined semi-quantitatively by immunoblotting. For this purpose, the signal intensity 
ratio (ABCG2/ Na+/K+ ATPase) of the immunoreactive bands shown in Figure 5A was determined and 
normalized to that in ABCG2 WT-expressing cells. 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). N.D., not determined. 

Supplemental Figure S4 

 

Supplemental Figure S4. Schematic illustration of the effects of each rare mutation we studied on the 
intracellular processing and function of ABCG2 protein. 
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Abstract: The ABCG2 gene is a well-established hyperuricemia/gout risk locus encoding a urate
transporter that plays a crucial role in renal and intestinal urate excretion. Hitherto, p.Q141K—a
common variant of ABCG2 exhibiting approximately one half the cellular function compared to the
wild-type—has been reportedly associated with early-onset gout in some populations. However,
compared with adult-onset gout, little clinical information is available regarding the association of
other uricemia-associated genetic variations with early-onset gout; the latent involvement of ABCG2
in the development of this disease requires further evidence. We describe a representative case of
familial pediatric-onset hyperuricemia and early-onset gout associated with a dysfunctional ABCG2,
i.e., a clinical history of three generations of one Czech family with biochemical and molecular genetic
findings. Hyperuricemia was defined as serum uric acid (SUA) concentrations 420 µmol/L for men
or 360 µmol/L for women and children under 15 years on two measurements, performed at least
four weeks apart. The proband was a 12-year-old girl of Roma ethnicity, whose SUA concentrations
were 397–405 µmol/L. Sequencing analyses focusing on the coding region of ABCG2 identified
two rare mutations—c.393G>T (p.M131I) and c.706C>T (p.R236X). Segregation analysis revealed
a plausible link between these mutations and hyperuricemia and the gout phenotype in family
relatives. Functional studies revealed that p.M131I and p.R236X were functionally deficient and
null, respectively. Our findings illustrate why genetic factors affecting ABCG2 function should be
routinely considered in clinical practice as part of a hyperuricemia/gout diagnosis, especially in
pediatric-onset patients with a strong family history.

Keywords: ABCG2 genotype; clinico-genetic analysis; ethnic specificity; genetic variations; precision
medicine; rare variant; Roma; serum uric acid; SUA-lowering therapy; urate transporter

1. Introduction

Serum urate concentration is a complex phenotype influenced by both genetic and
environmental factors, as well as interactions between them. Hyperuricemia results from
an imbalance between endogenous production and excretion of urate. This disorder is a
central feature in the pathogenesis of gout [1], which progresses through several degrees,
i.e., asymptomatic hyperuricemia, acute gouty arthritis, intercritical gout, and chronic
tophaceous gout. While not all individuals with hyperuricemia develop symptomatic gout,
the risk of gout increases in proportion to the elevation of urate in circulation. In addition
to hyperuricemia, the risk is also associated with gender, weight, age, environmental,
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and genetic factors [2,3], and interactions between them all. Recent data suggest that the
number of gout patients under the age of 40 years (early-onset) is increasing [4]. These
early-onset patients may have different clinical signs and co-morbidities from those who
present with gout at a later age [5,6]. Given the development of earlier metabolic disorders
in the early-onset gout patients compared with common gout patients [5], together with
the need for continuous management of health from their younger age, understanding the
risks of early-onset gout is clinically important.

More and more evidence suggests that the net amount of excreted uric acid is mainly
regulated by physiologically important urate transporters, such as urate transporter 1
(URAT1, known as SLC22A12, a renal urate re-absorber) [7], glucose transporter member 9
(GLUT9, also known as SLC2A9) [8,9], and ATP-binding cassette transporter G2 (ABCG2,
a high capacity urate exporter expressed in the kidneys and intestines) [10–13]. Dysfunc-
tion of URAT1 and GLUT9 reportedly cause inherited hypouricemia type 1 and type 2,
respectively, while dysfunction of ABCG2 is a risk factor for hyperuricemia and gout [1,14].
Additionally, the ABCG2 population-attributable percent risk for hyperuricemia has been
reported to be 29.2%, which is much higher than for those with more typical environ-
mental risks such as BMI ≥ 25.0 (18.7%), heavy drinking (15.4%), and age ≥ 60 years old
(5.74%) [15]. Hence, dysfunctional variants of ABCG2 may affect clinical outcomes by
influencing the accumulation of uric acid in the body.

The ABCG2 protein, which is an N-linked glycoprotein composed of 655-amino acid,
is a homodimer membrane transporter found in a variety of tissues [16–18]. ABCG2 is
expressed on the brush border membranes of renal and intestinal epithelial cells, where
ABCG2 is involved in the ATP-dependent excretion of numerous substrates from the
cytosol into the extracellular space. ABCG2 was historically first described as a drug
transporter linked to breast cancer resistance [19–21], which led to many studies that
focused on its critical role in drug pharmacokinetics. To date, not only xenobiotics but also
endogenous substances, including uremic toxin [22] and urate [11,12], have been identified
as ABCG2 substrates.

In the context of hyperuricemia/gout, there are about 50 allelic variants, including
a number of rare variants with minor allele frequencies (MAF) < 0.01%, which have
been found in the ABCG2 gene. Wide ethnic differences have been found relative to the
frequencies of these alleles. There are two well-studied, common ABCG2 allelic variants—
p.V12M (c.34G>A, rs2231137) and p.Q141K (c.421C>A, rs2231142) that have highly variable
frequencies depending on ethnicity. Both are commonly found in Asians (in a relatively
large number of ethnic groups) but are rarely found in Europeans [23]. A minor allele
of p.V12M appears to be protective regarding susceptibility to gout [24]; however, this
apparent effect is due to linkage disequilibrium between p.V12M and other dysfunctional
ABCG2 variants [25]. In other words, the V12M mutation has little impact on the function
of ABCG2. On the other hand, the p.Q141K variant decreases ABCG2 levels, which
reduces the cellular function of ABCG2, as a urate exporter, by 50% [12]. In addition to
p.Q141K, p.Q126X (c.376C>T, rs72552713), which is common in the Japanese population
(MAF, 2.8%) [26] but rare in other populations, has been identified as hyperuricemia- and
gout-risk allele [12]. Given that p.Q141K and p.Q126X variants are both associated with a
significantly increased risk of gout, the effects of dysfunctional variants of ABCG2, relative
to gout susceptibility, are genetically strong [27].

In a recent study focusing on 10 single nucleotide polymorphisms in 10 genes (ABCG2,
GLUT9/SLC2A9, SLC17A1, SLC16A9, GCKR, SLC22A11, INHBC, RREB1, PDZK1, and
NRXN2) that are strongly associated with serum uric acid (SUA) concentrations, only
ABCG2 p.Q141K was associated with early-onset gout (< 40 years of age) in European
and Polynesian subjects [28]. Additionally, in a previous study, we found that the MAF of
p.Q141K in a cohort of hyperuricemia and gout with pediatric-onset was 38.7%, which was
significantly higher than adult-onset (21.2%) as well as normouricemic controls (8.5%) [29].
This information suggests that ABCG2 dysfunction could be strongly associated with
pediatric-onset hyperuricemia and early-onset gout; however, compared with adult-onset
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gout, little clinical information is available, except for the ABCG2 p.Q141K, regarding early-
onset gout linked to other SUA-associated mutations. Furthermore, the latent involvement
of ABCG2 in the development of this disease requires further evidence.

In this study, we investigated the genetic cause of pediatric-onset hyperuricemia and
early-onset gout over three generations of a single family. Based on a positive family
history of hyperuricemia or gout, we identified two rare mutations, c.393G>T (p.M131I)
and c.706C>T (p.R236X), in the ABCG2 gene. A series of biochemical assays revealed that
ABCG2 p.M131I and p.R236X were functionally deficient and null, respectively. Our results
also contributed to a more in-depth understanding of the effects of rare ABCG2 variants,
which is a highly polymorphic gene, on its function as a physiologically important trans-
porter.

2. Results
2.1. Subjects

The clinical and biochemical data from this study are summarized in Table 1. Re-
peated biochemical analysis of the proband (a 12-year-old girl with chronic asymptomatic
hyperuricemia) showed elevated serum urate (397–405 µmol/L; 6.67–6.81 mg/dL) with
a decreased fractional excretion of uric acid (FE-UA) (2.2–3.5%). No clinical or labo-
ratory symptoms of renal disease were present in the patient. The girl’s mother (38-
years-old) had previously presented with asymptomatic hyperuricemia (420–439 µmol/L;
7.06–7.38 mg/dL of serum urate); both the maternal grandfather (66-years-old) and the
maternal uncle (40-years-old) had presented with hyperuricemia (500–537 µmol/L; 8.41–
9.03 mg/dL) and early-onset gout, with the first gout attack occurring in the uncle when
he was 35-years-old. The girl’s father (38-years-old) presented with asymptomatic hy-
peruricemia (487 µmol/L; 8.19 mg/dL of serum urate), which seemed to be associated
with metabolic syndrome (i.e., hypertriglyceridemia, hypertension, and central obesity).
Metabolic investigation for purine metabolism (i.e., hypoxanthine and xanthine levels in
the urine) found normal urinary excretion, suggesting that hyperuricemia in our patients
and family relatives was not caused by an excess production of uric acid. Thus, we focused
on the physiologically important urate transporters, especially ABCG2, which regulate
urate handling in the body as described below.

Table 1. Clinical and biochemical data of a family with early-onset hyperuricemia and gout.

Proband Mother Maternal uncle Maternal
grandfather Father

Age of onset
(HA/gout) 12 years (HA) 35 years (HA) 35 years (gout) 43 years (gout) 30–35 (HA)

Main symptoms Asymptomatic Asymptomatic Gout Gout Asymptomatic

Other symptoms or
diseases

Astigmatism;
Bilateral cataracts;

Myopia;
Bronchial asthma;

Obesity

Thyropathy;
Vertebrogenic

Algic syndrome

T2D;
Hypertension;

Obesity;
Thyropathy

T2D;
Hypertension

Bronchial asthma;
Hypertriglyceridemia;

Hypertension;
Central obesity

SUA before
treatment [µmol/L

(mg/dL)]

397–405
(6.67–6.81)

420–439
(7.06–7.38)

>500
(>8.41)

537
(9.03)

487
(8.19)

UUA
[mmol/mol
creatinine]

3.34 1.47 2.10 n.d. 2.45

FE-UA [%] 2.2 4.6 2.9 n.d. 3.9

Therapy No No Allopurinol
(100 mg per day)

Colchicine;
Allopurinol

(300 mg per day)
No

SUA during
treatment [µmol/L

(mg/dL)]
n.d. n.d.

446
(7.50)

(non-compliance)

422
(7.09)

(non-compliance)
n.d.

HA, hyperuricemia; SUA, serum uric acid; UUA, urine uric acid; FE-UA, fractional excretion of uric acid; T2D, type 2 diabetes mellitus;
n.d., not determined. Reference ranges are as follows. SUA: 120–360 µmol/L (2.02–6.05 mg/dL) (< 15 years and female), 120–420 µmol/L
(2.02–7.06 mg/dL) (male); UUA: 0.1–1.0 mmol/mol creatinine (< 15 years), 0.1–0.8 mmol/mol creatinine (≥15 years); FE-UA: 5–20%
(<13 years), 5–12% (male), 5–15% (female).



Int. J. Mol. Sci. 2021, 22, 1935 4 of 14

2.2. Genetic Analysis

Targeted exon sequencing analyses of ABCG2 revealed that the proband had two rare
heterozygous non-synonymous mutations, i.e., (1) c.393G>T (p.M131I, rs759726272) and
(2) c.706C>T (p.R236X, rs140207606). No other exonic mutations were found, including
previously characterized common genetic risk factors for hyperuricemia/gout, such as
ABCG2 c.376C>T (p.Q126X) and c.421C>A (p.Q141K). Moreover, a segregation analysis of
the family confirmed the two mutations as probably being disease-associated mutations.
Heterozygous c. 393G>T and c.706C>T were identified through the maternal line in the
mother, uncle, and grandfather of the proband. The pedigree is shown in Figure 1 along
with representative electropherograms of partial ABCG2 sequences showing a heterozy-
gous missense mutation (c.393G>T) in exon 5 and a nonsense mutation (c.706C>T) in
exon 7. Moreover, sequencing analyses, including analyses of previously known SUA-
associating loci, found no disease-associated non-synonymous mutations in GLUT9 and
URAT1. Although two mutations, c.73G>A (p.G25R, rs2276961) and c.844G>A (p.V282I,
rs16890979), were found in GLUT9; however, previous studies have shown that they would
not cause hyperuricemia/gout [30,31].
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Figure 1. Identification of novel disease-associated mutations c.393G>T (p.M131I) and c.706C>T
(p.R236X) in ABCG2. Left, the pedigree of a Czech family with early-onset hyperuricemia and gout;
Right, representative electropherograms of partial sequences of ABCG2 showing the heterozygous
point mutations (red) discovered in our present study. I–III, generation of the family; P, proband;
y, years old.

Further sequencing analyses revealed that neither of these ABCG2 mutations was
detected in a previously enrolled cohort of 360 patients with hyperuricemia/gout and
a cohort of 132 normouricemia control subjects of European descendent [32]. However,
in another control group of 60 subjects of Roma ethnicity [33], although serum urate
and FE-UA values were not available, we found one copy of c.393G>T (p.M131I), but
without c.706C>T (p.R236X), in a male hemodialysis patient with severe chronic kidney
disease. This finding suggested that c.393G>T (p.M131I) and c.706C>T (p.R236X) can occur
independently, which led us to examine the effect of each non-synonymous mutation on
the ABCG2 protein.

Additionally, the independent genetic origin of these two ABCG2 mutations was
also strongly supported by supplementary analyses of MAF data that is openly available
from the Exome Aggregation Consortium (http://exac.broadinstitute.org/ (accessed on
30 November 2020)). With regard to c.393G>T (p.M131I), only six heterozygotes of the
minor allele (393T) were found in a cohort of 64,397 European subjects (MAF, 0.0047%);
with even fewer carriers in other populations (total worldwide MAF frequency = 0.0021%).
With regard to c.706C>T (p.R236X), 48 heterozygotes of the minor allele (706T) were found
in a cohort of 645,050 European subjects (MAF = 0.0372%, which is almost 8 times greater

http://exac.broadinstitute.org/
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than the MAF of c.393G>T); in other populations, frequencies ranging from 0.0000% in
European Finnish to 0.1254% (the highest) in Ashkenazi Jewish were found.

2.3. Functional Analysis

To investigate the effect of the two identified non-synonymous mutations (p.M131I
and p.R236X) on the intracellular processing and function of the ABCG2 protein, we con-
ducted several biochemical analyses using transiently ABCG2-expressing mammalian cells
(Figure 2). First, immunoblotting for N-glycosidase (PNGase F)-treated whole cell lysates
(Figure 2A) demonstrated that p.M131I had a minimal effect on protein levels and N-linked
glycosylation status, while the p.R236X variant was detected as truncated forms of the
protein with weaker band intensities compared to ABCG2 wild-type (WT), as would be
expected based on its amino acid sequence. Confocal microscopy (Figure 2B) showed that,
like ABCG2 WT, the p.M131I variant was mainly located on the plasma membrane, while the
p.R236X variant exhibited little plasma membrane localization. Expression of the p.M131I
variant as a glycoprotein on plasma membrane-derived vesicles was confirmed using im-
munoblotting (Figure 2C). Next, using a vesicle transport assay [34] with an optimized
experimental procedure for determining the initial rate of urate transport by ABCG2 based
on our previous studies [12,35], ABCG2 function was evaluated as having ATP-dependent
urate transport activity into plasma membrane vesicles (Figure 2D). The functional assay
revealed that contrary to the WT, p.M131 had limited ATP-dependent urate transport ac-
tivity, with the ABCG2-mediated urate transport activity of this variant calculated to be
14 ± 2% of the WT controls. The p.R236X variant was functionally null (Figure 2D), which
was consistent with the results of our biochemical analyses (Figure 2A–C).
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3. Discussion

In this study, we found and analyzed a representative case of pediatric-onset hyper-
uricemia and early-onset gout in a Czech family associated with two newly identified, one
functionally deficient and the other a null mutation, in ABCG2. A positive family history of
hyperuricemia/gout in the context of ABCG2 dysfunction was observed in the maternal
line (the mother, maternal uncle, and maternal grandfather) of the proband (a young girl, of
Roma ethnicity, with chronic asymptomatic hyperuricemia); her father exhibited elevated
serum urate that seemed to be associated with metabolic syndrome. Although a decrease
in net renal urate excretion was observed in all cases of hyperuricemia in this family, which
was characterized by FE-UA < 5%, our findings suggest that the hyperuricemia was linked
to heterogeneity. Moreover, the familial hyperuricemia/gout observed in this study was
not associated with a common variant, such as p.Q141K, but with a rare ABCG2 variant;
this supports the recently proposed genetic concept, i.e., the “Common Disease, Multiple
Common and Rare Variant” model [25,36], for the association between hyperuricemia/gout
and the ABCG2 gene.

Our findings of ABCG2 variants will provide deeper insights into amino acid positions
that are critical for normal ABCG2 function. Based on cryo-electron microscopy (cryo-EM)
of ABCG2 [37], both the M131 and R236 residues are in the cytoplasmic region of the
N-terminus of the ABCG2 protein. Regarding p.M131I, the original amino acid (M131)
sequence is conserved in several major mammalian species (Figure 3). Unlike the p.Q141K
variant, which affects intracellular processing of the ABCG2 protein [38], the p.M131I
variant disrupts ABCG2’s function as a urate transporter, with little effect on the ABCG2
protein or its cellular localization. A plausible explanation for the molecular mechanism
of the p.M131I effect is that this amino acid substitution could affect ABCG2 substrate
specificity and/or affect its ATPase activity, including the binding affinity of ATP, which is
the driving force for ABC transporters. The latter possibility is supported by a structural
feature that the M131 residue is located near the conserved glutamine (Q126) within a
Q-loop in the nucleotide-binding domain of ABCG2, a key element for the catalytic cycle of
ATP binding and hydrolysis [37,39]. Further studies are needed to address this biochemical
issue, which may deepen the mechanistic insight of ABCG2 protein. With regard to
p.R236X, the acquired stop codon results in the production of a shortened ABCG2 variant
(only about one-third the amino acid length of the native ABCG2 protein) that lacks all the
transmembrane domains essential for normal protein function as a membrane transporter.
This is consistent with our results demonstrating that the p.R236X variant is functionally
null. Thus, the c.[393G>T; c.706C>T] (p.[M131I; R236X]) variant does not function as a
urate transporter.
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Figure 3. ABCG2 M131 is shown to be evolutionary conserved among seven mammalian species.
Regarding the Abcg2 protein in each species, the NCBI Reference Sequence IDs are summarized as Pan
troglodytes (Chimpanzee), GABE01009237.1; Macaca mulatta (Rhesus macaque), NM_001032919.1; Sus
scrofa (Pig), NM_214010.1; Bos taurus (Bovine), NM_001037478.3; Rattus norvegicus (Rat), NM_181381.2;
Mus musculus (Mouse), NM_011920.3. Multiple sequence alignments and homology calculations
were carried out using GENETYX software (GENETYX, Tokyo, Japan) and the ClustalW2.1 Windows
program, per the protocol used in our previous study [40].
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To discuss the expected independence in the genetic origin of two ABCG2 mutations
identified in this study, we will focus on the genetic specificity of each population. The
Czech family studied in this study is of Roma ethnicity. The Roma composes a transnational
ethnic population of 8–10 million, with the original homeland being India; currently, they
are the largest and the most widespread ethnic minority in Europe. The founder effect and
subsequent genetic isolation of the Roma have led to a population specificity regarding
the genetic background of specific human diseases. In other words, mutations associated
with rare diseases found in the Roma population tend to be at extremely low frequencies in
other European populations, and vice versa. Indeed, several genetic variants causing rare
diseases are unique to the Roma, and many of these mutations have only recently been
discovered, e.g., Charcot Marie Tooth disease type 4D and 4G (OMIM 601455 and 605285),
Congenital cataract facial dysmorphism neuropathy (OMIM 604166), Gitelman syndrome
(OMIM 263800), and Galactokinase deficiency (OMIM 230200) [41,42]. In light of the genetic
specificity found in the Roma, we investigated the frequency of two identified ABCG2
mutants (c.393G>T and c.706C>T) in our control cohort of 60 subjects of Roma origin (see
Section 2.2 in Results). MAFs of c.393G>T in the Roma cohort and European population
were 0.833% (1 allele/120 subjects) and 0.002% (6 alleles/64,397 subjects), respectively.
Although the sample size of our control cohort was very modest, it could be large enough
to imply that the origin of c.393G>T might be the Roma population. On the other hand, the
prevalence of c.706C>T was higher in Europeans than in the Roma, suggesting that these
two ABCG2 mutations could have different genetic origins.

For clinical practice, our findings suggest a need for further discussion about the
potential benefits of urate-lowering therapy after a diagnosis of hyperuricemia in pediatric-
onset patients with ABCG2 dysfunction. Interestingly, harboring p.Q141K is reportedly
associated with inadequate response to allopurinol (characterized by a smaller reduction
in serum urate concentrations compared with WT) [29,43–45]; allopurinol, which inhibits
uric acid production, is a well-known and widely used drug for lowering SUA. Although
the mechanisms of action for the inadequate response are still unclear, other SUA-lowering
drugs may be somewhat better in terms of efficacy for patients with a dysfunctional ABCG2
allele, which puts them at higher risk of developing hyperuricemia/gout. On the other
hand, among the clinically-used inhibitors for the production of uric acid (i.e., allopurinol,
febuxostat, and topiroxostat), only febuxostat, to the best of our knowledge, strongly and
clinically inhibits ABCG2 function as a urate transporter [35]. This is also supported by a
recent clinical study that showed orally-administered febuxostat inhibits intestinal ABCG2
in humans [46]. In this context, the efficacy of febuxostat as an SUA-lowering drug can be
partially blocked by ABCG2 inhibition, except in cases of completely null ABCG2 function.
Considering this complexity, as well as risks of adverse effects [47], the best SUA-lowering
drugs, including uricosuric agents and uric acid production inhibitors, should be carefully
determined for each patient.

Additionally, we can emphasize the clinical importance of the documentation regard-
ing the family we addressed in this study, given the infrequency of detailed studies on SUA
levels in children. Indeed, pediatric-onset of hyperuricemia is relatively rare in clinical
practice; it is often associated with rare conditions (e.g., purine metabolic disorders; kidney
disorders including uromodulin-associated disorders; metabolic genetic disorders includ-
ing glycogen storage disease, hereditary fructose intolerance, and mitochondrial disorders).
As we showed previously [48], the levels of SUA and FE-UA are quite dynamic in the first
year of life. In brief, the SUA levels are low in infancy (131–149 µmol/L; 2.2–2.5 mg/dL
at 2–3 months of age) due to the high FE-UA levels (>10%); the FE-UA levels decrease
to approximately 8% at age 1 and then stay through childhood, which is associated with
mean SUA levels (208–268 µmol/L; 3.5–4.5 mg/dL) of children. At adolescence (after
age 12), the FE-UA levels significantly decrease in boys but not in girls, resulting in a
further significant increase in SUA levels in young men but not in young women. These
pieces of information support the rarity of our case of which proband is a 12-year-old girl
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with chronic asymptomatic hyperuricemia characterized by elevated serum urate (397–405
µmol/L; 6.67–6.81 mg/dL) and the decreased FE-UA (2.2–3.5%).

Some limitations warrant mention. It is unclear whether there could have been other
genetic factors also affecting the early-onset phenotypes in the family we studied, although
harboring dysfunctional ABCG2 mutations is the most plausible explanation, as the study
showed. A previous study showed that in the context of extra-renal underexcretion
hyperuricemia, a genetic dysfunction of ABCG2 increased SUA levels and apparent urinary
urate excretion, which was coupled with decreased intestinal urate excretion. Thus, we
can assume the presence of latent mechanisms causing the decreased (<5%) FE-UA levels
observed in our patients. Although there is little information available regarding this, a
possible factor could be increased renal urate reabsorption, which can be mediated by
up-regulation of renal urate re-absorbers, including URAT1/SLC22A12, GLUT9/SLC2A9,
and organic anion transporter 10 (known as SLC22A13) [49]. In this context, genetic variations
affecting the expression of such genes will be the targets of future studies.

In conclusion, we found a representative case of pediatric hyperuricemia with familial
gout that harbored two dysfunctional ABCG2 mutations. Genetic variations in ABCG2
should be kept in mind during diagnostic procedures for pediatric-onset hyperuricemia.
Considering ABCG2 genotypes will be beneficial for patients with early-onset and/or famil-
ial hyperuricemia and gout. This type of genetic information will also allow a personalized
approach regarding the best urate-lowering treatment (i.e., uric acid production inhibitors
or uricosuric agents) for patients with dysfunctional ABCG2 variants, as well as the best
time to initiate pharmacotherapy for hyperuricemia.

4. Materials and Methods
4.1. Clinical Subjects

The studied proband and her family members were Czechs of Roma ethnicity di-
agnosed with familial (early-onset) hyperuricemia/gout. Written informed consent was
obtained from each subject before enrollment in the study. All tests were performed in
accordance with standards set by the institutional ethics committees, which approved
30 June 2015 the project no. 6181/2015. All the procedures were performed in accordance
with the Declaration of Helsinki.

Hyperuricemia was defined as serum urate levels greater than 420 µmol/L (7.06 mg/dL)
for men or 360 µmol/L (6.05 mg/dL) for women and children under 15 years on two mea-
surements, performed at least four weeks apart. Gouty arthritis was diagnosed according
to the American College of Rheumatology criteria, as follows: (1) the presence of sodium
urate crystals seen in synovial fluid (using a polarized microscope, Nikon Eclipse E200,
Tokyo, Japan) or (2) at least six of 12 clinical criteria being met [50].

The proband was a 12-year-old girl with a complicated perinatal anamnesis. She was
born at 31 weeks of gestation with an Apgar score of 4-7-8, a birth weight of 1690 g, and
a birth length of 40 cm; additionally, she developed early asphyxia syndrome. She also
experienced repeated respiratory infections and was later diagnosed with bronchial asthma.
She is also under the care of an ophthalmologist for myopia and astigmatism; she was also
investigated for sudden onset mild bilateral cortical cataracts. She was obese (BMI = 27);
her psychomotor development corresponded to her age.

4.2. Clinical Investigations and Sequence Analyses

Urate and creatinine levels were measured as described previously [51] using a specific
enzymatic method and the Jaffé reaction, which was adapted for an auto-analyzer (Hitachi
Automatic Analyzer 902; Roche, Basel, Switzerland). Metabolic investigations of purine
metabolism (hypoxanthine and xanthine levels in urine) were also conducted using a
method established in a previous study [51]. The proband was screened for metabolic (e.g.,
glycogen storage disease, hereditary fructose intolerance, and mitochondrial disorders)
and kidney disease associated with hyperuricemia (e.g., uromodulin-associated disorders),
using our previously published diagnostic algorithm [29].
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All coding regions and exon-intron boundaries in ABCG2 and GLUT9/SLC2A9, and exons 7
and 9 in URAT1/SLC22A12 were analyzed from genomic DNA, as described previously [29,33,52].
The reference sequence for ABCG2 was defined as version ENST00000237612.7 (location: Chro-
mosome 4: 88,090,269–88,158,912 reverse strand) (www.ensembl.org (accessed on 30 Novem-
ber 2020)). For GLUT9/SLC2A9 (NM_020041.2; NP_064425.2; SNP source dbSNP 132) and
URAT1/SLC22A12 (NM_144585.3), the reference genomic sequence was defined as version
NC_000004.12 (Chromosome 4: 9,771,153–10,054,936) and NC_000011.8 (Chromosome 11:
64,114,688–64,126,396), respectively.

It is worth special mention that the world’s highest frequency of the main dysfunc-
tional variants of URAT1, p.T467M (MAF, 5.6%) and p.L415_G417del (MAF, 1.9%), was
recently identified in a Roma population (1,016 individuals) from specific regions of the
Czech Republic, Slovakia, and Spain [33,53]. According to MAF data from the Exome
Aggregation Consortium, p.T467M (rs200104135) showed only one heterozygous allele
in a cohort of 15,296 in a South Asian population (MAF, 0.003%) and no occurrence in
other ethnic populations; no occurrence of the p.L415_G417del allele was seen in the whole
population, which supports the Roma-specific prevalence of these two URAT1 variants.
For this reason, we looked for both URAT1 variants and confirmed that neither variant was
present in our studied family.

4.3. Materials

ATP, AMP, creatine phosphate disodium salt tetrahydrate, and creatine phospho-
kinase type I from rabbit muscle were purchased from Sigma-Aldrich (St. Louis, MO,
USA), and [8-14C]-uric acid (55 mCi/mmol) was purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA). All other chemicals were commercially available and of
analytical grade.

4.4. Preparation of ABCG2 Variants Expression Vector

To express human ABCG2 (NM_004827.3) fused with EGFP at its N-terminus (EGFP-
ABCG2) and EGFP (control), we used an ABCG2/pEGFP-C1 plasmid (open reading frame
of ABCG2 was inserted into the HindIII and the Apa I sites of a pEGFP-C1 vector plasmid)
that was from our previous study [32]. Of note, the functionality and expression of such
construct were confirmed by previous studies we and other groups conducted [32,36,54–56].
Using a site-directed mutagenesis technique, the ABCG2 p.M131I (c.393G>T)/pEGFP-C1
plasmid and the ABCG2 R236X (c.706C>T)/pEGFP-C1 plasmid were generated from an
ABCG2 WT/pEGFP-C1 plasmid, respectively. The introduction of each mutation was
confirmed by full sequencing using BigDye Terminator v3.1 (Applied Biosystems, Foster
City, CA, USA) and an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems),
as described previously [40].

4.5. Cell Culture and Transfection

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 (Life
Technologies), 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. Each
vector plasmid for ABCG2 WT, p.M131I, or p.R236X was transfected into 293A cells by
using polyethyleneimine MAX (PEI-MAX; 1 mg/mL in milli-Q water, pH 7.0; Polysciences,
Warrington, PA, USA) as described previously [57]. The amount of plasmid DNA used for
transfection was adjusted per sample group.

4.6. Preparation of Whole-Cell Lysates

Forty-eight hours after transfection, whole-cell lysates were prepared in 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
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previously [58]. The 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. Before glycosidase treatment, the
whole cell lysate samples were incubated with PNGase F (New England Biolabs Japan,
Tokyo, Japan) (1.25 U/µg of protein) at 37 ◦C for 10 min as described previously [59], and
then subjected to immunoblotting.

4.7. Preparation of ABCG2-Expressing Plasma Membrane Vesicles

Plasma membrane vesicles were prepared from ABCG2-expressing 293A cells, as
described previously [36]. The resulting plasma membrane vesicles were rapidly frozen
in liquid N2 and kept at −80 ◦C until used. The protein concentration of the plasma
membrane vesicles was measured using a BCA Protein Assay Kit, as described above.

4.8. Immunoblotting

Expression of ABCG2 protein in whole-cell lysates and plasma membrane vesicles was
assessed using immunoblotting as described previously [36], with minor modifications. In
brief, the prepared samples were mixed with a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis sample buffer solution containing 10% 2-mercaptoethanol, separated by
electrophoresis on polyacrylamide gels, and then transferred to Polyvinylidene Difluoride
membranes (Immobilon; Millipore, 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). After overnight incubation at
room temperature, blots were probed with rabbit anti-EGFP polyclonal antibodies (A11122;
Life Technologies; diluted 1,500 fold in TBST-0.1% BSA), a rabbit anti-α-tubulin antibodies
(ab15246; Abcam, Cambridge, MA, USA; diluted 1,000 fold), or a rabbit anti-Na+/K+-
ATPase α antibodies (sc-28800; Santa Cruz Biotechnology, Santa Cruz, CA, USA; diluted
1,000 fold) followed by incubation with a donkey anti-rabbit immunoglobulin G (IgG)-
horseradish peroxidase (HRP)-conjugated antibody (NA934V; diluted 4,000 fold for EGFP-
ABCG2 or 3,000 fold for α-tubulin and Na+/K+-ATPase). HRP-dependent luminescence
was developed using ECLTM Prime Western Blotting Detection Reagent (GE Healthcare
UK, Buckinghamshire, UK) and detected using a multi-imaging Fusion Solo 4TM analyzer
system (Vilber Lourmat, Eberhardzell, Germany).

4.9. Confocal Laser Scanning Microscopic Observation

For confocal laser scanning microscopy, 48 h after transfection, 293A cells were fixed
with ice-cold methanol for 10 min, and then the nuclei were visualized with TO-PRO-3
Iodide (Molecular Probes, Eugene, OR, USA) as described previously [36]. To analyze
the localization of EGFP-fused ABCG2 protein, fluorescence was detected using an FV10i
Confocal Laser Scanning Microscope (Olympus, Tokyo, Japan).

4.10. Urate Transport Assay

The urate transport assay, with ABCG2-expressing plasma membrane vesicles, was
conducted using a rapid filtration technique described in our previous studies [27,36],
with some minor modifications. In brief, each plasma membrane vesicle (0.5 mg/mL)
was incubated with 20 µM of radiolabeled urate in a reaction mixture (total 20 µL: 10 mM
Tris/HCl, 250 mM sucrose, 10 mM MgCl2, 10 mM creatine phosphate, 1 mg/ml creatine
phosphokinase, pH 7.4, and 50 mM ATP, or AMP as an ATP substitute) for 10 min at 37 ◦C.
After incubation, the reaction mixture was mixed with 980 µL of ice-cold stop buffer (2 mM
EDTA, 0.25 M sucrose, 0.1 M NaCl, 10 mM Tris-HCl, at a of pH 7.4); the resulting solution
was rapidly filtered through an MF-Millipore Membrane (HAWP02500; 0.45 µm pore size
and 25 mm diameter; Millipore). After washing with 5 ml of ice-cold stop buffer five times,
the plasma membrane vesicles on the filter were dissolved in Clear-sol II (Nacalai Tesque).
Then, the radioactivity in the plasma membrane vesicles was measured using a liquid
scintillator (Tri-Carb 3110TR; PerkinElmer, Waltham, MA, USA).
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The urate transport activity was calculated as the incorporated clearance (µL/mg pro-
tein/min) defined as the incorporated level of urate [disintegrations per minute (DPM)/mg
protein/min]/urate level in the incubation mixture [DPM/µL]. ATP-dependent urate trans-
port was calculated by subtracting the urate transport activity in the absence of ATP from
that in the presence of ATP; ABCG2-mediated urate transport activity was calculated by
subtracting ATP-dependent urate transport activity of control plasma membrane vesicles
from that of ABCG2-expressing plasma membrane vesicles.

4.11. Statistical Analysis

All statistical analyses were performed by using EXCEL 2019 (Microsoft, Redmond,
WA, USA) with Statcel4 add-in software (OMS publishing, Saitama, Japan). The number of
biological replicates (n) is described in the figure legends. In single pairs of quantitative
data, after comparing the variances of a data set (using the F-test), an unpaired Student’s
t-test was performed. Statistical significance was defined in terms of P values less than 0.05
or 0.01.
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Abstract: Gout is an inflammatory arthritis influenced by environmental risk factors and genetic
variants. The common dysfunctional p.Q141K allele of the ABCG2 gene affects gout development.
We sought after the possible association between the p.Q141K variant and gout risk factors,
biochemical, and clinical determinants in hyperuricemic, gouty, and acute gouty arthritis cohorts.
Further, we studied the correlation of p.Q141K allele and levels of pro-/anti-inflammatory cytokines.
Coding regions of the ABCG2 gene were analyzed in 70 primary hyperuricemic, 182 gout patients,
and 132 normouricemic individuals. Their genotypes were compared with demographic and clinical
parameters. Plasma levels of 27 cytokines were determined using a human multiplex cytokine assay.
The p.Q141K variant was observed in younger hyperuricemic/gout individuals (p = 0.0003), which was
associated with earlier disease onset (p = 0.004), trend toward lower BMI (p = 0.056), and C-reactive
protein (CRP, p = 0.007) but a higher glomerular filtration rate (GFR, p = 0.035). Levels of 19 cytokines
were higher, mainly in patients with acute gouty arthritis (p < 0.001), irrespective of the presence of
the p.Q141K variant. The p.Q141K variant influences the age of onset of primary hyperuricemia or
gout and other disease-linked risk factors and symptoms. There was no association with cytokine
levels in the circulation.

Keywords: p.Q141K; ABCG2; cytokines; gout; hyperuricemia; acute gouty arthritis

1. Introduction

Gout is the most common type of inflammatory arthritis in adults that develops as a consequence
of elevated urate levels. Gout has four phases: asymptomatic hyperuricemia, acute gouty arthritis,
intercritical gout, and chronic tophaceous gout [1]. The attacks are caused by an inflammatory
response to monosodium urate (MSU) crystals that deposit in joints, tendons, and surrounding tissues.
Before the development of gout, patients show asymptomatic hyperuricemia (elevated levels of serum
uric acid >420 µmol/L for men and >360 µmol/L for women). Not all individuals with hyperuricemia
develop symptomatic gout, but the risk increases in proportion to the elevation of urate in circulation.
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Heritability of serum urate levels and gout in Europeans has been estimated to be approximately
30% [2].

The mechanism of gouty inflammation is coupled with the formation and activation of the
NOD-like receptor P3 (NLRP3) inflammasome with subsequent production of pro-inflammatory
cytokines. MSU crystals by themselves are not responsible for the induction of expression and assembly
of inflammasome components. The first signal involves priming monocyte-derived macrophages,
which then start binding ligands (S100A8 and S100A9 proteins, long-chain free fatty acids) to Toll-like
receptors (TLR) [3]. The second signal, triggered by MSU crystals, leads to activation of multiprotein
intracellular NLRP3 inflammasomes, which contain pro-caspase 1 [4]. Next, active caspase 1 cleaves
precursors of interleukins 1 beta and 18 (pro-IL-1β and pro-IL-18) to generate the active forms (IL-1β
and IL-18) [5,6]. Secretion of IL-1β leads to recruitment of neutrophils to the site of inflammation,
production of additional pro-inflammatory cytokines, and bone/cartilage degradation [3,7]. IL-1β and
IL-18 induced other pro-inflammatory cytokines IL-6, IL-8, IL-17, and tumor necrosis factor alpha
(TNFα), which synergistically potentiate gouty inflammation [8–10].

Risk of gout development is conditioned not only by hyperuricemia but also by gender,
weight, age, environmental and genetic factors, and their interactions. The main cause of hyperuricemia
is a defect in renal excretion of urate. Today 10 genes for the main urate transporters are known,
including ATP-binding cassette subfamily G member 2 (ABCG2), which has the greatest influence
on urate excretion. The ABCG2 protein is a homodimeric membrane transporter with functions
in a variety of tissues, including xenobiotic transport. Many population-specific variants of the
ABCG2 gene have been found e.g., the common non-synonymous variants p.Q126X (rs72552713),
p.V12M (rs2231137), and p.Q141K (rs2231142) [11,12]. The p.Q126X variant is specific to East Asian
populations and has a well-known genetic impact on gout induction. It decreases ABCG2 urate
transport by 96%. A second common variant in Caucasians is p.V12M, which showed a protective role
in gout development and has no influence on urate transport in human embryonic kidney derived
cells [13,14]. The missense p.Q141K variant (minor frequency allele (MAF), present in the Central
European Caucasian population at around 9.4%) is localized in the nucleotide-binding domain and
leads to decreased binding of adenosine triphosphate (ATP) and reduces transport function by almost
50% [14–16]. Carriers of p.Q141K tend to have a higher chance of developing an earlier gout onset
and have an increased risk of a poor response to allopurinol [12,17–20]. Moreover, p.Q141K may also
influence progression from asymptomatic hyperuricemia to gout by promoting the immune response
to MSU crystals. This suggests a hypothetic molecular pathway that connects non-functional variants
of urate transporters and the innate immune response [1]. In previous studies, pro-inflammatory
cytokines affected ABCG2 gene expression. Its expression could be upregulated or downregulated by
IL-1β and TNFα treatment, either alone or in combination with other biologically active molecules
such as estrogen [21–23].

In our previous studies using an ABCG2 analysis of Czech patients with hyperuricemic/gout,
we found that both the rare and common p.Q141K variants are independently associated with
hyperuricemia and gout [12,13]. Moreover, we found a significantly higher frequency of the minor
allele p.Q141K variant in pediatric-onset patients when compared to adult-onset patients [24]. Our latest
published study demonstrated the effects of rare variants on the expression, cellular localization,
and function of ABCG2 [25].

The aim of this study was to analyze (1) the association of the p.Q141K variant with known
risk factors of gout (e.g., age, BMI, etc.), (2) the possible link between the risk of the p.Q141K allele
and levels of biochemical parameters connected with gout (CRP, estimated glomerular filtration
rate calculated using the Modification of Diet in Renal Disease (eGFR-MDRD)), and finally (3) the
relationship between the p.Q141K allele and pro-/anti-inflammatory cytokines using human multiplex
cytokine assay in patients with primary hyperuricemia, gout, acute gouty arthritis, and normouricemic
individuals. Relationships between the p.Q141K variant and cytokine plasma levels were addressed
for the first time.
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2. Experimental Section

2.1. Cohort and Subcohorts

The study cohort comprised 182 patients with primary gout (166 males, 16 females;
median age = 54 years), including 17 patients (23 samples) having a gout attack, and 70 patients
with asymptomatic hyperuricemia (50 males, 20 females; median age = 38 years) from the
biobank of the Institute of Rheumatology, Prague, the Czech Republic. Gout patients met the 1977
American Rheumatism Association preliminary classification criteria [26]. Primary hyperuricemic
patients were classified as serum uric acid (SUA) >420 µmol/L for men and SUA > 360 µmol/L
for women on two measurements. Two repetitive measurements of purine metabolites (xanthine,
hypoxanthine, and oxypurinol), serum uric acid (SUA), and biochemical parameters were performed
to exclude the impact of purine metabolic disorders in all patients. The first xanthine,
hypoxanthine, and oxypurinol metabolites, SUA, and biochemical determination were performed
during allopurinol/febuxostat treatment. The second measurement was done before the start of
treatment or 72 h after a temporary interruption of SUA lowering therapy. Patients were compared to
132 normouricemic individuals from the general population, with no history of primary hyperuricemia,
gout, or autoimmune disease (54 males, 78 females; median age = 41 years). All patients and
normouricemic subjects were examined for the functional p.Q141K variant of the ABCG2 gene,
as published previously [13]. All demographic (age of disease onset and age of examination/sampling,
sex, body mass index (BMI)), biochemical (SUA with/off treatment, fractional excretion of uric acid
(FE-UA), estimated glomerular filtration rate calculated using the Modification of Diet in Renal Disease
formula (eGFR-MDRD), serum creatinine, and maximal C-reactive protein (CRP)), genetic (familial
occurrence, presence of the wild-type p.Q141K variant (GG), heterozygotic (GT), and homozygotic
(TT) form and its MAF) and presence and type of medical treatment characteristics of patients and
normouricemic individuals are stated in Table 1. This study was approved by the local ethics committee,
and all patients and normouricemic individuals signed informed consent.
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Table 1. Main demographic, biochemical, and genetic characteristics of the normouricemic (n = 132), hyperuricemic (n = 70), and gout-suffering subjects (n = 182).

Normouricemic Subjects (N = 132) Hyperuricemic Patients (N = 69) Gout Patients (N = 177) Fisher Test
p-Value

n % n % n %

Sex M/F 54/78 40.9/59.1 50/20 71.4/28.6 166/16 91.2/8.8 <0.0001

Familial occurrence Not collected 31 50.0 66 63.5 0.0717

No treatment 132 100.0 31 44.3 28 15.4
<0.0001Allopurinol treatment

Not applicable
39 55.7 137 75.3

Febuxostat treatment 0 0.0 17 9.3

p.Q141K, GG 103 86.6/78.0 44 64.7/62.9 100 57.5/56.5

<0.0001GT 15 12.6/11.4 19 27.9/27.1 66 37.9/37.3

TT 1 0.8/0.8 5 7.4/7.1 8 4.6/4.5

no data 13 9.8 2 2.9 2 1.7

p.Q141K, MAF 17 7.1 29 21.3 90 25 <0.0001

Data on interleukins
subjects/measurements 132/132 44/53 132/149/23 during attack

Median (IQR) Range Median (IQR) Range Median (IQR) Range KW Test p-Value

Age of onset, years Not applicable 28.5 (39.2) 1.2–76 42.0 (24.0) 11–84 0.0035

Age now, years 41.0 (25.0) 18–76 38.0 (42.0) 3–78 54.0 (21.0) 11–90 <0.0001

BMI (N = 127/59/146) # 25.5 (4.9) 17.9–38.5 28.1 (6.5) 16–41 28.4 (5.4) 19.5–50 <0.0001

SUA off treatment, µmol/L (N =
132/46/112) # 337 (118.2) 140–617 448 (116.8) 253–608 462 (124.5) 181–683 <0.0001

SUA on treatment, µmol/L (N =
0/42/155) # Not applicable 424 (140) 240–628 372 (126.0) 163–725 0.0352

FE-UA * Not collected 3.7 (2.0) 1.6–20 3.6 (1.6) 0.8–14.3 0.6959

eGFR-MDRD, mL/min/1.73 m2 * Not collected 88.0 (36.0) 27.6–426 86.0 (26.0) 24–154 0.2965

Serum creatinine, µmol/L * 75.5 (22.2) 49–121 79.0 (20.5) 26–132 82.0 (20.5) 47–226 0.0016

Max CRP ** (N = 132/54/146) # 1.3 (1.9) 0.1–17.9 1.9 (4.6) 0.2–153.1 4.0 (6.4) 0.2–222.4 <0.0001

* Mean of measurements taken during subject follow-ups. ** Maximum of measurements taken during subject follow-ups. #Some parameters had missing data; in case missing data
amounted for 5% or more, real N is mentioned in parentheses. Reference levels: SUA 120–416 µmol/L for men, 120–360 µmol/L for women; FE-UA 7.3 ± 1.3 for men, 10.3 ± 4.2 for
women; eGFR-MDRD > 90 mL/min/1.73 m2 for healthy subjects (levels decline with age); serum creatinine 64–104 µmol/L for men, 49–90 µmol/L for women; CRP 0–5 mg/L. GG—variant;
GT—heterozygotic; TT—homozygotic; MAF—minor frequency allele; IQR—interquartile range; BMI—body mass index; SUA—serum uric acid; FE-UA—fractional excretion of uric acid;
eGFR-MDRD—estimated glomerular filtration rate calculated using the Modification of Diet in Renal Disease; CRP—C-reactive protein; KW test—Kruskal–Wallis test.
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2.2. Cytokine Detection

In total, 27 cytokines (IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15,
IL-17, IP-10, MCP-1, FGF-basic, eotaxin, G-CSF, GM-CSF, IFN-γ, MIP-1α, MIP-1β, PDGF, RANTES,
TNF-α, and VEGF) were determined in 149 selected plasma samples from 132 (out of 182) gout patients,
in 23 samples from 17 gout patients during an inflammatory attack, in 44 (out of 70) hyperuricemic
patients, and in 132 normouricemic subjects. Samples were tested using commercial Bio-Plex Pro TM
Human Cytokine 27-plex Assay kits (Bio-Rad, California, USA) and a Bio-Plex 200 system (Bio-Rad,
California, USA). Plasma samples were prepared using a standard protocol and aliquoted to storage at
−80 ◦C until analyzed.

2.3. Statistical Analysis

Data were summarized as means with standard deviations (SD) and/or medians with interquartile
ranges (IQR) where appropriate. Continuous subject characteristics between groups were compared
using the Kruskal–Wallis ANOVA, and categorical characteristics were compared using the Fisher
exact test. Associations between characteristics of the diagnostic group (i.e., with the normouricemic,
hyperuricemic, or gouty status) and the p.Q141K allele dose were modeled using linear regression with
interactions; creatinine and CRP values were log-transformed for a better fit. Associations between
cytokine measurements and diagnostic groups and the p.Q141K allele dose were modeled using linear
mixed models with group and allele dose as fixed effects and subject ID as the random factor since
some individuals were measured multiple times. All cytokine measurements, except for eotaxin,
were log-transformed for a better fit. The Benjamini–Hochberg multiple comparisons correction was
used where appropriate. All analyses were performed using statistical language and environment R,
version 3.4.4.

3. Results

3.1. Analysis of the p.Q141K Variant in Normouricemic and Patient Cohort

First, we analyzed the presence of the p.Q141K allele in the ABCG2 gene in our study cohort.
From 132 normouricemic subjects with an MAF = 7.1%, 15 were heterozygote, and one was homozygote
for p.Q141K variant. In the hyperuricemic cohort with an MAF = 21.3%, 19 were heterozygous, and five
were homozygous for the p.Q141K allele. Finally, in gout patients with an MAF = 25%, 68 patients were
GT heterozygotes and 11 were TT homozygotes. Gout and hyperuricemic patients had significantly
more heterozygous and homozygous variants and hence, a significantly higher p.Q141K frequency
than normouricemic subjects (p < 0.0001) (Table 1).

3.2. Analysis of the p.Q141K Variant and Its Relationship with Risk Factors for Gout

Age, BMI, CRP, and GFR are known risk factors for gout. For each of these, we found expected
differences between the diagnostic groups but their association with a diagnostic status varied
depending on the p.Q141K allele dose.

Risk of gout and hyperuricemia increases proportionally with age. In our cohort, patients with
hyperuricemia or gout were older than normouricemic individuals (p < 0.0001, Figure 1A) during
the time of the study. However, hyperuricemic and gout patients homozygous for p.Q141K were
significantly younger than wild-types and heterozygotes (p = 0.0003). Furthermore, hyperuricemia and
gout manifested earlier in p.Q141K homozygotes (p = 0.004, Figure 1B).
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Figure 1. The association of p.Q141K alleles with age at examination, age of onset, and BMI. (A) Gout
patients were older than hyperuricemic and normouricemic subjects. Homozygotes for p.Q141K were
younger than wild type/heterozygotes. Interactions suggest different associations for normouricemic
subjects. (B) There are no substantial differences in the age of onset between hyperuricemia and gout
individuals. p.Q141K homozygotes tend to have much earlier disease onset than others. (C) Gout and
hyperuricemic patients had higher BMIs than controls. Homozygous patients were slightly leaner than
others. A statistically significant interaction suggests different associations for p.Q141K among groups.
This may have been influenced by the pediatric hyperuricemia subset.

Elevated BMI increases the probability of metabolic syndrome as well as the probability of
hyperuricemia and gout. This is in line with our data: Patients with hyperuricemia or gout had
a higher BMI than normouricemic patients (p < 0.0001). In contrast, homozygotes for the p.Q141K
variant tended to have lower BMIs (p = 0.056, Figure 1C). The homozygotes with lower BMIs were
mostly very similar to those with young-age hyperuricemia onset.

Similarly, to age and BMI, CRP levels were higher in hyperuricemic and gouty patients than
in normouricemic individuals (p < 0.0001). But significantly lower levels of CRP were measured in
p.Q141K homozygous hyperuricemic and gout patients (p = 0.007, Figure 2A).
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Figure 2. The connection between the presence of p.Q141K, maximum CRP, and eGFR-MDRD.
(A) CRP increased with hyperuricemia and even more for gout patients compared to normouricemic
subjects. At the same time, p.Q141K homozygotes had lower CRP than heterozygotes and wild
type. The relationship prevailed after including age as a covariate (CRP slightly rises with subject
age). (B) GFR increases with an increasing number of p.Q141K alleles, in a similar way for both
hyperuricemic and gout patients. One extreme observation (426 mL/min) was excluded since it heavily
influenced the fit. All values were log-transformed for a better fit.

Although GFR should be decreased in patients with hyperuricemia and gout because of worsened
renal function, heterozygous and mainly homozygous carriers of the p.Q141K variant had significantly
higher GFRs (p = 0.035, Figure 2B, data for normouricemic subjects were not available).

3.3. Analysis of the p.Q141K Variant in Association with Cytokine Plasma Levels

To determine the possible differences between normouricemic, hyperuricemic, gout, and acute
gout patients on immunological levels, we determined the cytokine plasma profiles of our cohort.
Then, we analyzed the possible influence of the p.Q141K variant on cytokine production between
patient groups.

We found that levels of IL-1β, IL-1ra, IL-4, IL-6, IL-7, IL-8, IL-9, IL-13, IL-17, fibroblast growth
factor-basic (FGF-basic), interferon gamma (IFNγ), and TNFα were significantly increased in patients
with acute gouty arthritis compared to other groups (multiple correction p-values ranging from p < 0.05
to p < 0.001, see Figure 3). On the other hand, eotaxin, monocyte chemoattractant protein-1 (MCP-1),
and regulated on activation, normal T cell expressed and secreted (RANTES) were decreased in
all patient groups compared to normouricemic individuals (multiple correction p-values ranging p
< 0.001, p = 0.014, and p < 0.001, respectively). IL-5, IL-10, and IL-12 levels gradually decreased
from control, subsequently hypouricemia, and gout to gout attack group. Plasma levels of IL-2,
IL-15, granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage colony stimulating
factor (GM-CSF), interferon gamma-induced protein-10 (IP-10), macrophage inflammatory protein-1
beta (MIP-1β), platelet derived growth factor (PDGF), and vascular endothelial growth factor (VEGF)
were comparable among all groups (Figure 3, the p-values shown are after the Benjamini–Hochberg
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correction). We did not find any impact of p.Q141K on the plasma cytokine levels of patients or
normouricemic subjects.J. Clin. Med. 2019, 8, x FOR PEER REVIEW 9 of 14 

 

 

Figure 3. Individual cytokine measurements in the compared groups. Post-hoc pairwise comparisons
revealed the main source of differences in the gout attack group were: interleukin (IL)-1b, IL-1ra,
IL-4, IL-6, IL-7, IL-8, IL-9, IL-13, IL-17, fibroblast growth factor (FGF)-basic, interferon gamma (IFNγ),
and tumor necrosis factor alpha (TNFα). IL-5, IL-10, and IL-12 levels gradually decreased from
control to gout attack group. Eotaxin, monocyte chemoattractant protein 1 (MCP-1), and regulated
on activation, normal T cell expressed and secreted (RANTES) showed significantly higher values for
controls. There were no associations between the p.Q141K allele and cytokine levels. p-values via
an ANOVA model using log-transformed measurements (except eotaxin) are corrected for multiple
comparisons (Benjamini–Hochberg method). n.s. p > 0.05, * p ≤ 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

The ABCG2 protein is a membrane-associated transporter with a wide range of functions including
excretion of urate. The ABCG2 gene is expressed in the intestine, liver, kidney, and several other tissues
that have a barrier function. The renal excretion of urate accounts for approximately two-thirds of
total urate excretion while intestinal excretion accounts for the rest [27]. Dysfunction in this protein
is particularly caused by the p.Q141K variant, which occurs at a high frequency in the Caucasian
population. The variant leads to hyperuricemia and gout. Homozygotes for p.Q141K have 53%
reduced excretion of urate compared to wild types [28]. Hypothetically, this allele also promotes
progression from hyperuricemia to gout by stimulating the immune response to MSU crystals [1].
Therefore, we looked for a possible relationship between the number of p.Q141K alleles (i.e., wild type,
heterozygous, and homozygous) and risk factors (age, BMI) or related determinants (CRP, GFR),
and plasma levels of pro/anti-inflammatory cytokines.

Risk of gout increases with age, which is in line with our results where patients with hyperuricemia
or gout were older than normouricemic individuals [13,29]. However, hyperuricemic and gout patients
homozygous for p.Q141K were significantly younger than wild-types and heterozygotes. They also
had an earlier disease onset. These findings are supported by the fact that non-functional ABCG2
transporters have a greater impact on disease progression (PAR0% = 29.2%) than risk factors such as
age (PAR% = 5.74%), obesity (PAR% = 18.7%), and alcohol consumption (PAR% = 15.4%) [29].

Another risk factor for hyperuricemia and gout as well as for metabolic syndrome is increased
BMI [30]. This corresponds to our data showing that patients with hyperuricemia or gout had higher
BMIs than normouricemic individuals. In contrast with previously mentioned data, homozygotes
for the p.Q141K variant tended to have lower BMIs. These patients were very similar to those with
young-age onset. This finding suggests that the beginning of the disease was mainly influenced by the
presence of p.Q141K rather than risk factors such as BMI.

In addition to the fact that high CRP levels indicate infection- or non-infection-based inflammation,
serum CRP levels positively correlate with serum urate levels and can be used as a gout determinant [31].
Moreover, CRP levels increase with age and the amount of adipose tissue [32,33]. In this study,
we found higher CRP levels in hyperuricemic and gouty patients than in normouricemic controls.
However, significantly lower levels of CRP were found in p.Q141K homozygotes. These results show
a similar trend as BMI, which could be explained by the younger age of the homozygous p.Q141K
allele carriers.

GFR defines kidneys function and deteriorates in patients with hyperuricemia and gout due
to worsened renal function [34]. In our study, heterozygous and mainly homozygous carriers of
the p.Q141K variant had significantly higher eGFR-MDRD than patients with the wild-type variant.
This finding could be explained by the gradually decreasing age of disease onset between wild-type,
heterozygous, and homozygous carriers of the p.Q141K variant, although, mainly in hyperuricemic
patients. Although eGFR-MDRD was not measured in normouricemic controls, all patients reached
eGFR-MDRD reference levels; thus, we did not observe deteriorated renal function in our patient
cohort. Another explanation for the high eGRF-MDRD could be the low mean age (53.6 years)
of our study cohort compared to the mean age (61.9 years) of the gout patients described in the
literature [35]. Our patients were younger, and they did not have impaired kidney function. The higher
eGFR-MDRD in homozygotes might not be representative because of the low number of patients (five
with hyperuricemia and seven with gout). Further experiments on a larger cohort are necessary to
confirm or disprove this particular finding.

Another aim of our study was to examine the differences in cytokine levels between normouricemic,
hyperuricemic, gouty, and acute gouty arthritis patients in the presence of the p.Q141K variant
of the ABCG2 gene. Expression of the ABCG2 gene is impacted by pro-inflammatory cytokines
and signaling cascades. One of the major transcription factors of pro-inflammatory pathways,
nuclear factor kappa B (NF-κB), is able to bind to the promoter of the ABCG2 gene and upregulate
it, with or without the influence of an estrogen receptor [23,36]. On the other hand, the ABCG2 gene
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alone is capable of inhibiting NF-κB activation, which leads to the downregulation of IL-8 [37].
Pro-inflammatory cytokines IL-1β and TNFα can have an impact on ABCG2 expression at the
mRNA as well as the protein level, depending on the kind of cell line. Further, the ABCG2
protein is seen to be downregulated in colon biopsies from patients with active inflammatory bowel
disease [38–40]. The presence of the p.Q141K variant in the ABCG2 protein leads to misfolding
and decreased cell surface expression [17]. These data led us to study the impact of p.Q141K on
cytokine levels. Unfortunately, we did not find any influence of this variant on cytokine protein
expression in the plasma of patients from different groups or in normouricemic individuals. The
likely reason our hypothesis failed was the relatively small number of patients included in the study.
Further investigations using larger cohorts are needed.

Nonetheless, we found higher plasma levels of IL-1β, IL-1ra, IL-4, IL-6, IL-8, IL-9, IL-13, IL-17,
FGF-basic, IFNγ, and TNFα in acute gouty arthritis patients. All these cytokines are involved in
interconnected pro-/anti-inflammatory cascades, which suggest an active immune response in patients
with acute gouty arthritis. On the other hand, IL-5, IL-10, and eotaxin were lower in patients with
acute gout inflammation, which can be explained by their role in inhibiting inflammation (IL-10)
or eosinophilic inflammation (IL-5, eotaxin) [41]. Our results regarding IL-10 levels are supported
by similar findings of circulating IL-10 in a Netherlands gouty arthritis study cohort and in New
Zealand patients with intercritical gout study [42]. Estevez-Garcia and colleagues measured serum
levels of IL-5 among groups of normouricemic controls, hyperuricemic, and gouty patients [43] and
found, in contrast to our results, IL-5 levels were the same among groups, which may be explained
by IL-5 determination in serum vs. plasma. Plasma is a more sensitive matrix for detecting levels of
low-abundance cytokines [44]. Eotaxin was described to be increased in obese patients with metabolic
syndrome (mean BMI 38.9 ± 6.3) compared to lean subjects (mean BMI 22.4 ± 2.5) and decreased after
their weight-loss [45]. This suggests that eotaxin should have been higher in our patients than in
normouricemic individuals; however, our patients were not extremely obese. MCP-1 and RANTES
were also lower in acute gouty arthritis patients compare to normouricemic controls in our study.
However, increased serum levels of MCP-1 have been observed in hyperuricemic, gouty, and acute
gouty arthritis patients, and MCP-1 has been positively correlated with elevated serum levels of uric
acid [46]. The contradictory results could be explained by measurement of cytokines in plasma samples
in our study. To date no association of RANTES plasma/serum levels with gout has been published;
however, it is known that urate stimulates mRNA and protein expression of RANTES and MCP-1 in
mice tubular epithelial cells [47]. On the other hand, synovial fluid levels of RANTES were found to be
significantly lower in patients with acute gout than in patients with acute rheumatoid arthritis [48].

One of the limitations of our study was the relatively small number of p.Q141K homozygotes with
hyperuricemia and gout and also a small cohort size of those with acute gouty arthritis. A larger group
for p.Q141K homozygotes and acute gout arthritic patients is necessary to confirm the lower age of onset,
BMI, CRP, and higher eGFR-MDRD, and cytokine levels between groups. Our results reflect the fact that
our study cohort was purposefully compiled from patients with primary hyperuricemia and gout who
are younger (mean age = 53.6 years) than the common gouty population (mean age = 61.9 years) and
have a positive family correlation [35]. This characteristic can be considered to be one of the strengths
of the study because the cohort was well-defined and excluded those with secondary hyperuricemia
and gout. Our study also used explicit definitions of medication and comorbidities for the study
cohorts. Finally, according to available data, and for the first time, our study examined a possible link
between the p.Q141K variant and plasma cytokine levels.

5. Conclusions

In conclusion, we found that the p.Q141K variant of the ABCG2 gene impacts the age of
hyperuricemia and gout onset, levels of BMI and CRP, and renal function. This variant has no effect on
plasma cytokine levels of hyperuricemic and gouty patients. However, we did find higher cytokine
levels, but mainly in patients with acute gouty arthritis.
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Abstract

Objectives: MicroRNAs (miRNAs) are short single-stranded RNAs that play a role in the post-transcriptional
regulation of gene expression. Their deregulation can be associated with various diseases, such as cancer,
neurodegenerative, and immune-related diseases. The aim of our study was to compare miRNA levels in plasma
that could potentially influence the progression of hyperuricemia to gout, since the mechanism of progression is
still unclear.

Methods: Total RNA, including miRNA, was isolated from the plasma of 45 patients with asymptomatic
hyperuricemia, 131 patients with primary gout (including 16 patients having a gout attack), and 130 normouricemic
controls. The expression of 18 selected miRNAs (cel-miR-39 and cel-miR-54 as spike-in controls, hsa-miR-16-5p and
hsa-miR-25-3p as endogenous controls, hsa-miR-17-5p, hsa-miR-18a-5p, hsa-miR-30a-3p, hsa-miR-30c-5p, hsa-miR-
126-3p, hsa-miR-133a-3p, hsa-miR-142-3p, hsa-miR-143-3p, hsa-miR-146a-5p, hsa-miR-155-5p, hsa-miR-222-3p, hsa-
miR-223-3p, hsa-miR-488-3p and hsa-miR-920) was measured using qPCR.

Results: We found that hsa-miR-17-5p, hsa-miR-18a-5p, hsa-miR-30c-5p, hsa-miR-142-3p, and hsa-miR-223-3p were
significantly upregulated (p < 0.001) in the plasma of hyperuricemia and gout patients compared to normouricemic
individuals. As part of the follow-up of our previous study, we found a negative correlation between hsa-miR-17-5p,
hsa-miR-30c-5p, hsa-miR-126-3p, hsa-miR-142-3p, and hsa-miR-223-3p with plasma levels of chemokine MCP-1.
Additionally, we found a positive correlation between CRP and plasma levels of hsa-miR-17-5p, hsa-miR-18a-5p, hsa-
miR-30c-5p, hsa-miR-126-3p, hsa-miR-142-3p, hsa-miR-146a-5p, hsa-miR-155-5p, hsa-miR-222-3p, and hsa-miR-223-
3p. Five of those miRNAs (hsa-miR-126-3p, hsa-miR-142-3p, hsa-miR-146a-5p, hsa-miR-155-5p, and hsa-miR-222-3p)
also had a positive correlation with serum creatinine and therefore a negative correlation with eGFR.

Conclusion: Five miRNAs were significantly upregulated in the plasma of patients with hyperuricemia and gout
(and those during a gout attack) compared to normouricemic controls. We also found a correlation between the
plasma levels of several miRNA and plasma levels of MCP-1, CRP, serum creatinine, and eGFR.
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Introduction
Uric acid is the end product of purine metabolism in
the human body. Two-thirds of which is excreted by
the kidneys and one-third is excreted by the gastro-
intestinal tract. Hyperuricemia is caused by excessive
production of uric acid (10% of cases) and/or reduced
excretion (the majority of cases); about 10% of hyper-
uricemia cases escalate to clinically definable gout.
There are risk factors for hyperuricemia and gout,
e.g., lifestyle, metabolic syndrome, age, sex, and gen-
etic predispositions. Major genes affecting uric acid
excretion and reabsorption are ABCG2, respectively
SLC2A9 and SLC22A12, which encode membrane
transporters ABCG2, GLUT9, and URAT1. Variants
in the SLC22A12 gene can cause renal hypouricemia
type 1 (OMIM 220150); similarly, variants in the
SLC2A9 gene can cause renal hypouricemia type 2
(OMIM 612076). SLC2A9 is sometimes present in as-
sociation with hyperuricemia and gout, but this has
not been confirmed by functional analysis [1]. The
most relevant gene that plays a role in hyperuricemia
and gout is ABCG2. For example, variants Q126X
(rs72552713) and Q141K (rs2231142) in the ABCG2
gene can cause severe dysfunction in this transporter
and account for 90% of early-onset gout patients [2].
In our previous studies, we published on the influ-
ence of nonsynonymous allelic variants, including
functional characterizations, relative to the increased
risk of gout progression [3, 4].
Gout is a common inflammatory arthritis. The condi-

tion is caused by an accumulation of monosodium urate
(MSU) crystals in tissues, which can sometimes lead to
gout flare-ups (flares). MSU crystals initiate a macro-
phage reaction, which activates NLRP3 inflammasomes
leading to a release of interleukine-1β (IL-1β). IL-1β is a
crucial cytokine in gout flares. However, patients with
hyperuricemia can also have MSU crystal deposits [5].
An acute gout flare is conditioned not only on activation
of NLRP3 inflammasomes but also on upregulation of
IL1B transcription. IL-1β and other interleukins (IL-6,
IL-8) attract neutrophils to the site of inflammation
resulting in an acute gout flare [6].
The mechanism of hyperuricemia to gout progression

is still not fully understood. Gout has four stages of de-
velopment: asymptomatic hyperuricemia, acute gouty
arthritis, intercritical gout, and chronic tophaceous gout.
There are probably many variables influencing the pro-
gress, and they can vary for each individual.
This study seeks to determine if miRNAs are variable

factors that can stimulate the development of gout from
asymptomatic hyperuricemia. According to the first
GWAS study addressing aggravation of asymptomatic
hyperuricemia to gout, there were three genetic loci as-
sociated with hyperuricemia to gout development. One

of them is rs9952962 near miR-302f [7]. Finding indica-
tors of hyperuricemia to gout development is an import-
ant step in preventive gout therapy.
MicroRNAs (also miRNAs) are short single-stranded

non-coding RNAs that play a role in the regulation of
gene expression. These molecules were first described
in 1993 in Caenorhabditis elegans [8]. MiRNAs are
involved in the normal function of cells; however,
their dysregulation is associated with various diseases.
MiRNAs are present in cells as intracellular miRNAs,
or they are released from cells into the extracellular
environment (often within extracellular vesicles) and
are called extracellular, circulating, or cell-free miR-
NAs, where they play a role in intercellular communi-
cation [9]. Cell-free miRNAs are potentially suitable
as non-invasive or minimally invasive biomarkers [10].
There are many studies about the role of miRNA in
cancer, cardiovascular diseases, immune-related dis-
eases, and others, but only a few studies have dealt
with miRNA in hyperuricemia and gout. More than
60% of human protein-coding genes are targets for
various miRNA [11]. There are different ways miR-
NAs can influence serum uric acid and the mechan-
ism of gout pathophysiology. MiRNAs can regulate
the expression of urate transporters genes, for ex-
ample, miR-34a targets mRNA of the SLC22A12 gene
and inhibits expression of URAT1 in hyperuricemic
animal models [12]. Further, miRNAs can influence
the expression of essential enzymes such as xanthine
oxidase, which can be regulated by miR-448 [13]. An-
other way of miRNA interference is regulating the ex-
pression of genes involved in gout immune response,
e.g., miR-223 can suppress NLRP3 expression and re-
duce inflammasome activity [14]. We aimed to detect
and confirm circulating miRNAs that are expressed
differently in hyperuricemia and/or gout. Further, we
wanted to apply data from our miRNA analysis to
our previous research addressing plasma cytokine
levels in the same cohort of patients. The association
between miRNA levels and biochemical/clinical pa-
rameters was also studied.

Methods
Sample collection/cohort
The study cohort comprised 115 patients (147 sam-
ples; 83 patients with one measurement and 32 pa-
tients with two measurements) with primary gout
(118 males, 13 females; median age 53 years), 16 pa-
tients having a gout attack (24 samples; 10 patients
with one measurement, five patients with two mea-
surements, and one patient with four measurements),
45 patients (54 samples; 36 patients with one meas-
urement and nine patients with two measurements)
with asymptomatic hyperuricemia (33 males, 12
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females; median age 48 years), and 130 normourice-
mic controls (53 males, 77 females; median age 41
years). All plasma samples were stored at − 80 °C in
the biobank of the Institute of Rheumatology, Prague,
the Czech Republic. Gout patients met the 1977
American Rheumatism Association preliminary classi-
fication criteria [15]. Primary hyperuricemic patients
were classified as having serum uric acid (SUA) >
420 μmol/L for men and SUA > 360 μmol/L for
women. Patients were compared to 130 normourice-
mic individuals from the general population, with no
history of primary hyperuricemia, gout, or auto-
immune disease. We used the same group of patients
used in a previous study addressing plasma cytokines
levels in these patients [16]. Written informed con-
sent was obtained from each subject before enroll-
ment in the study. All tests were performed in
accordance with standards set by the institutional eth-
ics committees, which was approved 30 June 2015,
the project no. 6181/2015. All the procedures were
performed in accordance with the Declaration of
Helsinki. All demographic, biochemical, genetic, and

presence and type of medical treatment data of pa-
tients and normouricemic individuals are presented in
Table 1.

miRNA analysis
We performed a screening of expressed miRNAs in 12
samples—3 representatives of each studied group (nor-
mouricemic controls, patients with hyperuricemia, pa-
tients with gout, patients during a gout attack). For
screening, TLDA cards were used—TaqMan™ Array Hu-
man MicroRNA A+B Cards Set v3.0 (ThermoFisher).
We got results for 754 miRNAs, and subsequently, we
were able to choose miRNAs that showed potentially dif-
ferent expressions between the studied cohorts but not
within them (hsa-miR-17-5p, hsa-miR-18a-5p, hsa-miR-
30c-5p, hsa-miR-133a-3p, hsa-miR-142-3p, hsa-miR-
143-3p, and hsa-miR-222-3p). Using TaqMan™ Ad-
vanced miRNA Human Endogenous Controls Card
(ThermoFisher) and NormFinder software, we selected
two stable endogenous control miRNAs (hsa-miR-16-5p
and hsa-miR-25-3p). We also did a review of published
studies and found potential target miRNAs. According

Table 1 Main demographic, biochemical, and genetic characteristics of patients

Normouricemic subjects (n = 130) Hyperuricemic patients (n = 45) Gout patients (n = 131) Fisher test p-value

n % n % n %

Sex M/F 53/77 40.8/59.2 33/12 73.3/26.7 118/13 90.1/9.9 < 0.0001

Familial occurrence 17 41.5 50 38.5 0.8546

No treatment 130 100 21 46.7 18 13.7 < 0.0001

Allopurinol No treatment 24 53.3 98 74.8 < 0.0001

Febuxostat 0 0 15 11.5 < 0.0001

p.Q141K, GG 102 87.2 25 58.1 73 56.6 < 0.0001

GT 14 12.0 13 30.2 49 38.0 < 0.0001

TT 1 0.9 5 11.6 7 5.4 < 0.0001

no genetic data 13 10.0 2 4.4 2 1.5 < 0.0001

p.Q141K, MAF 16 6.8 23 26.7 63 24.4 < 0.0001

Median (IQR) Range Median (IQR) Range Median (IQR) Range KW test p-value

Age of onset Not applicable 34 (40.5) 6–76 41.0 (23.0) 12–84 0.197

Age at the time of taking samples 41 (25.0) 18–76 48.0 (49.0) 11–78 53.0 (20.5) 14–90 < 0.0001

BMI 25.3 (4.8) 17.9–38.5 28.7 (6.1) 17.7–41 28.6 (5.4) 20.6–50 < 0.0001

SUA off treatment, μmol/L 337.0 (118.8) 140–617 450.5 (105.0) 253–601 462.0 (124.0) 245–683 < 0.0001

SUA on treatment, μmol/L Not applicable 424.0 (143.0) 250–608 378.0 (124.0) 167–725 0.2325

FE-UA Not collected 3.9 (2.0) 1.8–20 3.6 (1.5) 0.8–14.3 0.1716

eGFR-MDRD, mL/min/1.73 m2 Not collected 88.0 (35.6) 27.6–165 86.0 (21.5) 27.5–151 0.5505

Serum creatinine, μmol/L 75.5 (21.8) 49–121 79.0 (19.0) 47–132 81.0 (16.5) 48–189 0.0075

Max CRP 1.3 (1.8) 0.1–17.9 1.9 (4.6) 0.2–45.3 4.1 (7.2) 0.2–224.4 < 0.0001

Reference range: SUA 120–416 μmol/L for men, 120–360 μmol/L for women; FE-UA 7.3 ± 1.3 for men, 10.3 ± 4.2 for women; eGFR-MDRD > 90mL/min/1.73 m2 for
healthy subjects (levels decline with age); serum creatinine 64–104 μmol/L for men, 49–90 μmol/L for women; CRP 0–5 mg/L
GG—wild-type variant; GT—heterozygotic; TT—homozygotic; MAF minor frequency allele, IQR interquartile range, BMI body mass index, SUA serum uric acid, FE-
UA fractional excretion of uric acid, eGFR-MDRD estimated glomerular filtration rate calculated using the Modification of Diet in Renal Disease, CRP C-reactive
protein, KW test Kruskal-Wallis test
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to those published studies, we chose other miRNAs
(hsa-miR-30a-3p, hsa-miR-126-3p, hsa-miR-146a-5p,
hsa-miR-155-5p, hsa-miR-223-3p, hsa-miR-488-3p, and
hsa-miR-920), and we also confirmed our TLDA selec-
tion (Table 2, Fig. 1). The names of all miRNAs are ab-
breviated in the following text as miR-x.
Cell-free RNA, including miRNA, was isolated from

plasma using the miRNeasy Serum/Plasma kit (Qia-
gen). During isolation, we added the first spike-in
control (0.1 nmol cel-miR-39) to check the isolation
efficiency between samples. All plasma samples were
prepared using standard protocols and stored at −
80 °C until isolation. Next, we performed reverse tran-
scription using TaqMan™ Advanced miRNA cDNA
Synthesis Kits (ThermoFisher). The initial step in re-
verse transcription was the addition of a second
spike-in control (0.1 nmol cel-miR-54), which was
used to verify its efficiency. This process contains
four steps: (1) 3′ poly-A tailing, (2) 5′ ligation of an
adaptor sequence, (3) reverse transcription to cDNA,
and (4) miRNA amplification. The last step of the
analysis was qPCR using TaqMan™ Advanced miRNA
Assays specific for each individual target miRNA
(ThermoFisher). qPCR was done using a QuantStudio
7 Flex Real-Time PCR System. For data
normalization, levels of endogenous miR-25-3p were
used.

Statistical analysis
Continuous variables were summarized as medians with
interquartile range (IQR). Demographic and anamnestic
variables in normouricemic, hyperuricemic, and gout co-
horts were compared using the Kruskal-Wallis test for

continuous and Fisher’s exact test for categorical
variables.
Missing data and discordance between replicates in

miRNA data were treated using the method published
by de Ronde et al. [30] for duplicates; the efficiency
coefficient was set to 1.8. For each miRNA and each
individual, the mean quantification cycle (Cq) value
was computed as the mean of the two duplicates. Un-
detectable Cq values (over 35) were replaced by the
maximal measured Cq+1 for each respective miRNA.
We first considered replacing discordant duplicates
(the difference between duplicates larger than 0.5)
with multiple imputation MICE (Multivariate Imput-
ation by Chained Equations) according to the pa-
tient’s age, sex, and diagnosis. However, those
imputed values varied even more than the original
measurements: e.g., for miR-25, the most discordant
replicates differed by 1.1 while some of the imputed
values differed by more than three from the mean of
the duplicates. We, therefore, opted for keeping the
mean of the discordant duplicates for the reference
miR-25 (18 duplicates in total, representing 5.1% of
all measurements) and not using discordant replicates
for the other targeted miRNA. Sensitivity analysis
using original and imputed values for reference
miRNA showed no substantial difference in p-value
estimates. An overview of undetectable, valid, and in-
valid replicates is given in Supplementary Table S1.
After several sets of measurements (62 samples), we
failed to detect levels of miR-488 and miR-920 in our
plasma samples. We decided to remove these miRNAs
from further analysis of the set of tested miRNAs.
Similarly, we excluded miR-30a and miR-133a, which

Table 2 List of selected miRNAs

Selected miRNA Function related to hyperuricemia/gout Reference

miR-17-5p* suppresses NLRP3 inflammasome activation, miR-17-92 cluster [17, 18]

miR-18a-5p* increased by IL-1β in OA, miR-17-92 cluster [19]

miR-30a-3p regulates the autoimmune responses occurring in RA [20]

miR-30c-5p* inhibits pyroptosis incurred by NLRP3 [21]

miR-126-3p targets the CCL2 mRNA [22]

miR-133a-3p* suppresses NLRP3 inflammasome activation [23]

miR-142-3p* inhibits the expression of ABCG2 [24]

miR-143-3p* targets the GLUT9 mRNA [25]

miR-146a-5p increased by MSU crystals, regulates the inflammatory response [26]

miR-155-5p increased by MSU crystals, promotes the production of proinflammatory cytokines [27]

miR-222-3p* targets the ABCG2 mRNA [28]

miR-223-3p reduces NLRP3 inflammasome activity [14]

miR-488-3p regulates the production of proinflammatory cytokines, targets the IL1B mRNA, decreased at patients with GA [29]

miR-920 regulates the production of proinflammatory cytokines, targets the IL1B mRNA, decreased at patients with GA [29]

OA osteoarthritis, RA rheumatoid arthritis, MSU monosodium urate, GA gouty arthritis
miRNAs signed with a * indicate significant differences in TLDA screening
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showed a high percentage (48% and 57%, respectively)
of undetectable or invalid data in our cohort.
Relative expression of all miRNAs was calculated using

the delta cycle threshold (dCt) method. For
normalization, we used endogenous control miRNA
miR-25 that showed equal expression between samples
since miR-16 could be influenced by hemolysis [31].
To compare dCt between normouricemic, hyperurice-

mic, gout, and gout attack groups, the non-parametric
Kruskal-Wallis ANOVA test was used. P-values were ad-
justed for multiple comparisons using the Benjamini-
Hochberg method. Possible associations with the
ABCG2 p.Q141K genotype and various cytokine levels
were explored using mixed linear regression models; dCt
log2-transformed was used for a better fit and an indi-
vidual random intercept factor was used to accommo-
date for the occasional repeated measurements. Post hoc
pairwise comparisons of log2-transformed dCt values
between study groups were performed using the Tukey
method.
When using the Kruskal-Wallis ANOVA, we assumed

independence between individual measurements. How-
ever, 46 individuals had two and one individual had four
samples. To explore the influence of a possible depend-
ence structure, we estimated the differences between co-
horts using General Estimating Equations with both
independence variance structure and unstructured vari-
ance settings, with dCt log2-transformed as the response
variable and the diagnostic group as an independent
variable. Both variance models showed very little differ-
ence, justifying the use of the independence assumption.
All analyses were performed in statistical language and

environment R, version 4.0.2. The level of statistical sig-
nificance was set to 0.05.

Results
Comparison of miRNA levels between studied groups
We found five miRNAs (miR-17, miR-18a, miR-30c,
miR-142, and miR-223) that showed significantly de-
creased expression in the normouricemic cohort com-
pared to hyperuricemic, gout, and gout attack patients,
in most cases.
Two miRNAs, belonging to the miR-17-92 cluster,

miR-17 and miR-18a, were significantly more expressed
in patients with hyperuricemia (p < 0.001 and p < 0.028,
respectively), gout (p < 0.001), in for miR-17 also in gout
attack patients (p = 0.002). These clustered miRNAs
often showed a very similar trend in their expression.
The remaining miRNAs (miR-30c and miR-223) also

had significantly higher expression levels for each of the
studied groups compared to normouricemic controls (p
< 0.001 and p < 0.01, respectively), and miR-142 showed
the same trend as miR-18a (p < 0.01). A deviation of
miR-18a and miR-142 in the gout attack cohort could be
explained by the small number of patients in this group.
Relevant p-values are graphically represented in Fig. 2.
The remaining miRNAs (miR-30a, miR-126, miR-133a,
miR-143, miR-146a, miR-155, miR-222, miR-488, and
miR-920) did not vary in our analyzed groups. All results
are listed in Supplementary Table S2.

Association of miRNA levels and cytokines
Our aim was to extend our previous study dealing with
plasma cytokines in the same patients [16]. By using the
same groups, we could take a closer look at the correla-
tions between miRNA and cytokine levels. We found a
correlation between low levels of MCP-1 and several
miRNA levels. Levels of miR-17, miR-30c, miR-126,

Fig. 1 Flowchart of miRNA selection. We chose two miRNAs as endogenous controls and 14 miRNAs for further analysis. The flowchart is based
on a combination of TLDA card screening and a review of the literature
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Fig. 2 Difference in miR-17 (A), miR-18a (B), miR-30c (C), miR-142 (D), and miR-223 (E) plasma levels in patients with hyperuricemia, gout, or
during gout attack compared to normouricemic controls. P-values of the Tukey post hoc pairwise comparisons, based on an ANOVA model with
log-transformed delta cycle threshold values of listed miRNAs. These miRNAs were significantly increased in studied groups compared to
normouricemic controls
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miR-142, and miR-223 were negatively correlated with
levels of MCP-1. Results are plotted in Fig. 3.

Correlation of miRNA levels and biochemical parameters
Several biochemical parameters were measured in our
patient groups (Table 1). We found positive correlations
(p < 0.05) between CRP and all miRNA levels (except
miR-143). Another positive correlation was between
serum creatinine and levels of miR-126, miR-142, miR-
146a, miR-155, and miR-222 (p < 0.01); linked to these
results, the same miRNAs were negatively correlated
with eGFR. Other results are presented in Supplemen-
tary Table S3.

Association of miRNA levels and p.Q141K polymorphism
in ABCG2
Based on the study that explained how the presence of
the p.Q141K polymorphism changes the mRNA struc-
ture of the ABCG2 gene and thus facilitates binding of
miRNAs [32], we tried to examine if there was a differ-
ence in miRNA levels between carriers of the p.Q141K

variant and wild-types. However, the association be-
tween miRNA levels and p.Q141K genotype was weak.

Discussion
Comparison of miRNA levels between studied groups
MiRNAs have been extensively studied in recent years,
revealing evidence that miRNAs play a role in the patho-
physiology of many diseases, including gout [33]. The
first study related to miRNAs and gout was published
seven years ago and worked on the assumption that
miR-155 plays a key role in the proinflammatory activa-
tion of human myeloid cells and antigen-driven inflam-
matory arthritis [34]. They examined the role of miR-
155 in the acute phase of gout, which resulted in finding
that miR-155 was upregulated in synovial fluid mono-
nuclear cells in patients with acute gouty arthritis. This
upregulation was negatively correlated with the expres-
sion of the SHIP-1 protein, which can increase the pro-
duction of proinflammatory cytokines [27]. Thus the
team of Yang et al. decided to verify these results in vivo
using a mouse model; however, they did not find any
significant differences in acute in vivo gout manifestation

Fig. 3 Negative correlation of MCP-1 levels with miR-17 (A), miR-30c (B), miR-126 (C), miR-142 (D), and miR-223 (E) plasma levels in patients with
hyperuricemia, gout, or during gout attack and normouricemic controls. There were no statistically significant differences between diagnostic
groups (ANOVA F-test). Spearman correlation coefficient estimate rho and corresponding correlation test p-value are given together with linear
regression estimated line in black
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between diverse models [35]. In our study, we also did
not find any significant differences in miR-155 plasma
levels between the studied groups; there was only a
slightly increasing trend with diagnosis progression. A
study of the role of miR-146a in the acute inflammatory
response to MSU crystals was created on the basis that
miR-146a has been repeatedly described in connection
with rheumatoid arthritis [36]. MSU crystals induce
miR-146a expression in monocytic THP-1 cells, which
results in inhibition of MSU crystal-induced proinflam-
matory cytokine gene expression in those cells. The per-
ipheral blood mononuclear cells (PBMCs) of patients in
the intercritical phase of gout expressed higher levels of
miR-146a compared to the acute gout group and control
group [26]. Our results did not show any differences
within groups of patients with hyperuricemia, gout, or a
gout attack, not even compared to normouricemic
controls.
Because the proinflammatory cytokine IL-1β is crucial

for inflammation, as well as in acute gouty arthritis,
there have been several studies addressing its regulation
by miRNAs. Zhou et al. discovered five miRNAs (miR-
30c-1-3p, miR-488-3p, miR-550a-3p, miR-663a, and
miR-920) that possibly target IL-1β; furthermore, they
demonstrated significantly decreased levels of miR-488
and miR-920 in the peripheral white blood cells of pa-
tients with acute gouty arthritis. They showed that levels
of IL-1β were significantly higher in these patients. They
also described the effects of MSU crystals on the inhib-
ited expression of miR-488 and miR-920 and induced
mRNA expression of proinflammatory cytokines, such as
IL-1β, IL-8, and TNF-α in monocytic THP-1 cells. In
addition, they demonstrated direct targeting of IL-1β 3′
UTR by miR-488 and miR-920 [29]. After several sets of
measurements (62 samples), we failed to detect altered
levels of these miRNAs in our plasma samples. These
miRNAs are probably not released into the extracellular
environment. During further analysis, we decided to re-
move these miRNAs from the set of tested miRNAs. In
a similar way, we excluded miR-30a and miR-133a since
both showed a high percentage (48% and 57%, respect-
ively) of undetectable or invalid data in our groups of
patients. We discontinued the analysis of these miRNAs
in the course of our research.
The expression of miR-18a is induced by IL-1β and ac-

celerates the progression of osteoarthritis [19]. IL-1β is a
pivotal cytokine in the inflammatory gout cascade; our
results are consistent when we consider differences be-
tween groups where patients with hyperuricemia and
gout had significantly higher levels of miR-18a; however,
we did not find any difference for gout attack patients or
a direct correlation between IL-1β and miR-18a levels.
The miR-17-92 cluster, including miR-17 and miR-

18a, plays a role in oncogenesis [37] and proliferation

and activation of B-cells, T-cells, and macrophages [38].
We found a significantly higher expression of miR-17
and miR-18a in groups of patients with hyperuricemia
and gout, and in the case of miR-17, we found higher ex-
pression in patients experiencing a gout flare in com-
parison with the normouricemic group. miR-17-5p can
also deactivate NLRP3 inflammasomes through binding
and decreasing the thioredoxin-interacting protein
(TXNIP) mRNA [17, 18].
There many studies on NLRP3 inflammasome and its

regulation by miRNAs; it is a key component not only in
gout but also in other inflammatory diseases. In a recent
summary review by Zamani et al., they present a list of
20 miRNAs associated with NLRP3 regulation, including
miR-17-5p, miR-133a-1, miR-146a, miR-155, and miR-
223 [39]. miR-223 was described earlier as a myeloid-
specific miRNA capable of suppressing NLRP3 expres-
sion, which leads to reduced NLRP3 inflammasome ac-
tivity [14]. Our data showed upregulation of miR-223 in
the hyperuricemia, gout, and gout flare patients. miR-
223 targets and negatively regulates NLRP3 expression
and controls inflammasome activation in macrophages
[14]. Upregulation of miR-223 in our plasma samples of
patients with hyperuricemia, gout, and gout flare could
indicate persistent inflammation even during
hyperuricemia.
Experiments using human aortic endothelial cells

(HAEC) revealed that miR-30c-5p could inhibit pyropto-
sis incurred by NLRP3 via FOXO3 targeting [21].
FOXO3 is a transcription factor associate with serum
uric acid levels [40]. Our data show upregulation of this
miRNA in patients with hyperuricemia, gout, and during
a gout attack.
We also tried to analyze miR-302f in one set of mea-

surements, but all samples in the set showed undetect-
able levels of this miRNA. Our results did not help
clarify the role of miR-302f as a potential gout locus [7].

Correlation of miRNA levels and biochemical parameters
We found correlations between several miRNAs and
clinical/biochemical parameters such as BMI, serum uric
acid, fractional uric acid excretion, glomerular filtration
rate, serum creatinine, and CRP. Almost all miRNA
levels were positively correlated with CRP levels. Higher
levels of CRP are associated with the acute-phase of in-
flammation. In our previous study, we showed higher
CRP levels in patients with hyperuricemia and gout;
however, those patients who were not carriers of the
p.Q141K variant of the ABCG2 gene had significantly
lower CRP levels [16]. This could be a possible explan-
ation for the results of an earlier study where CRP levels
were not connected with hyperuricemia [41]. There are
few studies describing an association between circulating
miRNA and CRP levels; for example, a positive
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correlation between miR-155 and CRP was recently pub-
lished [42]. Five miRNAs (miR-126, miR-142, miR-146a,
miR-155, and miR-222) showed a positive correlation
with serum creatinine and, therefore, a negative correl-
ation with eGFR. Higher levels of serum creatinine and,
therefore, lower values of eGFR are associated with ab-
normal renal function, which is also a risk factor for
gout [43].

Association of miRNA levels and cytokines
We were interested in the association between levels of
miRNA and cytokines. In our previous study, we exam-
ined the association between 27 cytokines with disease
level. We found negative correlations between MCP-1
levels and miR-17, miR-30c, miR-126, miR-142, and
miR-223 levels. Chemokine MCP-1 (monocyte chemo-
attractant protein-1) is a chemotactic factor for mono-
cytes. Uric acid increases MCP-1 production, which is
an essential part of the immune response to hyperurice-
mia and gout [44, 45]. We did not confirm this in our
cohort of hyperuricemia and gout patients; in fact, the
normouricemic control group showed significantly
higher levels of MCP-1 in plasma samples [16]. On the
other hand, we showed a negative correlation between
this cytokine and several miRNAs that could possibly in-
fluence MCP-1 expression. According to the online
miRNA target database (http://www.mirdb.org/), there
are 46 target miRNAs for the CCL2 gene (equal to
MCP-1), but none of them are coincident with our
miRNA selection. However, miR-126 can bind to 3′UTR
of CCL2, according to the study investigating CCL2 pro-
duction in white adipose tissue inflammation. Further-
more, this study did not reveal any effect of miR-30c on
adipocyte CCL2 secretion [22]. Also, miR-223 overex-
pression decreased several cytokines, including MCP-1
in glioblastoma cell lines [46]. On the contrary,
overexpression of miR-142 increased CCL2 levels in
monocyte-derived dendritic cells [47]. Other of the pub-
lished miRNAs associated with MCP-1 are for example
miR-124a [48], miR-122 [49], miR-421 [50], and miR-
374a [51]. More studies are necessary in order to clarify
all possible miRNAs targeting MCP-1.

Association of miRNA levels and p.Q141K polymorphism
in ABCG2
One of the first studies in the field of oncology showed
that RNA interference with the ABCG2 gene could
downregulate gene expression and modulate the func-
tional phenotype of cells [52]. Importantly, a study con-
necting our previous and current research describes the
impact of the p.Q141K polymorphism on miRNA-
dependent ABCG2 repression. The study concluded that
the presence of the p.Q141K polymorphism alters the
secondary structure of ABCG2 mRNA and facilitates

translational repression by miRNAs [32]. However, we
did not find any significant association between the
studied miRNAs and the p.Q141K polymorphism in our
groups. MiR-142-3p binds to 3′UTR and the coding se-
quence of ABCG2 and inhibits its expression [24]. We
reported upregulation of miR-142-3p in the plasma of
hyperuricemic, gout, and gout flare patients. Moreover, a
recent study reported that miR-143-3p could directly
target GLUT9 (SLC2A9 gene). MiR-143-3p was signifi-
cantly reduced in kidney tissues from a hyperuricemia
mice model. They also confirmed this result in humans,
where miR-143-3p was significantly more expressed in
the serum of healthy controls compared to hyperurice-
mic patients [25]. We did not find any significant differ-
ences in miR-143-3p levels between the studied groups.

Conclusions
In conclusion, plasma levels of several analyzed miRNAs
(miR-17, miR-18a, miR-30c, miR-142, and miR-223)
were upregulated in hyperuricemic, gout, and gout at-
tack patients compared to normouricemic controls. Un-
fortunately, we did not find any differences in miRNA
levels between particular stages of the disease, i.e., hyper-
uricemia, gout, and gout attack. On the other hand, we
found negative correlations between several miRNAs
(miR-17, miR-30c, miR-126, miR-142, and miR-223) and
plasma chemokine MCP-1 levels. Furthermore, a posi-
tive correlation between CRP and all analyzed miRNAs
(except miR-143) was noticed. Five of those miRNAs
(miR-126, miR-142, miR-146a, miR-155, and miR-222)
also showed a positive correlation with serum creatinine
and, therefore, a negative correlation with eGFR.
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Supplementary material: 

Supplementary Table S1 List of all undetectable, valid, and invalid measurements. 

miRNA undetectable valid invalid all 
miR-16 1 (0.3%) 336 (94.6%) 18 (5.1%) 355 (100%) 
miR-25 0 337 (94.9%) 18 (5.1%) 355 (100%) 
miR-17 12 (3.4%) 342 (96.3%) 1 (0.3%) 355 (100%) 
miR-18a 84 (23.7%) 249 (70.1%) 22 (6.2%) 355 (100%) 
miR-30a 68 (46.9%) 75 (51.7%) 2 (1.4%) 145 (100%) 
miR-30c 52 (14.6%) 232 (65.4%) 71 (20.0%) 355 (100%) 
miR-126 1 (0.3%) 346 (97.5%) 8 (2.3%) 355 (100%) 
miR-133a 76 (52.4%) 63 (43.4%) 6 (4.1%) 145 (100%) 
miR-142 25 (7.0%) 281 (79.2%) 49 (13.8%) 355 (100%) 
miR-143 45 (12.7%) 285 (80.3%) 25 (7.0%) 355 (100%) 
miR-146a 1 (0.3%) 350 (98.6%) 4 (1.1%) 355 (100%) 
miR-155 105 (29.6%) 250 (70.4%) 0 355 (100%) 
miR-222 14 (3.9%) 337 (94.9%) 4 (1.1%) 355 (100%) 
miR-223 2 (0.6%) 352 (99.2%) 1 (0.3%) 355 (100%) 

 

 

 

 



Supplementary Table S2 Comparison of delta cycle threshold (dCt) miRNA values between studied groups. 

miRNA NC N NC 

median 

NC 

IQR 

HUA N HUA 

median 

HUA 

IQR 

GA 

N 

GA 

median 

GA IQR GF 

N 

GF median GF 

IQR 

ALL 

N 

ALL 

median 

ALL 

IQR 

KW-test 

p-value 

adjusted 

p-value 

miR_16 118 -0.11 1.05 53 -0.58 0.89 145 -0.42 0.94 21 -0.60 1.37 337 -0.34 1.06 0.0208 0.0450 

miR_25 125 0.00 0.00 53 0.00 0.00 138 0.00 0.00 21 0.00 0.00 337 0.00 0.00 NA NA 

miR-17 130 1.17 1.30 54 2.03 1.62 146 1.81 1.59 24 2.23 1.56 354 1.65 1.77 0.0000 0.0000 

miR-18a 128 1.27 3.02 48 2.89 3.72 137 2.97 4.59 20 2.99 4.06 333 2.19 4.28 0.0001 0.0004 

miR-30a 59 0.71 2.28 23 0.72 1.46 54 0.76 1.99 7 1.18 1.94 143 0.73 1.91 0.7805 0.8045 

miR-30c 93 1.94 5.01 43 5.26 5.64 128 6.22 7.64 20 11.72 9.38 284 4.76 7.88 0.0000 0.0000 

miR-126 127 1.12 1.15 53 1.15 1.37 144 1.30 1.59 23 1.26 0.98 347 1.20 1.40 0.0627 0.1018 

miR-133a 59 0.91 4.01 23 1.22 1.73 50 1.12 3.91 7 1.68 2.50 139 1.03 3.38 0.6660 0.7892 

miR-142 115 1.30 2.27 45 2.31 3.20 127 2.69 4.42 19 2.68 3.68 306 2.03 3.33 0.0000 0.0000 

miR-143 125 1.42 2.94 48 1.26 1.99 134 1.21 2.26 23 1.85 0.84 330 1.40 2.30 0.6678 0.7892 

miR-146a 127 1.01 1.75 54 0.79 1.28 146 0.97 1.12 24 0.98 1.41 351 0.97 1.32 0.8045 0.8045 

miR-155 130 1.13 2.07 54 1.41 2.59 147 1.66 3.48 24 1.55 2.59 355 1.43 2.91 0.0247 0.0458 

miR-222 128 1.11 1.24 54 1.11 1.12 145 1.18 1.22 24 1.01 0.91 351 1.12 1.20 0.3483 0.5031 

miR-223 130 1.14 1.87 54 1.87 1.98 146 1.92 1.76 24 2.82 3.12 354 1.58 1.99 0.0000 0.0001 

NC, normouricemic controls; HUA, hyperuricemia patients; GA, gouty arthritis patients; GF, gout patients during gout flare (attack); IQR, 

interquartile range; KW-test, Kruskal–Wallis test. adjusted p-value, adjustment for multiple comparisons by Benjamini-Hochberg method. 



Supplementary Table S3 P-values of miRNA levels and biochemical parameters correlations. 

miRNA  BMI SUA off SUA on FE-
UA 

eGFR-
MDRD 

CREA logCRP 

miR-17 ns ns ns ns ns ns < 0.001 
miR-18a ns ns ns ns ns ns < 0.05 
miR-30c < 0.05 < 0.05 ns ns ns ns 0.0001 
miR-126 ns ns ns ns 0 0.0001 0 
miR-142 < 0.01 ns < 0.05 ns < 0.05 < 0.01 0 
miR-143 ns ns ns ns ns ns ns 
miR-146a ns ns ns ns < 0.001 < 0.01 < 0.01 
miR-155 ns ns ns ns < 0.001 < 0.001 < 0.001 
miR-222 ns ns ns < 0.01 0 < 0.001 0 
miR-223 ns ns ns ns ns ns 0 

BMI – body mass index; SUA – serum uric acid (off treatment/on treatment); FE-UA –fractional uric acid excretion; eGFR-MDRD – estimated 

glomerular filtration rate calculated using the Modification of Diet in Renal Disease; CREA – serum creatinine; CRP – C-reactive protein. 
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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.

Keywords: gout; hyperuricemia; urate transporters; sequencing; SLC2A9; SLC22A12

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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Table 1. Main demographic and genetic characteristics of the hyperuricemic (n = 68) and gout patients (n = 182).

All (Number) All (%) Hyperuricemic (Number) Hyperuricemic (%) Gout (Number) Gout (%) Fisher Test p-Value

sex (men/women) 214/36 85.6/14.4 48/20 70.6/29.4 166/16 91.2/8.8 0.0002
familial occurrence of gout 97 59.8 31 48.3 66 63.5 0.0480

no treatment 58 23.2 30 44.1 28 15.4
<0.0001treatment with allopurinol 175 70.0 38 55.9 137 75.3

treatment with febuxostat 17 6.8 0 0.0 17 9.3
p.Q141K-wild type 147 58.8 44 64.7 103 56.6

0.3682p.Q141K-heterozygous variant 87 34.8 19 27.9 68 37.4
p.Q141K-homozygous variant 16 6.4 5 7.4 11 6.0

hypertension 100 52.8 24 58.6 76 50.6 0.3551

Fisher exact test for comparisons between categorical variables in hyperuricemia and gout cohorts. p.Q141K, variant of the ABCG2 gene.

Table 2. Main clinical and biochemical characteristics of the hyperuricemic (n = 68) and gout patients (n = 182).

All Median (IQR) All Range Hyperuricemic Median (IQR) Hyperuricemic Range Gout Median (IQR) Gout Range Wilcoxon Test p-Value

age of onset [years] 40.0 (28.0) 1.2–84 27.0 (40.5) 1.2–76 42.0 (24.0) 11–84 0.0026
age [years] 51.5 (25.0) 3–90 36.0 (42.0) 3–78 54.0 (21.0) 11–90 <0.0001

BMI 28.4 (5.8) 16–50 28.1 (6.4) 16–41 28.4 (5.4) 19.5–50 0.0822
WHR 1.0 (0.1) 0.6–1.7 1.0 (0.1) 0.7–1.3 1.0 (0.1) 0.6–1.7 0.0038

SUA off treatment [µmol/L] 460.0 (123.8) 181–683 446.0 (111.0) 253–608 462.0 (124.5) 181–683 0.6298
SUA on treatment [µmol/L] 375.0 (134.0) 163–808 424.0 (140.0) 240–628 372.0 (128.0) 163–808 0.0515

FEUA [fraction] 3.6 (1.7) 0.8–20 3.8 (2.0) 1.6–20 3.6 (1.6) 0.8–14.3 0.6066
GFR.MDRD 86.0 (27.6) 24–426 88.0 (36.0) 28–426 86.0 (26.0) 24–154 0.2312

serum creatinine [µmol/L] 80.5 (19.8) 26–226 79.0 (19.2) 26–132 81.5 (20.5) 47–226 0.0240
CRP 3.5 (6.4) 0.2–224.4 1.9 (4.6) 0.2–153.1 4.0 (6.4) 0.2–224.4 0.0025

Wilcoxon two-sample test for comparisons between continuous variables in hyperuricemic and gout cohorts. IQR, interquartile ranges; WHR, waist-hip ratio; SUA, serum uric acid;
FEUA, excretion fraction of uric acid; GFR.MDRD, estimation of glomerular filtration rate; CRP, C-reactive protein. Note: These are data from the initial examination at the Institute of
Rheumatology. At this time, uric acid levels were in the reference range in five individuals diagnosed with hyperuricemia.
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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


J. Clin. Med. 2020, 9, 2510 6 of 17

Table 3. SNPs in SLC2A9 and SLC22A12 that were identified in a cohort of 250 patients with primary hyperuricemia and gout.

Variant Gene Region of the
Gene

Reference
SNP Number

Wild Type
Homozygotes

(Number)

Wild Type/Variant
Heterozygotes

(Number)

Variant Allele
Homozygotes

(Number)

Allelic
Variant MAF

European
Population

MAF

Binomial Test
p-Value

p.G25R, c.73G>A SLC2A9 exon 1 rs2276961 44 109 97 0.606 0.528 0.0005
p.R294H, c.881G>A SLC2A9 exon 7 rs3733591 161 78 11 0.200 0.191 0.6087
p.V282I, c.844G>A SLC2A9 exon 7 rs16890979 195 51 4 0.118 0.214 0.0000
p.T275M, c.824C>T SLC2A9 exon 7 rs112404957 244 6 0 0.012 0.009 0.4690
p.D281H, c.841G>C SLC2A9 exon 7 rs73225891 238 12 0 0.024 0.029 0.5945
p.P350L, c.1049C>T SLC2A9 exon 8 rs2280205 54 123 73 0.538 0.484 0.0176

p.A17T, c.49G>A SLC2A9 exon 3 * rs6820230 222 0 28 0.112 0.297 0.0000
p.L108L, c.322T>C SLC2A9 exon 3 rs13113918 7 48 195 0.876 0.800 0.0000
p.T125T, c.375G>A SLC2A9 exon 3 rs10939650 10 58 182 0.844 0.752 0.0000
p.I168I, c.504C>T SLC2A9 exon 4 rs3733589 237 13 0 0.026 0.045 0.0397

p.L189L, c.567T>C SLC2A9 exon 6 rs13125646 7 47 196 0.878 0.801 0.0000
p.S515S, c.1545C>T SLC2A9 exon 12 rs144428359 243 7 0 0.014 0.007 0.0944

c.150+24A>G SLC2A9 intron 1–2 rs2276962 241 9 0 0.018 0.042 0.0050
c.150+65C>T SLC2A9 intron 1–2 rs2276963 239 11 0 0.022 0.054 0.0007
c.151-60T>C SLC2A9 intron 1–2 rs2240722 44 52 154 0.720 0.528 0.0000
c.249+35C>T SLC2A9 intron 2–3 rs2240721 42 46 162 0.740 0.528 0.0000

c.249+119G>A SLC2A9 intron 2–3 rs2240720 45 25 180 0.770 0.601 0.0000
c.250-40A>G SLC2A9 intron 2–3 rs28592748 8 48 194 0.872 0.800 0.0000
c.410+29G>T SLC2A9 intron 3–4 rs16891971 246 4 0 0.008 0.026 0.0069
c.410+49A>G SLC2A9 intron 3–4 rs772544951 249 1 0 0.002 0.000 0.0000
c.535+67A>G SLC2A9 intron 4–5 rs3733590 236 14 0 0.028 0.071 0.0000
c.681+25G>A SLC2A9 intron 5–6 rs13115193 50 109 91 0.582 0.505 0.0006
c.681+13C>T SLC2A9 intron 5–6 rs202000076 248 2 0 0.004 0.001 0.0901
c.682-31C>T SLC2A9 intron 5–6 rs4292327 142 97 11 0.238 0.224 0.4528

c.1002+68C>T SLC2A9 intron 7–8 NA 249 1 0 0.002 NA NA
c.1002+72G>A SLC2A9 intron 7–8 rs1050991059 249 1 0 0.002 0.000 0.0000
c.1002+78A>G SLC2A9 intron 7–8 rs6823877 128 71 51 0.346 0.651 0.0000
c.1113+9A>C SLC2A9 intron 8–9 rs2280204 196 48 6 0.120 0.200 0.0000
c.1114-89G>C SLC2A9 intron 8–9 rs114361719 249 1 0 0.002 0.028 0.0000
c.63+18delT SLC2A9 intron 3–4 * rs61256984 1 236 13 0.524 0.299 0.0000
c.-40-13T>C SLC2A9 5’ UTR * rs6449237 232 0 18 0.072 0.293 0.0000
c.-40-45G>A SLC2A9 5’ UTR * rs752032126 249 0 1 0.004 0.000 0.0000

p.N82N, c.246C>T SLC22A12 exon 1 rs3825017 248 2 0 0.004 0.004 1.0000
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Table 3. Cont.

Variant Gene Region of the
Gene

Reference
SNP Number

Wild Type
Homozygotes

(Number)

Wild Type/Variant
Heterozygotes

(Number)

Variant Allele
Homozygotes

(Number)

Allelic
Variant MAF

European
Population

MAF

Binomial Test
p-Value

p.H86H, c.258C>T SLC22A12 exon 1 rs3825016 37 106 107 0.640 0.706 0.0014
p.H142H, c.426T>C SLC22A12 exon 2 rs11231825 36 106 108 0.644 0.706 0.0027

p.A416A, c.1248A>G SLC22A12 exon 7 rs1630320 0 0 250 1.000 1.000 1.0000
p.L437L, c.1309T>C SLC22A12 exon 8 rs7932775 154 77 19 0.230 0.202 0.1191

c.662-7C>T SLC22A12 intron 3–4 rs373881060 245 5 0 0.010 0.000 0.0000
c.1598+18C>T SLC22A12 intron 9–10 rs11231837 152 79 19 0.234 0.199 0.0566
c.955-38G>A SLC22A12 intron 5–6 rs368284669 248 2 0 0.004 0.000 0.0000

SNPs found in the SCL2A9 gene in transcript ENST00000506583 are marked with an asterisk (*) sign, others come from longer transcript ENST00000264784. Genetic variants of the
SLC22A12 gene originate from transcript ENST00000377574. The minor allele frequency (MAF) in our cohort was compared to the European MAF using the binomial test.

Table 4. Comparison of genetic variants in individuals with primary hyperuricemia and patients with primary gout.

Variant

Individuals with Hyperuricemia Patients with Gout

OR
Fisher Test

p-Value

Benjamini
-Hochberg

Method:
p-Value

Adjusted

Wild Type
Homozygotes
(Number)

Wild
Type/Variant

Heterozygotes
(Number)

Variant
Allele

Homozygotes
(Number)

Variant
Allele
MAF

Wild Type
Homozygotes

(Number)

Wild
Type/Variant

Heterozygotes
(Number)

Variant Allele
Homozygotes

(Number)

Variant
Allele
MAF

p.G25R 7 33 28 0.654 37 76 69 0.588 0.75 0.1829 0.7374
p.R294H 42 22 4 0.221 119 56 7 0.192 0.84 0.5300 1.0000
p.V282I 53 14 1 0.118 142 37 3 0.118 1.00 1.0000 1.0000

p.T275M 68 0 0 0.000 176 6 0 0.016 – 0.1966 0.7374
p.N281H 65 3 0 0.022 173 9 0 0.025 1.12 1.0000 1.0000
p.P350L 15 35 18 0.522 39 88 55 0.544 1.9 0.6875 1.0000
p.A17T 65 0 3 0.044 157 0 25 0.137 3.44 0.0023 0.0432
p.L108L 0 17 51 0.875 7 31 144 0.876 1.1 1.0000 1.0000
p.T125T 0 20 48 0.853 10 38 134 0.841 0.91 0.7834 1.0000
p.I168I 66 2 0 0.015 171 11 0 0.030 2.9 0.5291 1.0000

p.L189L 0 15 53 0.890 7 32 143 0.874 0.86 0.7589 1.0000
p.S515S 68 0 0 0.000 175 7 0 0.019 – 0.1978 0.7374

c.150+24A>G 66 2 0 0.015 175 7 0 0.019 1.31 1.0000 1.0000
c.150+65C>T 66 2 0 0.015 173 9 0 0.025 1.70 0.7351 1.0000
c.151-60T>C 4 17 47 0.816 40 35 107 0.684 0.49 0.0035 0.0432
c.249+35C>T 4 15 49 0.831 38 31 113 0.706 0.49 0.0042 0.0432
c.249+119G>A 4 10 54 0.868 41 15 126 0.734 0.42 0.0012 0.0432
c.250-40A>G 0 17 51 0.875 8 31 143 0.871 0.96 1.0000 1.0000
c.410+29G>T 67 1 0 0.007 179 3 0 0.008 1.12 1.0000 1.0000
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Table 4. Cont.

Variant

Individuals with Hyperuricemia Patients with Gout

OR
Fisher Test

p-Value

Benjamini
-Hochberg

Method:
p-Value

Adjusted

Wild Type
Homozygotes
(Number)

Wild
Type/Variant

Heterozygotes
(Number)

Variant
Allele

Homozygotes
(Number)

Variant
Allele
MAF

Wild Type
Homozygotes

(Number)

Wild
Type/Variant

Heterozygotes
(Number)

Variant Allele
Homozygotes

(Number)

Variant
Allele
MAF

c.410+49A>G 68 0 0 0.000 181 1 0 0.003 – 1.0000 1.0000
c.535+67A>G 65 3 0 0.022 171 11 0 0.030 1.38 0.7676 1.0000
c.681+25G>A 8 34 26 0.632 42 75 65 0.563 0.75 0.1855 0.7374
c.681+13C>T 68 0 0 0.000 180 2 0 0.005 – 1.0000 1.0000
c.682-31C>T 43 23 2 0.199 99 74 9 0.253 1.36 0.2383 0.8141
c.1002+68C>T 68 0 0 0.000 181 1 0 0.003 – 1.0000 1.0000
c.1002+72G>A 68 0 0 0.000 181 1 0 0.003 – 1.0000 1.0000
c.1002+78A>G 37 17 14 0.331 91 54 37 0.352 1.10 0.7514 1.0000
c.1113+9A>C 53 15 0 0.110 143 33 6 0.124 1.14 0.7585 1.0000
c.1114-89G>C 68 0 0 0.000 181 1 0 0.003 – 1.0000 1.0000
c.63+18delT 0 66 2 0.515 1 170 11 0.527 1.5 0.8407 1.0000
c.-40-13T>C 66 0 2 0.029 166 0 16 0.088 3.18 0.0306 0.2510
c.-40-45G>A 68 0 0 0.000 181 0 1 0.005 – 1.0000 1.0000

p.N82N 67 1 0 0.007 181 1 0 0.003 0.37 0.4704 1.0000
p.H86H 8 24 36 0.706 29 82 71 0.615 0.67 0.0749 0.4385
p.H142H 7 25 36 0.713 29 81 72 0.618 0.65 0.0586 0.4006
p.A416A 0 0 68 1.000 0 0 182 1.000 0.00 1.0000 1.0000
p.L437L 45 16 7 0.221 109 61 12 0.234 1.8 0.8119 1.0000

c.662-7C>T 67 1 0 0.007 178 4 0 0.011 1.50 1.0000 1.0000
c.1598+18C>T 44 17 7 0.228 108 62 12 0.236 1.5 0.9058 1.0000
c.955-38G>A 67 1 0 0.007 181 1 0 0.003 0.37 0.4704 1.0000

OR, odds ratio. In cases without a variant allele among hyperuricemic patients, the OR could not be enumerated (shown as a ‘–’ sign in the cell).
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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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Table 5. The relationship between the detected variants and serum uric acid levels and fractional excretion of uric acid.

Variant

Median of Serum Uric Acid Levels [µmol/L]
Kruskal-Wallis

ANOVA

Benjamini-Hochberg
Method: p-Value

Adjusted

Median of FEUA [%]
Kruskal-Wallis

ANOVA

Benjamini-Hochberg
Method: p-Value

Adjusted
Wild Type

Homozygotes

Wild
Type/Variant

Heterozygotes

Variant Allele
Homozygotes

Wild Type
Homozygotes

Wild
Type/Variant

Heterozygotes

Variant Allele
Homozygotes

p.G25R 470 446 448 0.2114 0.653 3.6 3.5 3.7 0.5943 0.933
p.R294H 461 442 430 0.9211 0.921 3.6 3.6 4.2 0.2394 0.933
p.V282I 451 464 395 0.6131 0.735 3.7 3.3 3.1 0.2560 0.933

p.T275M 461 408 NA 0.1623 0.622 3.6 3.4 NA 0.9092 0.937
p.N281H 458 463 NA 0.4241 0.728 3.6 3.7 NA 0.6986 0.933
p.P350L 467 458 440 0.7566 0.830 3.6 3.6 3.7 0.9675 0.968
p.A17T 454 NA 476 0.3181 0.728 3.7 NA 3.6 0.5109 0.933
p.L108L 464 468 451 0.5179 0.734 3.3 3.6 3.6 0.5890 0.933
p.T125T 485 462 452 0.8198 0.867 3.6 3.6 3.6 0.6707 0.933
p.I168I 460 333 NA 0.1300 0.622 3.6 3.9 NA 0.5167 0.933

p.L189L 464 472 455 0.5865 0.735 3.3 3.2 3.7 0.3902 0.933
p.S515S 456 464 NA 0.6484 0.735 3.6 4.4 NA 0.5417 0.933

c.150+24A>G 460 312 NA 0.0215 0.622 3.6 3.9 NA 0.7131 0.933
c.150+65C>T 460 333 NA 0.1300 0.622 3.6 3.9 NA 0.4553 0.933
c.151-60T>C 473 444 446 0.0732 0.622 3.6 4.0 3.6 0.0656 0.736
c.249+35C>T 478 458 444 0.1310 0.622 3.6 4.0 3.6 0.0803 0.736
c.249+119G>A 482 458 444 0.0829 0.622 3.6 4.5 3.5 0.0037 0.127
c.250-40A>G 464 468 451 0.5179 0.734 3.2 3.6 3.6 0.5163 0.933
c.410+29G>T 460 568 NA 0.1830 0.622 3.6 4.2 NA 0.2784 0.933
c.410+49A>G 460 NA NA NA NA 3.6 14.3 NA NA NA
c.535+67A>G 460 401 NA 0.3475 0.728 3.6 4.2 NA 0.1387 0.893
c.681+25G>A 477 451 442 0.0679 0.622 3.4 3.7 3.7 0.8218 0.933
c.681+13C>T 460 482 NA 0.6450 0.735 3.6 2.8 NA 0.1577 0.893
c.682-31C>T 442 462 482 0.2579 0.728 3.7 3.5 3.7 0.8507 0.933
c.1002+68C>T 460 600 NA NA NA 3.6 5.5 NA NA NA
c.1002+72G>A 460 437 NA NA NA 3.6 3.1 NA NA NA
c.1002+78A>G 450 451 469 0.3498 0.728 3.6 3.4 3.9 0.0865 0.736
c.1113+9A>C 462 441 385 0.6242 0.735 3.7 3.6 3.8 0.8498 0.933
c.1114-89G>C 460 NA NA NA NA 3.6 2.9 NA NA NA
c.63+18delT 462 455 495 0.4499 0.728 3.1 3.6 3.8 0.6716 0.933
c.-40-13T>C 454 NA 477 0.1799 0.622 3.6 NA 3.6 0.9065 0.937
c.-40-45G>A 460 NA 548 NA NA 3.6 NA 4.3 NA NA

p.N82N 460 430 NA 0.8417 0.867 3.6 4.4 NA 0.3696 0.933
p.H86H 415 470 451 0.3873 0.728 3.6 3.6 3.7 0.4343 0.933
p.H142H 418 470 450 0.4299 0.728 3.6 3.6 3.7 0.4044 0.933
p.A416A NA NA 460 NA NA NA NA 3.6 NA NA
p.L437L 460 464 406 0.4105 0.728 3.6 3.6 3.4 0.7912 0.933

c.662-7C>T 460 414 NA 0.5885 0.735 3.6 2.7 NA 0.7552 0.933
c.1598+18C>T 460 468 406 0.3664 0.728 3.6 3.6 3.4 0.7872 0.933
c.955-38G>A 460 492 NA 0.4847 0.734 3.6 4.2 NA 0.4767 0.933
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Table 6. Comparison of mutual occurrence of dysfunctional variants of ABCG2 (p.R147W, p.T153M, p.F373C, p.T434M, p.S476P, and p.S572R) and the variant p.D281H
in a cohort of individuals with hyperuricemia and gout.

Without ABCG2
Variants

(Number)

Without ABCG2
Variants (%)

Occurrence of
Variants of

ABCG2 (Number)

Occurrence of
Variants of
ABCG2 (%)

Total Number
(without Distinction
of Alleles in ABCG2)

Portion of the
Whole Cohort (%)

p.D281H wild type 233 95.9 5 71.4 238 95.2
heterozygotes +
homozygotes 10 4.1 2 28.6 12 4.8

total in the given column 243 100.0 7 100.0 250 100.0

Fisher’s Exact Test: p-value = 0.0389, odds ratio 9.11.

Table 7. Comparison of mutual occurrence of dysfunctional variants of ABCG2 (p.R147W, p.T153M, p.F373C, p.T434M, p.S476P, and p.S572R) and the variant p.D281H
in a cohort of individuals with gout.

Without ABCG2
Variants

(Number)

Without ABCG2
Variants (%)

Occurrence of
Variants of

ABCG2 (Number)

Occurrence of
Variants of
ABCG2 (%)

Total Number
(without Distinction
of Alleles of ABCG2)

Portion in the
Whole Cohort (%)

p.D281H wild type 169 96 4 66.7 173 95.1
heterozygotes +
homozygotes 7 4 2 33.3 9 4.9

total in the given column 176 100 6 100.0 182 100.0

Fisher’s Exact Test: p-value = 0.0295, odds ratio 11.6.

Table 8. Comparison of mutual occurrence of dysfunctional variants of ABCG2 (p.Q141K, p.R147W, p.T153M, p.F373C, p.T434M, p.S476P, and p.S572R) and the
variant p.350L in a cohort of individuals with hyperuricemia and gout.

Without ABCG2
Variants

(Number)

Without ABCG2
Variants (%)

Occurrence of
Variants of

ABCG2 (Number)

Occurrence of
Variants of
ABCG2 (%)

Total Number
(without Distinction
of Alleles of ABCG2)

Portion in the
Whole Cohort (%)

p.P350L
wild type +

heterozygotes 175 72 2 28.6 177 70.8

homozygotes 68 28 5 71.4 73 29.2

total in the given column 243 100 7 100.0 250 100.0

Fisher’s Exact Test: p-value = 0.0239, odds ratio 6.38.
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Table 9. Comparison of mutual occurrence of dysfunctional variants of ABCG2 (p.Q141K, p.R147W, p.T153M, p.F373C, p.T434M, p.S476P, and p.S572R) and the
variant c.1002+78A>G in a cohort of individuals with hyperuricemia and gout.

Without
ABCG2
Variants

(Number)

Without
ABCG2

Variants (%)

Occurrence of
Heterozygous

Variants of ABCG2
(Number)

Occurrence of
Heterozygous

Variants of
ABCG2 (%)

Occurrence of
Homozygous

Variants of ABCG2
(Number)

Occurrence of
Homozygous

Variants of
ABCG2 (%)

Total Number
(without Distinction
of Alleles of ABCG2)

Portion in the
Whole

Cohort (%)

c.1002+78A>G
wild type 68 47.6 48 54.5 12 63.2 128 51.2

heterozygotes 52 36.4 17 19.3 2 10.5 71 28.4
homozygotes 23 16.1 23 26.1 5 26.3 51 20.4

total in the given column 143 100.0 88 100.0 19 100.0 250 100.0

Fisher’s Exact Test: p-value = 0.014.
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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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����������
�������

Citation: Stiburkova, B.; Bohatá, J.;

Pavelcová, K.; Tasic, V.;

Plaseska-Karanfilska, D.; Cho, S.-K.;
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Abstract: Renal hypouricemia (RHUC) is caused by an inherited defect in the main reabsorption
system of uric acid, SLC22A12 (URAT1) and SLC2A9 (GLUT9). RHUC is characterized by a de-
creased serum uric acid concentration and an increase in its excreted fraction. Patients suffer from
hypouricemia, hyperuricosuria, urolithiasis, and even acute kidney injury. We report clinical, bio-
chemical, and genetic findings in a cohort recruited from the Košice region of Slovakia consisting of
27 subjects with hypouricemia and relatives from 11 families, 10 of whom were of Roma ethnicity.
We amplified, directly sequenced, and analyzed all coding regions and exon–intron boundaries of the
SLC22A12 and SLC2A9 genes. Sequence analysis identified dysfunctional variants c.1245_1253del and
c.1400C>T in the SLC22A12 gene, but no other causal allelic variants were found. One heterozygote
and one homozygote for c.1245_1253del, nine heterozygotes and one homozygote for c.1400C>T, and
two compound heterozygotes for c.1400C>T and c.1245_1253del were found in a total of 14 subjects.
Our result confirms the prevalence of dysfunctional URAT1 variants in Roma subjects based on
analyses in Slovak, Czech, and Spanish cohorts, and for the first time in a Macedonian Roma cohort.
Although RHUC1 is a rare inherited disease, the frequency of URAT1-associated variants indicates
that this disease is underdiagnosed. Our findings illustrate that there are common dysfunctional
URAT1 allelic variants in the general Roma population that should be routinely considered in clinical
practice as part of the diagnosis of Roma patients with hypouricemia and hyperuricosuria exhibiting
clinical signs such as urolithiasis, nephrolithiasis, and acute kidney injury.

Keywords: renal hypouricemia; SLC22A12; URAT1; ethnic specificity; Roma

1. Introduction

Hypouricemia, defined as a serum uric acid (UA) concentration < 120 µmol/L, is a rare
laboratory finding with a prevalence of 0.21–0.53% that varies with age [1,2]. Secondary
hypouricemia may be caused by Fanconi syndrome, cystinosis, diabetes mellitus, and/or
inappropriate antidiuretic hormone secretion syndrome. Primary hypouricemia can result
from decreased UA production by a blockade of the last step of purine degradation,
e.g., hereditary xanthinuria, but is more commonly due to decreased renal tubular UA
reabsorption, e.g., renal hypouricemia.
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Renal hypouricemia (RHUC) is a rare heterogeneous inherited disease caused by a dys-
function of the primary renal urate transporters: URAT1 (gene SLC22A12, OMIM #220150)
and GLUT9 (gene SLC2A9, OMIM #612076), resulting in impaired tubular transport of
UA, insufficient reabsorption, and/or increased secretion by a mechanism of endothelial
dysfunction [3–7]. The biochemical markers are characterized by hypouricemia and an
increased fractional excretion of UA (FE-UA). Clinically, the disease presents with urolithi-
asis, nephrolithiasis, and, in some patients, acute kidney injury that often occurs after
physical exertion [8]. No treatment is available; however, allopurinol has been used to
prevent the recurrence of acute kidney injury episodes [9].

RHUC patients have been described in different ethnic groups and geographically
noncontiguous countries; over 200 cases with URAT1 variants and ~20 cases with GLUT9
defects have been reported to date worldwide. The loss-of-function SLC22A12 variants
(in compound heterozygous and/or homozygous state) are the primary cause of renal
hypouricemia (> 90%), with significant population specificity: the high incidence of RHUC1
in Japanese and Korean patients reflects the 2.3% allelic frequency of the prevalent dysfunc-
tional variant rs121907892 (p.W258X) [10], with null allele frequency in African/American,
Ashkenazi Jewish, South Asia, and European populations (130,978 subjects, ExAc database).
However, the world’s highest frequency of predominant dysfunctional RHUC1 variants
was identified in the European Roma population (1016 individuals from regions of the
Czech Republic, Slovakia, and Spain): the rs200104135 (p.T467M) variant has a frequency
of 5.6%, and the deletion variant p.L415_G417 has a frequency of 1.9% [11].

In the present study, we collected a cohort of pediatric subjects with repeated findings
of serum uric acid below 120 µmol/L. A cohort of 27 subjects was recruited as part of a
single-center study by the Metabolic Ambulance of the Department of Paediatrics and
Adolescent Medicine, Children’s Faculty Hospital, Košice, Slovakia, between 2018 and 2020
and consisted of probands and relatives from 11 families. The aims of the study were (a) to
determine whether renal hypouricemia type 1 and 2 occurs in the cohort, (b) to determine
which type of renal hypouricemia predominates, and (c) to identify causal variants for this
rare Mendelian disease of urate transport associated with hypouricemia.

2. Materials and Methods
2.1. Clinical Subjects

The studied probands and their family members were Slovaks of Roma ethnicity,
except for family I, who did not report their ethnicity. Participants were repeatedly di-
agnosed with serum uric acid below 120 µmol/L in children and below 150 µmol/L in
adults during a two-year study period. The families under investigation did not indicate a
family relationship. All participants were fully informed of the study’s goals and written
informed consent was obtained from each participant before enrollment in the study. All
tests were performed following standards set by institutional ethics committees. The study
was approved on 24 July 2018 as part of project no. 7131/2018. All the procedures were
performed per the Declaration of Helsinki. A cohort of genomic DNA of 109 unrelated
subjects of Roma ethnicity (chosen irrespective of their state of health) from Macedonia
and a previously reported cohort of 1016 Roma individuals from five European regions
(Slovakia, Czech Republic, Spain) was used as a control group [11,12].

2.2. Clinical Investigations and Sequence Analyses

Urate and creatinine levels were measured using specific enzymatic methods, and
the Jaffé reaction, which was adapted for use with an auto-analyzer (Hitachi Automatic
Analyzer 902; Roche, Basel, Switzerland). Whole blood was collected and stored in the
biobank of the Institute of Rheumatology, Prague, Czech Republic. Subsequently, genomic
DNA was extracted using QIAamp DNA Mini Kits (QiagenGmbH, Hilden, Germany).
All coding exons and intron–exon boundaries of SLC22A12 and SLC2A9 were amplified
from genomic DNA using polymerase chain reaction and subsequently purified using PCR
DNA Fragments Extraction Kits (Geneaid, New Taipei City, Taiwan). DNA sequencing
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was performed on an automated 3130 Genetic Analyzer (Applied Biosystems Inc., Fos-
ter City, CA, USA). Primer sequences and PCR conditions used for amplification were
previously described [12–14].

The reference sequences for GLUT9/SLC2A9 (NM_020041.2; NP_064425.2; SNP source db-
SNP 132) and URAT1/SLC22A12 (NM_144585.3) were defined as version NC_000004.12 (Chro-
mosome 4: 9,771,153–10,054,936) and NC_000011.8 (Chromosome 11:64,114,688–64,126,396),
respectively.

In the control group of 109 unrelated subjects of Roma ethnicity from Macedonia,
we only analyzed exon 7 and exon 9 of SLC22A12 for identifying prevalent variants
c.1245_1253del (p.L415_G417del) and c.1400C>T (rs200104135, p.T467M).

3. Results
3.1. Clinical Subjects

The cohort consisted of nine hypouricemia probands and 18 family relatives. The
probands had repeated hypouricemia and/or increased FE-UA. Hypouricemia was the
determining factor for inclusion in the study, not ethnicity; however, all subjects were of
Roma origin, except family I, who did not report their ethnicity. No clinical or labora-
tory symptoms of renal disease were present in the probands. However, other hereditary
disorders were present in the cohort: five subjects were diagnosed with phenylketonuria
(PKU, OMIM #261600), four subjects with short-chain acyl-CoA dehydrogenase deficiency
(SCADD, OMIM #201470), one subject with Gilbert syndrome (OMIM #143500), one subject
with congenital hypothyroidism (OMIM #275200), and one subject with mild hyperhomo-
cysteinemia due to a methylenetetrahydrofolate reductase deficiency (OMIM #607093.0004).
The clinical and biochemical data from this study are summarized in Table 1. Family pedi-
grees could not be prepared due to the disinterest of family members.

Table 1. The clinical and biochemical data of the analyzed cohort.

Family Patient Sex Year of
Birth

Year of
Onset

sUA
µmol/L

FE-UA
% Associated Diseases

A
1 F 1962 N/A 263 7.6 PKU heterozygote
2 F 1991 N/A 137 9.7 PKU

B
3 M 2014 4 101 (2018), 102 (2021) 13.1 (2018), 16.2 (2021) autism, ADHD
4 M 1985 N/A 326 7.3
5 F 1981 20 167 8.6

C
6 M 2006 12 94 (2018) 23.4 (2018) PKU
7 M 2012 6 122 (2017), 150 (2018) 15.8 (2018) PKU
8 F 2011 7 118 (2018) 12.4 (2018) PKU

D
9 F 2008 10 194 (2018) 7.3 (2018) MTHFR homozygote, PAI

heterozygote
10 F 1999 20 141 (2019) 16.2 (2019) SCADD heterozygote

E
11 F 2018 10 mth 95 (2018), 146 (2019),

151 (2021) 17.1 (2018), 12.0 (2021) SCADD

12 F 1994 24 N/A N/A SCADD heterozygote

F
13 F 1991 N/A 309 (2018) 5.1 (2018) xanthinuria heterozygote

14 M 2017 18 mth 72 (2018), 136 (2019),
141 (2021) 10.3 (2021) PKU

15 M 2016 3 135 (2016), 140 (2019) 11.3 (2019) SCADD

G
16 M 2018 6 mth 140 (2018), 114 (2019),

235 (2020) 16.5 (2018) transitory hypertyrosinemia

17 F 1981 38 247 (2018) 8.4 (2018)
18 M 1988 31 415 (2018) 5.9 (2018)

H
19 M 2008 11 55 (2019), 77 (2020) 28.8 (2020)

hypogonadotropic hypogonadism,
Gilbert syndrome, hepatopathy,

cholecystolithiasis, obesity
20 F 1986 34 125 11.6
21 M 1983 37 44 43
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Table 1. Cont.

Family Patient Sex Year of
Birth

Year of
Onset

sUA
µmol/L

FE-UA
% Associated Diseases

I
22 F 2016 27 mth 118 (2017), 131 (2019),

152 (2021) 10.6 (2019) central hypocorticism, epilepsy,
familiar hypercholesterolemia

23 F 1982 37 161 8.2 neurofibromatosis type 1
24 M 1984 35 366 6.1 familial hypercholesterolemia

J 25 M 2019 23 mth 61 (2019), 43 (2020) 51 (2019) SCADD
26 F 2002 18 N/A N/A SCADD heterozygote

K 27 M 2010 10 108 (2012), 88 (2013), 84
(2018), 71 (2019), 49 (2021)

56 (2012), 30 (2013), 40
(2018), 40 (2019), 50 (2021)

SCADD, prematurity, perinatal
hypoxia, psychom. retardation,

cardiomyopathy

Reference ranges are as follows. SUA: 120–360 µmol/L (2.02–6.05 mg/dL) (< 15 years and female), 120–420 µmol/L (2.02–7.06 mg/dL;
male); FE-UA: reference range 5–20% (< 13 years), 5–12% (male) and 5–15% (female). PKU, phenylketonuria; SCADD, short-chain
acyl-CoA dehydrogenase deficiency; MTHFR, methylenetetrahydrofolate; PAI- 1, plasminogen activator inhibitor-1; ADHD, attention
deficit hyperactivity disorder; mth, months; N/A, not available.

3.2. Clinical Investigations and Sequence Analyses

Sequencing analysis of SLC2A9 revealed 12 intron variants (rs2276962, rs2276963, rs2240722,
rs2240721, rs2240720, rs28592748, rs16891971, rs3733590, rs13115193, rs4292327, rs6823877, and
rs61256984), three synonymous variants (rs13113918, rs10939650, and rs13125646), and four
common nonsynonymous allelic variants (rs2276961, p.G25R; rs16890979, p.V282I; rs3733591,
p.R294H, and rs2280205, p.P350L). Sequencing analysis of SLC22A12 revealed three intron
variants (rs373881060, rs368284669, and rs11231837), four synonymous (rs3825016, rs11231825,
rs1630320, and rs7932775), and two previously identified rare nonsynonymous allelic vari-
ants c.1245_1253del (p.L415_G417del) and c.1400C>T (rs200104135, p.T467M), Figure 1. In
14 subjects, we identified one heterozygote and one homozygote for c.1245_1253del, nine
heterozygotes and one homozygote for c.1400C>TT, and two compound heterozygotes for
c.1400C>T and c.1245_1253del. The genetics data are summarized in Table 2.
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Figure 1. Illustration of allelic variant p.L415:_G417del and p.T467M in genetic and protein context.
(A) Electropherograms of partial sequences of exon 7 showing the wild-type, heterozygous, and
homozygous c.1245_1253del variant. (B) Electropherograms of partial sequences of exon 9 showing
wild-type, heterozygous, and homozygous c.1400C>T variant. (C) Position of identified allelic variant
p.T467M and p.L415_G417del in a URAT1 membrane topology model created via Johns S.J., TOPO2,
Transmembrane protein display software, http://www.sacs.ucsf.edu/TOPO2/ [23 July 2021].

Table 2. The genetic data of the analyzed cohort identified nonsynonymous allelic variants in URAT1
and GLUT9 transporter; homozygous variants are shown in bold font; causal variants for RHUC1
are in SLC22A12 gene.

Family Patient Gene SLC22A12, URAT1 Gene SLC2A9, GLUT9

A
1 reference N/A
2 reference p.G25R, p.V282I, p.P350L

B
3 reference p.G25R, p.V282I
4 reference p.G25R, p.V282I, p.R294H
5 p.T467M N/A

C
6 p.T467M p.G25R, p.V282I, p.R294H
7 p.T467M p.G25R, p.V282I, p.R294H
8 p.T467M p.G25R, p.R294H

D
9 reference p.G25R, p.R294H, p.P350L
10 p.T467M p.G25R, p.R294H, p.P350L

E
11 p.T467M p.G25R, p.V282I
12 reference p.G25R

F
13 reference p.G25R, p.V282I, p.P350L
14 p.T467M p.G25R, p.V282I, p.P350L
15 p.L415_G417del p.G25R, p.P350L

G
16 reference N/A
17 reference p.P350L
18 reference p.G25R, p.R294H, p.P350L

H
19 p.L415_G417del, p.T467M p.R294H, p.P350L
20 p.T467M N/A
21 p.L415_G417del N/A

I
22 reference p.G25R, p.V282I, p.P350L
23 reference p.G25R, p.V282I, p.P350L
24 reference p.G25R, p.R294H, p.V282I, p.P350L

J
25 p.L415_G417del, p.T467M p.G25R, p.R294H, p.P350L
26 p.T467M N/A

K 27 p.T467M N/A

http://www.sacs.ucsf.edu/TOPO2/
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In the control group of 109 unrelated subjects of Roma ethnicity from Macedonia, we
identified none subject for c.1245_1253del, 10 heterozygotes, and two homozygotes for
c.1400C>T.

4. Discussion

Renal hypouricemia 1 is a rare inherited disorder, and like other genetic traits and
conditions, shows genetic allelic and locus heterogeneity. However, population-specific
common variants have been observed in hypouricemia in Japanese, Korean, and Roma pa-
tients. In the Japanese [10] and Korean populations [15], the prevalent RHUC1 variants are
c.774G>A (p.W258X, frequency 2.30–2.37%) and c.269G>A (p.R90H, frequency 0.40%); in
the European Roma population, the prevalent variants are c.1245_1253del (p.L415_G417del,
frequency 1.92%) and c.1400C>T (p.T467M, frequency 5.56%). The number of published
cases of patients with RHUC1 is about 200, and they are very unlikely to match the fre-
quencies of prevalent variants mentioned above. The key to an early diagnosis is greater
awareness of URAT1 deficiency among primary care physicians, nephrologists, and urol-
ogists; the recently published clinical practice guidelines for renal hypouricemia will
certainly contribute to this [16].

The cohort analyzed in this study was of Roma ethnicity. The Roma represent a
transnational ethnic population of 8–10 million, originating in India; currently, they are
the largest and most widespread ethnic minority in Europe. In the Slovak Republic,
the Roma population is the second-largest minority, with most of the Roma living in
the eastern and southern parts of Slovakia. The founder effect and subsequent genetic
isolation of the Roma have led to a population specificity, i.e., variants associated with
rare diseases in the Roma population tend to be at extremely low frequencies in other
European populations and vice versa. Multiple homozygosity for ethnically prevalent
mutations is typical in closely related populations with high levels of endogamy, and many
rare-disease-causing mutations present in other European populations are found at very
low frequencies in the Roma population. Several mutations that cause rare diseases unique
to the Roma and have been discovered, e.g., Charcot Marie Tooth disease type 4D and
4G (OMIM #601455 and #605285), congenital cataract facial dysmorphism neuropathy
(OMIM #604166), Gitelman syndrome (OMIM #263800), and Galactokinase deficiency
(OMIM # 230200) [11,12]. Roma population specificity was confirmed by the findings
of comorbidities in our hypouricemic cohort. Of the 27 participants, 5 were diagnosed
with phenylketonuria (PKU, OMIM #261600), 4 with short-chain acyl-CoA dehydrogenase
deficiency (SCADD, OMIM #201470), 1 with Gilbert syndrome (OMIM #143500), 1 with
congenital hypothyroidism (OMIM #275200), and 1 with mild hyperhomocysteinemia due
to a methylenetetrahydrofolate reductase deficiency (OMIM #607093.0004). The unusually
high prevalence of SCADD deficiency among Roma was confirmed by data from the Slovak
newborn screening program in 2016, in which the prevalence of SCADD in Caucasian
newborns is 1:9745, while in Roma newborns, it was roughly 1:100 [17].

The first findings indicating population specificity of RHUC1 in the Roma population
occurred in 2013, in the context of diagnosing the first RHUC patients in the Czech Repub-
lic [18] when two of the three nonconsanguineous probands (compound heterozygotes
c.[1245_1253del] + [1400C>T] and homozygotes c.1245_1253del) were from the minority
Roma population. Functional studies found significantly reduced urate uptake and a
mislocalized URAT1 signal in both variants [14], which were subsequently identified in
other patients with hypouricemia of Roma ethnicity in the Czech Republic [19,20]. We
subsequently collected a control set of 218 alleles from the Roma population in the Czech
Republic and found two heterozygous control subjects with the variant p.L415_G417del.
Serum UA and FE-UA in the 9 year old girl was 256 µmol/L and 18%; in the 34 year old
man, it was 232 µmol/L and 8%. Further analysis of a cohort of 881 randomly chosen
ethnic Roma from two regions in Eastern Slovakia (Prešov and Košice) and two regions
in the Czech Republic, identified 25 heterozygous and 3 homozygous subjects for the
c.1245_1253del and 92 subjects were heterozygous, 2 were homozygous for the c.1400C>T,
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and 2 participants were compound heterozygotes. Frequencies of the c.1245_1253del and
c.1400C>T variants were determined as 1.87% and 5.56%, respectively [12]. In a subsequent
study, we expanded this cohort to include other regions: a total of 1016 Roma from five
regions were included: 471 from the Prešov region (Slovakia), 331 from the Košice region
(Slovakia), 90 from the Central Bohemia region (Czech Republic), 64 from the Hradec
Kralove region (Czech Republic), and 60 from the Iberian Peninsula (Spain). Frequencies of
the c.1245_1253del and c.1400C>T variants were determined to be 1.92% and 5.56%, respec-
tively. Genotypes were in Hardy–Weinberg equilibrium (HWE) at the c.1400C>T locus in all
five cohorts, but, due to a large number of homozygotes, they were grossly deviated at the
c.1245_1253del locus (p < 0.001 and p = 0.004) in the one Czech and Spanish cohorts. On the
other hand, in the control group of 109 nonrelated Macedonia Roma subjects, we did not
identify deletion variant c.1245_1253del, while variant c.1400C>T was represented in high
frequency of 6.4%. The frequencies of both c.1245_1253del and c.1400C>T variants differ
significantly between cohorts. These differences were likely caused by genetic drift, which
is a typical phenomenon among Roma subisolates. These findings were subsequently sup-
ported by a study of renal hypouricemia in Spanish patients, where eight RHUC1 probands
from eight families, all of Roma ethnicity, were identified carrying these prevalent variants
(one heterozygote c.1245_1253del, two heterozygotes, four homozygotes c.1400C>T, and
one compound heterozygote) [21].

Historic, linguistic, and genetic studies identify India as the original homeland of the
Roma. Analysis of paternal and maternal lineages as well as autosomal whole-genome
studies date the time of the Roma departure from India to approximately 1000 years ago.
The data suggest that the group of Roma who left India had a limited size of around
1000 individuals and came from one specific caste or group [22]. Our findings of the
presence of the c.1400C>T variant in all analyzed Roma subcohort, together with data from
ExAC database when p.T467M was identified in only one heterozygote subject [12] and
three homozygotes in a South Asia cohort of 15,296 subjects but in none of the subjects
from all other populations (total 105,759 subjects), suggest the origin of the c.1400C>T
variant in Asia. At present, in Genome Aggregation Database (gnomAD), which is the
largest and most widely used publicly available collection of population variation, indicates
c.1400C>T is present with a global frequency of 0.11% (275 c.1400C>T alleles out of a total
of 273,462 sequenced). Worldwide, the highest frequency is present in South Asia (0.70%),
while in Europe, it is more common in the southern parts, with the highest frequency
among Bulgarians (0.26%). The NGS data from a total of 270 Macedonian patients with
different rare diseases, referred for clinical exome analysis at RCGEB-MASA, revealed
5 c.1400C>T heterozygotes (personal communication). All c.1400C>T carriers were of
Macedonian ethnic origin. This frequency of 0.93% among Macedonians is the highest
reported among the non-Roma populations. The study of the chromosomal background of
the c.1400C>T allele could help trace the age/region of origin and the spread of this variant.
Taken together, our findings show that the founder effect played a key role in forming
the current gene pool of the Roma population — a very small group of migrants from
India gave rise to the current population numbering in the low millions. In addition to the
primary effect that resulted in the specific gene pool of the Roma ethnic group in general,
secondary and even tertiary founder effects played an important role in forming the gene
pools of individual Roma subpopulations together with a high degree of consanguinity [22].

The absence of deletion variant c.1245_1253del in two of the Roma subgroups stud-
ied may be due to the limitations of the small sample size. However, deletion variant
c.1245_1253del has yet to be identified in any of the publicly available databases. These
findings suggest the possible origin of the c.1400C>T variants as a founder effect after the
departure from India. Taken together, and due to the putative founder effect and genetic
drift, the prevalence of this otherwise rare inherited disease is significantly increased in
selected populations such as the Roma. In our cohort, most RHUC1 patients also carry
the p.G25R variant of GLUT9. However, this allelic variant p.G25R in the GLUT9 trans-
porter, as other identified variants p.V282I, p.R294H, and p.P350L in our clinical cohort,
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was previously functionally characterized with no influence on expression, subcellular
localization, or urate uptake of GLUT9 [23]. Further gene–gene interaction studies are
needed to address the possible interaction of URAT1 and GLUT9 variants.

In addition, we can emphasize the clinical importance of documentation regarding
RHUC1 in Slovak Roma, which was our focus in this study, given that detailed studies on
serum UA and FE-UA levels in Roma are rare. Hypouricemia in children is relatively rare in
clinical practice and is often associated with rare conditions. As we showed previously [24],
serum UA and FE-UA levels are quite dynamic in the first year of life. Briefly, serum
UA levels are low in infancy (131–149 µmol/L at 2–3 months of age) due to high FE-UA
levels (>10%); FE-UA levels decrease to approximately 8% by one year of age, where
they remains throughout childhood; this is associated with mean serum UA levels of
208–268 µmol/L in children. After age 12, FE-UA levels decrease significantly in boys but
not in girls, resulting in a further significant increase in serum UA levels in young men but
not in young women. Our data suggest that the high prevalence of URAT1 allelic variants
causing impaired urate transport may affect serum UA concentrations in the general Roma
population. This hypothesis is supported by clinical studies suggesting that Roma have a
2.85-fold higher risk of end-stage renal disease compared to non-Roma [25] and that Roma
women have half-higher odds for nephropathy (OR 1.56; 95% CI 1.01–2.42; p < 0.05) than
non-Roma women [26]. Moreover, a recent study of Eastern Slovak Roma and non-Roma
populations showed that serum UA is ethnicity-specific: the mean UA level ± standard
deviation was significantly lower in Roma than in non-Roma (226.54 ± 79.8 µmol/L vs.
259.11 ± 84.53 µmol/L; p < 0.0001) [27].

Most patients with RHUC are asymptomatic. However, the prevalence of renal
stones due to excesses of UA excretion is 6–7 times higher in patients with RHUC than in
individuals with normal uric acid levels [28]. The incidence of urolithiasis, nephrolithiasis,
and acute kidney injury among the Roma may be explainable in relation to the population’s
risk of RHUC1. To prevent patients from developing complications, physicians often
advise patients to drink water before exercise and/or limit the intensity of exercise. Early
diagnosis of RHUC has great clinical relevance for correct disease control, thus is important
to prevent serious clinical manifestations.

5. Conclusions

Generally, the Roma ethnic group represents a cluster of genetically isolated founder
populations with a spectrum of frequent Mendelian disorders due to a high rate of consan-
guinity associated with the occurrence of founder mutations. Therefore, it is necessary to
study individual Roma groups to reveal differences in the number of carriers and preva-
lence of rare diseases in Roma subpopulations. Our data show a high incidence of genetic
variants leading to renal hypouricemia 1 among the Roma, and this genetic background
should be kept in mind during initial diagnosis.
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Abstract: Renal hypouricemia (RHUC) is caused by an inherited defect in the main (reabsorptive)
renal urate transporters, URAT1 and GLUT9. RHUC is characterized by decreased concentrations
of serum uric acid and an increase in its excretion fraction. Patients suffer from hypouricemia,
hyperuricosuria, urolithiasis, and even acute kidney injury. We report the clinical, biochemical, and
genetic findings of a pediatric patient with hypouricemia. Sequencing analysis of the coding region
of SLC22A12 and SLC2A9 and a functional study of a novel RHUC1 variant in the Xenopus expression
system were performed. The proband showed persistent hypouricemia (67–70 µmol/L; ref. range
120–360 µmol/L) and hyperuricosuria (24–34%; ref. range 7.3 ± 1.3%). The sequencing analysis
identified common non-synonymous allelic variants c.73G > A, c.844G > A, c.1049C > T in the SLC2A9
gene and rare variants c.973C > T, c.1300C > T in the SLC22A12 gene. Functional characterization
of the novel RHUC associated c.973C > T (p. R325W) variant showed significantly decreased urate
uptake, an irregular URAT1 signal on the plasma membrane, and reduced cytoplasmic staining.
RHUC is an underdiagnosed disorder and unexplained hypouricemia warrants detailed metabolic
and genetic investigations. A greater awareness of URAT1 and GLUT9 deficiency by primary care
physicians, nephrologists, and urologists is crucial for identifying the disorder.

Keywords: SLC22A12; URAT1; hypouricemia; uric acid transporters; excretion fraction of uric acid

1. Introduction

Hypouricemia is defined as serum uric acid concentrations below 119 µmol/L (2 mg/dL). It is
characterized by increased uric acid clearance or decreased uric acid production. Hypouricemia is
a relatively rare condition, occurring in about 0.15–3.3% of the general population and 1.2–4% in
hospitalized patients [1,2]. Malignancy is ranked first as a possible etiology of secondary hypouricemia,
followed by diabetes mellitus, renal tubulopathies such as Fanconi syndrome, and medication.
Excretion fraction of uric acid (EF-UA) is a key biochemical marker for a differential diagnosis of
primary hypouricemia. Markedly elevated EF-UA suggests renal hypouricemia while lower or normal
EF-UA suggests hereditary xanthinuria [3].
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Renal hypouricemia (RHUC) is a heterogeneous hereditary disorder caused by a dysfunction of
the main renal urate transporters, URAT1 and GLUT9. Characteristic biochemical markers include
markedly decreased serum uric acid concentrations (S-UA) and elevated EF-UA. Clinical markers
include exercise-induced acute renal failure, urolithiasis, and hematuria along with fatigue, nausea,
vomiting, and diffuse abdominal discomfort. However, RHUC is also characterized by clinical
variability, and only about 10% of all patients with a URAT1 defect have nephrolithiasis and/or
acute kidney injury due to spasms of the renal artery. Currently there is no treatment for RHUC;
however, allopurinol has been used to prevent recurrence of acute kidney injury episodes, and oral
supplementation with antioxidants is recommended [4].

The role of URAT1 and the association of genetic variants of the SLC22A12 gene with renal
hypouricemia (RHUC type 1, OMIM no. 220150) were identified in 2002 [5], and to date, about
200 patients have been identified. The relationship between the GLUT9 transporter (gene SLC2A9)
and renal hypouricemia (RHUC type 2, OMIM no. 612076) was reported in 2008 [6], and to date,
about 15 patients have been identified. Homozygous or compound heterozygous loss-of-function
mutations in the SLC22A12 gene lead to a partial defect in absorption of uric acid, while variants in the
SLC2A9 are responsible for severe hypouricemia and hyperuricosuria (SUA < 10 µmol/L, EF-UA >

90%), which is often complicated by nephrolithiasis and acute kidney injury, such as that seen in
RHUC1. Genetic variants in the SLC22A12 gene are the primary cause of renal hypouricemia (>90%)
with major variants reported in Asia region (Japanese and Korea, variant p.W258X with frequencies
2.3%) and in the Roma population (p.L415_G417del and p.T467M with frequencies of 1.9% and 5.6%,
respectively) [7–10].

This case study expands our understanding of the molecular mechanisms of renal hypouricemia
and confirms the distribution of dysfunctional URAT1 variants in non-Asian patients.

2. Materials and Methods

2.1. Patient

A three-year-old Caucasian girl was referred for an endocrine examination due to her small stature.
The child’s mother had been under long-term treatment for a psycho-affective disorder, which also
included the pregnancy with her daughter; the father was healthy. The child was born during the 31st
week of pregnancy, by C-section, due to premature discharge of amniotic fluid. Birth weight was 1330 g,
and length was 37 cm. Oxygen therapy was necessary for 5 days but without the need for artificial
pulmonary ventilation. During development, the child showed symptoms of psychomotor retardation.
Therefore, developmental rehabilitation was initiated. Rehabilitation was carried out, however, family
compliance was poor. The mother abandoned the family, and the girl was in alternating custody of
her father and grandmother. On initial examination by an endocrinologist, the girl was 94.5 cm tall
(−3.4 SD), had a body weight of 13.4 kg (−1.8 SD), and had only grown about 2.7 cm in the previous year.
The father’s body height was 163.5 cm, but the mother’s height was unknown. The child’s physical
examination was without irregularities except for orbital hypertelorism. Her level psychomotor
development corresponded approximately to that of a two-year-old child. Because hypouricemia
(67–70 µmol/L) was repeatedly found during endocrine re-examinations, further analyses were carried
out, mainly focused on purine metabolism disorders. High-performance liquid chromatography
determination of hypoxanthine and xanthine in urine was performed on Waters Alliance 2695 [3].

2.2. Genetic Analysis

Genomic DNA was extracted from a blood sample using a QIAmp DNA Mini Kit (QiagenGmbH,
Hilden, Germany). All coding exons and intron-exon boundaries of SLC22A12 and SLC2A9 were
amplified from genomic DNA using polymerase chain reaction and subsequent purificated using a PCR
DNA Fragments Extraction Kit (Geneaid, New Taipei City, Taiwan). DNA sequencing was performed
on an automated 3130 Genetic Analyzer (Applied Biosystems Inc., Foster City, CA, USA). Primer
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sequences and PCR conditions used for amplification were described previously [11,12]. The reference
genomic sequence was defined as version NC_000011.8, region 64,114,688..64126396, NM_144585.3 for
SLC22A12; NM_020041.2, NP-064425.2, SNP source dbSNP 132 for SLC2A9.

2.3. Functional Analysis

A missense variant of URAT1, p.R325W, was tested for urate transport activity using in vitro
expression analysis in Xenopus oocytes as previously described [11,13]. Subcellular localization was
determined using immunocytochemical analysis. Immunodetection of URAT1 was performed on
3.5 µm paraffin sections using rabbit anti-SLC22A12 polyclonal antibody (Sigma, St. Louis, MO,
USA). The paraffin sections were stained after heat-induced antigen retrieval (10 mM citrate buffer,
pH 6.1, for 20 min at 97.0 ◦C in a water base) using standard blocking procedures. The primary
antibody against URAT1 was diluted 1:25 in PBS and applied overnight at 4 ◦C. Detection of bound
primary antibodies was achieved using Alexa Fluor 488-conjugated with anti-rabbit IgG (diluted 1:500;
Abcam, Cambridge, Britain). For image acquisition, we used an Olympus BX53 fluorescent microscope
(Olympus, Hamburg, Germany).

3. Results

3.1. Patient

The proband had persistent hyperuricemia (67–70 µmol/L; ref. range 120–360 µmol/L) and an
increased EF-UA (24.3–34.2%; ref. range 7.3 ± 1.3%) with normal urinary excretion of hypoxanthine
and xanthine, Table 1. No clinical or laboratory symptoms of renal disease were present in the patient.
During follow-up, the patient was without episodes of acute kidney injury; her ultrasound exam
showed no nephrolithiasis, and her creatinine clearance (estimated as eGF) was within the normal
range. Supporting examinations to determine the cause of her small stature found normal serum levels
of Thyroid Stimulating Hormone (TSH) and fT4, however, IGFBP-3 was low, and IGF-1 was well below
the reference level. A growth hormone deficit was demonstrated with stimulation tests (clonidine
test, hypoglycemia test). Brain magnetic resonance imaging found a markedly small hypophysis;
the pituitary stalk was evaluated as normal. Cytogenetic analysis demonstrated a normal 46, XX
karyotype. Growth hormone replacement therapy was initiated.

Table 1. Biochemical and genetic parameters of the proband and her father. a reference range for
women and children; b reference range for men.

Table Cont. Serum UA
(µmol/L) EF-UA (%) Serum Creatinine

(µmol/L)
Identified Variants

in SLC22A12

Proband 67–70 24.3–34.2 32 c.973C > T (C/T);
c.1300C > T (C/T)

Father of proband 205 N/A 62 c.1300C > T (C/T)

Reference range 120–360 a

120–420 b
7.3 ± 1.3 a

10.3 ± 4.2 b 50–110 -

3.2. Genetic Analysis

Sequencing analysis of SLC2A9 revealed six intron variants (rs2240722, rs2240721, rs2240720,
rs28592748, rs13115193 and rs61256984), three synonymous variants (rs13113918, rs10939650 and
rs13125646) and three common non-synonymous allelic variants (rs2276961, p.G25R; rs16890979,
p.V282I and rs2280205, p.P350L). A sequencing analysis of SLC22A12 revealed one intron variant
(rs11231837), four synonymous (rs3825016, rs11231825, rs1630320, and rs7932775), and two
heterozygous rare non-synonymous allelic c.973C > T variants (p.R325W, rs150255373, Figure 1A,B),
and a previously identified c.1300C > T variant (p.R434C, rs145200251) [14]. Segregation analysis was
not fully performed because the child’s family was not interested.
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Figure 1. Illustration of allelic variant p.R325W in genetic, protein and functional context.
(A) Electropherograms of partial sequences of exon 6 showing a heterozygous c.973C > T variant
in the SLC22A12 gene. (B) Position of identified allelic variant p.R325W in a URAT1 membrane
topology model. (C) Immunohistochemical analysis of Xenopus oocytes injected with 50 ng of cRNA
encoding the wt or p.R325W using anti-URAT1 polyclonal antibodies. The URAT1 signal is green,
autofluorescent granules in the cytoplasm of oocytes are blue. Water-injected oocyte without any
detectable URAT1 signal. Oocyte injected with wt cRNA exhibited a strong linear signal on the plasma
membrane and a finely granular intracytoplasmic signal. The variant p.R325W was characterized
by a weak discontinuous URAT1 signal on the plasma membrane, and reduced intracytoplasmic
staining compared to the wt. Scale bar represents 50µm. (D) Uric acid accumulation in Xenopus
oocytes transfected with wt URAT1 and p.R325W URAT1 allelic variant after 30 min of incubation
in [8-14C] 600 µM uric acid/ND - 96 solution. The data was tested by One-way Analysis of variance
(ANOVA). In comparison to wt URAT1, significantly lower UA accumulation (* p < 0.05) was detected
in p.R325W URAT1 injected oocytes (n = 5; means ± SD). H2O injected (mock) oocytes were used as a
negative control.
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3.3. Functional Analysis

Urate transport via the p.R325W variant was significantly decreased in comparison to the wild
type (wt) (* p < 0.05), Figure 1C. This finding indicated that the above-mentioned URAT1 variant leads
to reduced urate reabsorption at the apical membrane of proximal renal tubules leading to decreased
serum urate levels. Oocytes expressing the wt exhibited strong continuous URAT1 immunostaining on
the plasma membrane and dispersed finely granular staining in the cytoplasm. Oocytes expressing
p.R325W showed a weak discontinuous URAT1 signal on the plasma membrane and intracytoplasmic
staining was lower than in the wt, Figure 1D.

4. Discussion and Conclusions

Urate transport in the kidney is a complex process involving several transmembrane proteins that
provide reabsorption (URAT1, GLUT9) and secretion (ABCG2). In genome-wide association studies,
the SLC2A9 gene is a well-established locus that is significantly associated with hyperuricemia while the
ABCG2 locus had the most significant association with gout susceptibility [15–17]. The dysfunctional
variants in URAT1 and GLUT9 cause hereditary renal hypouricemia, and genetic analysis is needed to
confirm the diagnosis and/or to identify the specific type of renal hypouricemia.

The SLC22A12 gene is located on chromosome 11q13. Ten exons encode two transcript variants of
the URAT1 transporter (332 and 553 amino acids), which are specifically expressed on the epithelial
cells of the proximal tubules in the renal cortex [4]. At present, 52 variations in the SLC22A12 coding
region (40 missense/nonsense, two splicing, three regulatory, three small deletions, two small insertions,
one gross deletion, and one complex rearrangement) have been described (HGMD Professional 2018.4,
http://www.hgmd.cf.ac.uk). Thirty-six URAT1 variants are currently associated with the hypouricemia
phenotype. Functional analysis confirmed in part of these variants impact on urate uptake ability
and/or cytoplasmatic expression and localization [7,11,13,14]. However, not all URAT1 allelic variants
have effect on decreasing of protein expression and/or function (p.R228E, R477H) [7,11].

The analysis of SLC2A9 coding regions in our proband revealed three common non-synonymous
variants: heterozygous rs2276961 (p.G25R, Caucasian MAF = 0.53), rs16890979 (p.V282I, Caucasian
MAF = 0.21), and homozygous rs2280205 (p.P350L, Caucasian MAF = 0.48). These variants have not
been previously reported in association with hypouricemia. Variant p.V282I was previously described
relative to the hyperuricemia and gout phenotype [18]. Moreover, in our previous study, which used
association analysis together with functional and immunohistochemical characterization of these
variants identified in the adult population, we did not find any influence of these allelic variants on
expression, subcellular localization, or urate uptake of GLUT9 transporters [19].

Our analysis of SLC22A12 coding regions revealed two rare heterozygous non-synonymous
variants: rs150255373 (p.R325W, Caucasian MAF = 0.001) and rs145200251 (p.R434C, Caucasian MAF
unknown). Variant p.R434C was previously associated with renal hypouricemia 1 in a five-year-old
Macedonian girl suffering from distal renal tubular acidosis and renal hypouricemia [14]. The patient
had symptoms of dehydration, polyuria, and vomiting. The patient also had rickets and slow
growth. There was evidence of hyperchloremic metabolic acidosis (pH 7.23, HCO3 13.6 mmol/L,
BE = 12.6 mmol/L), hypokalemia (3.0 mmol/L), hypophosphatemia (0.84 mmol/L), hypouricemia
(73 µmol/L), and hyperuricosuria (EF-UA 24–31%). Bilateral nephrocalcinosis and a solitary cyst in
the left kidney were discovered during an ultrasound examination. The patient was given alkali
therapy; metabolic compensation was achieved, serum electrolytes normalized, and low molecular
proteinuria resolved. Only the hypouricemia parameter persisted during the two-year observational
period. The mother of this patient was a heterozygote for the same missense variant (S-UA 136 µmol/L,
EF-UA 19%) and a history of renal colic and the passage of a single renal calculus. Functional studies
of p.R434Cs were previously performed using transiently transfected HEK293 cells [14]. Plasma
membrane expression levels of the p.R434C variant were low, intracellular localization was not strongly
observed, and urate uptake showed a significant reduction of urate transport function (P < 0.001).

http://www.hgmd.cf.ac.uk
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The structural model for URAT1 is mainly focused on the organization and alignment of residues
within 12 transmembrane spanning domains. Variant p.R325W was localized within the putative
extracellular loop. This variant has not yet been identified in the patients of those with renal
hypouricemia, but the nature of this mutation strongly suggests that it is pathogenic; PolyPhen
software (http://genetics.bwh.harvard.edu/pph/) suggested that the variant is possibly damaging (score
0.72). Moreover, another predictive software, SIFT (http://sift.jcvi.org/), suggests that this variant
is deleterious (score 0). On the other hand, CADD (https://cadd.gs.washington.edu/), REVEL, and
MetaLR predictive software indicate that the impact of the variant is likely to be tolerated or benign.
In the middle stands Mutation Assessor (http://mutationassessor.org/r3/) which predicts a moderate
functional impact. Evolutionary analysis of URAT1 paralogs, including six mammalian species,
revealed conservation of p.R325W only between human and chimpanzee (Figure 2). Human and
Simian monkeys possess high affinity and low capacity URAT1 transporter which diverged from
the original low affinity, high capacity paralog (mouse, rat, horse and dog) 43 MYA [20]. Authors
described four key amino acid substitutions in human URAT1 positions 25, 27, 365 and 414 as a crucial
for the high to low affinity and low to high capacity shift. Similarly, as a variant p.R325W, all four
amino acid residues are conserved between human and baboon, but not among other mammalian
species. The functional characterization of p.R325W showed significantly decreased urate uptake
and a weak, discontinuous URAT1 signal on the plasma membrane and reduced intracytoplasmic
staining. The results suggested that p.R325W variant may not affect URAT1 function qualitatively (via
alteration of its intrinsic transporter activity), but rather do so quantitatively (via decreasing its cellular
protein level). Taken together, the data confirm the causality of the p.R325W variant relative to renal
hypouricemia 1.
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Figure 2. Alignment of the p.R325W URAT1 amino acids in the studied allelic variants with chimpanzee,
horse, dog, rat and mouse paralogs.

Detailed investigations of serum uric acid concentrations and excretion fractions of uric acid in
patients with unexplained hypouricemia are needed. Many patients with RHUC may be asymptomatic;
however, pediatric nephrologists know that RHUC can cause acute renal failure, especially after
strenuous physical activity. Another risk of RHUC is the development of nephrolithiasis. Although
renal hypouricemia is a rare hereditary disorder, the frequency of novel URAT1 associated variants
shows that this condition is underdiagnosed. RHUC should be considered not only in patients from
Japan or Asia. The phenotypic severity of RHUC1 is not correlated with results from functional
characterizations of URAT1 variants. Functional studies regarding the impact of novel associated
variants are necessary to determine their correlation with scores from prediction algorithms and to
confirm causality.
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10. Stiburkova, B.; Gabrikova, D.; Čepek, P.; Šimek, P.; Kristian, P.; Cordoba-Lanus, E.; Claverie-Martin, F.
Prevalence of URAT1 allelic variants in the Roma population. Nucleosides Nucleotides Nucleic Acids 2016, 35,
529–535. [CrossRef] [PubMed]

11. Stiburkova, B.; Sebesta, I.; Ichida, K.; Nakamura, M.; Hulkova, H.; Krylov, V.; Kryspinova, L.; Jahnova, H.
Novel allelic variants and evidence for a prevalent mutation in URAT1 causing renal hypouricemia:
Biochemical, genetics and functional analysis. Eur. J. Hum. Genet. 2013, 21, 1067–1073. [CrossRef] [PubMed]

12. Stiburkova, B.; Ichida, K.; Sebesta, I. Novel homozygous insertion in SLC2A9 gene caused renal hypouricemia.
Mol. Genet. Metab. 2011, 102, 430–435. [CrossRef] [PubMed]

13. Mancikova, A.; Krylov, V.; Hurba, O.; Sebesta, I.; Nakamura, M.; Ichida, K.; Stiburkova, B. Functional analysis
of novel allelic variants in URAT1 and GLUT9 causing renal hypouricemia type 1 and 2. Clin. Exp. Nephrol.
2016, 20, 578–584. [CrossRef] [PubMed]

14. Tasic, V.; Hynes, A.M.; Kitamura, K.; Cheong, H.I.; Lozanovski, V.J.; Gucev, Z.; Jutabha, P.; Anzai, N.;
Sayer, J.A. Clinical and functional characterization of URAT1 variants. PLoS ONE 2011, 6, e28641. [CrossRef]
[PubMed]

15. Köttgen, A.; Albrecht, E.; Teumer, A.; Vitart, V.; Krumsiek, J.; Hundertmark, C.; Pistis, G.; Ruggiero, D.;
Seaghdha, M.C.O.; Haller, T.; et al. Genome-wide association analyses identify 18 new loci associated with
serum urate concentrations. Nat. Genet. 2013, 45, 145–154. [CrossRef] [PubMed]

16. Nakayama, A.; Nakaoka, H.; Yamamoto, K.; Sakiyama, M.; Shaukat, A.; Toyoda, Y.; Okada, Y.; Kamatani, Y.;
Nakamura, T.; Takada, T.; et al. GWAS of clinically defined gout and subtypes identifies multiple susceptibility
loci that include urate transporter genes. Ann. Rheum. Dis. 2017, 76, 869–877. [CrossRef] [PubMed]

17. Stiburkova, B.; Pavelcova, K.; Zavada, J.; Petru, L.; Simek, P.; Cepek, P.; Pavlikova, M.; Matsuo, H.;
Merriman, T.R.; Pavelka, K. Functional non-synonymous variants of ABCG2 and gout risk. Rheumatology
2017, 56, 1982–1992. [CrossRef] [PubMed]

18. Dehghan, A.; Köttgen, A.; Yang, Q.; Hwang, S.J.; Kao, W.H.L.; Rivadeneira, F.; Boerwinkle, E.; Levy, D.;
Hofman, A.; Castor, B.; et al. Association of three genetic loci with uric acid concentration and risk of gout:
A genome-wide association study. Lancet 2008, 372, 1953–1961. [CrossRef]

http://dx.doi.org/10.3904/kjim.2015.125
http://www.ncbi.nlm.nih.gov/pubmed/26956409
http://dx.doi.org/10.1016/S0272-6386(03)00355-X
http://dx.doi.org/10.1007/s00240-014-0734-4
http://www.ncbi.nlm.nih.gov/pubmed/25370766
http://dx.doi.org/10.1016/j.amjmed.2013.08.025
http://www.ncbi.nlm.nih.gov/pubmed/24262806
http://dx.doi.org/10.1038/nature742
http://www.ncbi.nlm.nih.gov/pubmed/12024214
http://dx.doi.org/10.1016/j.ajhg.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19026395
http://dx.doi.org/10.1111/j.1523-1755.2004.00839.x
http://www.ncbi.nlm.nih.gov/pubmed/15327384
http://dx.doi.org/10.1111/j.1440-1797.2008.01029.x
http://www.ncbi.nlm.nih.gov/pubmed/19019168
http://dx.doi.org/10.1007/s00240-015-0790-4
http://www.ncbi.nlm.nih.gov/pubmed/26033041
http://dx.doi.org/10.1080/15257770.2016.1168839
http://www.ncbi.nlm.nih.gov/pubmed/27906637
http://dx.doi.org/10.1038/ejhg.2013.3
http://www.ncbi.nlm.nih.gov/pubmed/23386035
http://dx.doi.org/10.1016/j.ymgme.2010.12.016
http://www.ncbi.nlm.nih.gov/pubmed/21256783
http://dx.doi.org/10.1007/s10157-015-1186-z
http://www.ncbi.nlm.nih.gov/pubmed/26500098
http://dx.doi.org/10.1371/journal.pone.0028641
http://www.ncbi.nlm.nih.gov/pubmed/22194875
http://dx.doi.org/10.1038/ng.2500
http://www.ncbi.nlm.nih.gov/pubmed/23263486
http://dx.doi.org/10.1136/annrheumdis-2016-209632
http://www.ncbi.nlm.nih.gov/pubmed/27899376
http://dx.doi.org/10.1093/rheumatology/kex295
http://www.ncbi.nlm.nih.gov/pubmed/28968913
http://dx.doi.org/10.1016/S0140-6736(08)61343-4


Appl. Sci. 2019, 9, 3479 8 of 8

19. Hurba, O.; Mancikova, A.; Krylov, V.; Pavlikova, M.; Pavelka, K.; Stiburkova, B. Complex analysis of
urate transporters SLC2A9, SLC22A12 and functional characterization of non-synonymous allelic variants
of GLUT9 in the Czech population: No evidence of effect on hyperuricemia and gout. PLoS ONE 2014,
9, e107902. [CrossRef] [PubMed]

20. Tan, P.K.; Farrar, J.E.; Gaucher, E.A.; Miner, J.N. Coevolution of URAT1 and Uricase during Primate Evolution:
Implications for Serum Urate Homeostasis and Gout. Mol. Biol. Evol. 2016, 33, 2193–2200. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0107902
http://www.ncbi.nlm.nih.gov/pubmed/25268603
http://dx.doi.org/10.1093/molbev/msw116
http://www.ncbi.nlm.nih.gov/pubmed/27352852
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	C:\Users\Jana Bohatá\Desktop\články disertace\1_Toyoda2019.pdf
	Introduction 
	Materials and Methods 
	Clinical Subjects 
	PCR Amplification of ABCG2 and Sequence Analysis 
	Materials 
	Preparation of ABCG2 Mutants� Expression Vectors 
	Cell Culture 
	Preparation of Whole Cell Lysates 
	Preparation of ABCG2-Expressing Plasma Membrane Vesicles 
	Immunoblotting 
	Confocal Laser Scanning Microscopic Observation 
	Urate Transport Assay 
	Schematic Illustration of ABCG2 Protein 
	Statistical Analysis 

	Results and Discussion 
	Subjects 
	Identification of ABCG2 Variants in a Gout/Hyperuricemia Cohort 
	Effect of Each Mutation on the Glycosylation Status of ABCG2 Protein 
	Effect of Each Mutation on the Intracellular Localization of ABCG2 Protein 
	Effect of Each Mutation on the Urate Transport Activity of ABCG2 Protein 
	Integration of the Obtained Data 

	Conclusions 
	References

	C:\Users\Jana Bohatá\Desktop\články disertace\2_cells-supplement.pdf
	C:\Users\Jana Bohatá\Desktop\články disertace\3_Toyoda2021.pdf
	Introduction 
	Results 
	Subjects 
	Genetic Analysis 
	Functional Analysis 
	Subjects 
	Genetic Analysis 
	Functional Analysis 

	Discussion 
	Materials and Methods 
	Clinical Subjects 
	Clinical Investigations and Sequence Analyses 
	Materials 
	Preparation of ABCG2 Variants Expression Vector 
	Cell Culture and Transfection 
	Preparation of Whole-Cell Lysates 
	Preparation of ABCG2-Expressing Plasma Membrane Vesicles 
	Immunoblotting 
	Confocal Laser Scanning Microscopic Observation 
	Urate Transport Assay 
	Statistical Analysis 
	Clinical Subjects 
	Clinical Investigations and Sequence Analyses 
	Materials 
	Preparation of ABCG2 Variants Expression Vector 
	Cell Culture and Transfection 
	Preparation of Whole-Cell Lysates 
	Preparation of ABCG2-Expressing Plasma Membrane Vesicles 
	Immunoblotting 
	Confocal Laser Scanning Microscopic Observation 
	Urate Transport Assay 
	Statistical Analysis 

	References

	C:\Users\Jana Bohatá\Desktop\články disertace\4_Horvathova2019.pdf
	Introduction 
	Experimental Section 
	Cohort and Subcohorts 
	Cytokine Detection 
	Statistical Analysis 
	Cohort and Subcohorts 
	Cytokine Detection 
	Statistical Analysis 

	Results 
	Analysis of the p.Q141K Variant in Normouricemic and Patient Cohort 
	Analysis of the p.Q141K Variant and Its Relationship with Risk Factors for Gout 
	Analysis of the p.Q141K Variant in Association with Cytokine Plasma Levels 
	Analysis of the p.Q141K Variant in Normouricemic and Patient Cohort 
	Analysis of the p.Q141K Variant and Its Relationship with Risk Factors for Gout 
	Analysis of the p.Q141K Variant in Association with Cytokine Plasma Levels 

	Discussion 
	Conclusions 
	References

	C:\Users\Jana Bohatá\Desktop\články disertace\5_Bohata2021.pdf
	Abstract
	Objectives
	Methods
	Results
	Conclusion
	Objectives
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Sample collection/cohort
	miRNA analysis
	Statistical analysis
	Sample collection/cohort
	miRNA analysis
	Statistical analysis

	Results
	Comparison of miRNA levels between studied groups
	Association of miRNA levels and cytokines
	Correlation of miRNA levels and biochemical parameters
	Association of miRNA levels and p.Q141K polymorphism in ABCG2
	Comparison of miRNA levels between studied groups
	Association of miRNA levels and cytokines
	Correlation of miRNA levels and biochemical parameters
	Association of miRNA levels and p.Q141K polymorphism in ABCG2

	Discussion
	Comparison of miRNA levels between studied groups
	Correlation of miRNA levels and biochemical parameters
	Association of miRNA levels and cytokines
	Association of miRNA levels and p.Q141K polymorphism in ABCG2
	Comparison of miRNA levels between studied groups
	Correlation of miRNA levels and biochemical parameters
	Association of miRNA levels and cytokines
	Association of miRNA levels and p.Q141K polymorphism in ABCG2

	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

	C:\Users\Jana Bohatá\Desktop\články disertace\6_supplement_bohata2021.docx
	C:\Users\Jana Bohatá\Desktop\články disertace\7_Pavelcova2020.pdf
	Introduction 
	Experimental Section 
	Results 
	Discussion 
	References

	C:\Users\Jana Bohatá\Desktop\články disertace\8_stiburkova2021.pdf
	Introduction 
	Materials and Methods 
	Clinical Subjects 
	Clinical Investigations and Sequence Analyses 
	Clinical Subjects 
	Clinical Investigations and Sequence Analyses 

	Results 
	Clinical Subjects 
	Clinical Investigations and Sequence Analyses 
	Clinical Subjects 
	Clinical Investigations and Sequence Analyses 

	Discussion 
	Conclusions 
	References

	C:\Users\Jana Bohatá\Desktop\články disertace\9_stiburkova2019.pdf
	Introduction 
	Materials and Methods 
	Patient 
	Genetic Analysis 
	Functional Analysis 
	Patient 
	Genetic Analysis 
	Functional Analysis 

	Results 
	Patient 
	Genetic Analysis 
	Functional Analysis 
	Patient 
	Genetic Analysis 
	Functional Analysis 

	Discussion and Conclusions 
	References


