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Abstract

Gout is a metabolic disorder caused by chronic hyperuricemia, which leads to monosodium
urate crystal deposition and subsequent inflammatory arthritis. Genetic factors, particu-
larly those regulating urate transport, play a major role in susceptibility to hyperuricemia
and gout. Among these, the functional ABCG2 variants Q126X (rs72552713) and Q141K
(rs2231142) are well-established genetic determinants of impaired urate excretion. In this
study, we developed a hydrolysis probe-based multiplex real-time polymerase chain reac-
tion (PCR) assay for allele discrimination and genotyping of the ABCG2 Q126X and Q141K
variants in separate reactions. This assay demonstrated high analytical specificity without
cross-reactivity in both synthetic and clinical samples and maintained reliable genotype
detection across clinically relevant DNA concentrations. In method comparison using
1653 clinical samples, the multiplex real-time PCR assay showed complete concordance
with Sanger sequencing (Cohen’s x = 1.00). Combined genotype analysis (Q126X/Q141K)
demonstrated a gene dose-dependent association with serum uric acid levels and hype-
ruricemia risk, consistent with the estimated ABCG2 transport function. These findings
indicate that the developed assay provides a reliable and practical molecular tool for rapid
ABCG?2 genotyping and genetic risk assessment of hyperuricemia and gout.

Keywords: ABCG2; hyperuricemia; gout; multiplex real-time PCR (mRT-PCR)

1. Introduction

Gout, an inflammatory arthritis, arises from hyperuricemia and the deposition of
monosodium urate crystals in joints [1,2]. This metabolic disorder affects millions of people
worldwide, causing gout flares and imposing a substantial socioeconomic burden if not
adequately treated [1,3]. Hyperuricemia develops when uric acid production from purine
catabolism exceeds its elimination [4]. Increased production can result from increased
purine intake or enhanced endogenous purine turnover, whereas reduced elimination can
result from impaired renal or intestinal excretion [5]. These processes are influenced by both
environmental and genetic factors. Lifestyle factors, including dietary habits, can influence
urate levels, while genetic variation is a major determinant of inter-individual differences
in serum uric acid (SUA) concentrations [6-9]. Genome-wide association studies have
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consistently identified variants in urate transport genes as major determinants of gout
risk, with these variants playing a central role in defining SUA levels and susceptibility to
gout [8,10-15].

ATP-binding cassette subfamily G member 2 (ABCG2) is among the most strongly
associated genes with SUA levels and gout susceptibility [10-12,16-23]. ABCG2 encodes
a high-capacity urate exporter expressed in the kidney, liver, and intestines; its dysfunc-
tion markedly reduces urate clearance [24-26]. Two loss-of-function variants of ABCG2,
Q126X (c.376C > T, rs72552713) and Q141K (c.421C > A, rs2231142), have been exten-
sively studied as major genetic risk factors for gout [17,27-31]. In East Asian populations,
Q141K is the most prevalent and well-characterized gout risk allele (minor allele frequency
[MAF] = 0.3034), whereas Q126X is rare (MAF = 0.0084) based on allele frequency data
from the Allele Frequency Aggregator (ALFA) Release 5, version 20260205170148. Despite
its low frequency, Q126X exerts a strong functional effect on urate transport [16-18,31]. The
combined genotypes of these ABCG2 variants (Q126X/Q141K) are significantly associated
with elevated SUA levels and increased risk of hyperuricemia and gout [19,32].

Because Q126X and Q141K impair ABCG2 function to different extents, combined
genotype analysis provides a biologically interpretable framework for estimating the overall
degree of ABCG2-mediated urate transport dysfunction. Q126X is a nonsense variant
that produces a non-functional allele, whereas Q141K is generally treated as a partially
functional allele with approximately half of the urate transport activity of the wild-type
allele [19]. On this basis, previous studies have classified Q126X/Q141K genotype com-
binations into estimated ABCG2 transport function categories, including full function,
3/4 function, 1/2 function, and <1/4 function, rather than evaluating each single nucleotide
polymorphism (SNP) independently [19,32-35]. This classification has shown a graded
relationship with gout susceptibility and related urate phenotypes, supporting the clinical
relevance of combined genotyping of both variants for genetic risk assessment of hyper-
uricemia and gout [17,19,32].

Multiple studies have conducted ABCG2 SNP genotyping using hydrolysis probe-
based real-time polymerase chain reaction (PCR) and SYBR Green methods [33,34,36-38].
However, detailed PCR conditions, analytical performance characteristics, and clinical vali-
dation of the assay have not been evaluated [36,37]. Therefore, a standardized real-time PCR
assay with clearly characterized analytical performance is needed for accurate and reliable
genotyping of ABCG2 variants. Since Q126X and Q141K are predefined functional variants
with established biological relevance, a targeted assay is more cost-effective and suitable for
routine laboratory implementation than broader sequencing-based approaches. Standard-
ization of assay design and reaction conditions is expected to improve reproducibility and
facilitate inter-laboratory implementation of ABCG2 genotyping.

The objective of this study was to develop and validate a multiplex real-time PCR assay
for allele discrimination and genotyping of the ABCG2 Q126X and Q141K variants. We
designed and evaluated the assay to provide a practical tool for the early assessment of
individuals at an increased risk of hyperuricemia and gout.

2. Materials and Methods
2.1. Blood Samples and Serum Uric Acid Measurement

The Institutional Review Board of the Seegene Medical Foundation approved the study
(SMF-IRB-2024-020). We analyzed residual ethylenediaminetetraacetic acid-anticoagulated
whole blood (EDTA W/B) samples from 1653 individuals for whom SUA levels were mea-
sured using a Labospect 008 « automatic analyzer (Hitachi, Tokyo, Japan) as part of routine
health examinations or clinical testing in September 2024. For categorical analysis, hyper-
uricemia was defined using general sex-specific reference cut-offs of >7.0 mg/dL in males
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and >5.7 mg/dL in females, consistent with those used in NHANES-based studies [1,39]
and a separate clinical cohort study [40].

2.2. Genomic DNA Extraction

Genomic DNA was extracted from EDTA-W/B samples during collection using the
MagNA PURE 96 system (Roche, Basel, Switzerland) following the manufacturer’s in-
structions. A 200 puL aliquot of whole blood was loaded into the processing cartridge, and
DNA was eluted in 100 puL of elution buffer. The concentration and purity of the isolated
DNA were assessed using a NanoDrop One spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). All DNA samples were stored at —80 °C until further analysis.

2.3. Primer /Probe Design

The assay consisted of two separate reaction tubes: one for Q126X and the other for
Q141K. Each reaction simultaneously detected the wild-type allele, variant allele, and
internal control using multiplex real-time PCR. DNA oligonucleotides were designed based
on the reference sequence of the ABCG2 gene (accession number: NG_032067.2; https:
//www.ncbinlm.nih.gov/gene, accessed on 1 July 2024). For each SNP, one primer pair
flanking each variant site and two minor groove binding (MGB) hydrolysis probes were
designed [41]. A FAM (6-fluorescein amidite) labeled probe was designed to hybridize
with the wild-type allele (¢.376C for Q126X and c.421C for Q141K), while a VIC-labeled
probe targeted the respective mutant allele (¢.376T and c.421A). The probes were designed
such that they differed at the SNP level to distinguish single-nucleotide mismatches. The
HBB gene was used as an internal control (IC). Primers were designed using dual-priming
oligonucleotide (DPO) technology to increase specificity, as previously reported [42]. All
DNA oligonucleotide sequences are listed in Table 1. GeneRunner version 6.0 was used to
calculate the melting temperatures of the DNA oligonucleotides.

Table 1. Oligonucleotide primers and probes for genotyping Q126X and Q141K variants.

Target

Concentration

’_n/ ey * o
Gene Type Sequence (5'-3") Position (M) Tm (°C)
F brimer 5'-AGATCCAAGTGGATTATCTGGAG 104,433 to 05 85
P AIIITGATAAATGG-3' 104,471 : :
R bri 5'-AAGCTGCTGTAAAGAAC 104,614 to 05 _—
primet GTCAGTIHIIGACCATGTCA-3' 104,651 ' :
o Wild-type 104,510 to
Q126X probe 5'-FAM-ACGTGGTACAAGTA-MGBNFQ-3' ’ 0.15 25.7
(e3760) 104,523
Mutant 104,510 to
probe 5'-VIC-ACGTGGTATA AGTA-MGBNFQ-3' ’ 0.25 228
(©376T) 104,523
E brimer 5 -TCATTAAAATGCTATTTGCCTTA 105,085 to 05 54
P AGIIITGTTGTGATG-3' 105,124 : :
Rori 5'-CTGCCACTTTATCCA 105,216 to 05 589
primer GACCTAACTIIIATGACCCTGT-3' 105,254 : :
ABCG2 Wild-type 105,147 ¢
QI41K probe 5'-FAM-CTGAGAACTGTAAGT-MGBNFQ-3' 10 0.75 24
(e1210) 105,161
Mutant 105,147 to
probe 5'-VIC-CTGAGAACTTTAAGT-MGBNFQ-3' ' 0.25 239
(CA1A) 105,161
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Target T y ST Concentration o

Gene ype Sequence (5'-3") Position (M) Tm (°C)
F primer 5'-GGCATAAAAGTCAGGGCAGAIIICTATTGCT-3' 4967 to 4999 0.25 56.9
HBB R primer 5-CCAACTTCATCCACGTTCACCHIIICCACAGGG-3' 5091 to 5124 0.25 59.0
(internal probe + 5'-Cy5- CCTGAGGAGAAGT/CTGCCGTTACTGC 5066 to 5091 025 68.8

control) -BHQ2-3

probe t 5'-Cy5.5- CCTGAGG%%%?_C;FCTGCCGTTACTGC 5066 to 5091 01 68.8

Bold and underlined indicate the ¢.376C > T (wild type: C, mutant: T) or ¢.421C > A (wild type: C,
mutant: A) target nucleotides. * Position of primer, probe indicates range of oligonucleotide binding
sequences according to reference sequences (https://www.ncbinlm.nih.gov/gene, accession number
ABCG2 NG_032067.2 and HBB NG_059281.1, accessed on 1 July 2024). The amplicon sizes of ABCG2
Q126X, ABCG2 Q141K, and HBB are 219 bp, 170 bp, and 158 bp, respectively. + The internal control
probe was labeled with Cy5 for Q141K tube and Cy5.5 for the Q126X tube. F primer, forward primer;
I, internal deoxyinosine modification; R primer, reverse primer; Tm, melting temperature.

2.4. Multiplex Real-Time PCR Conditions

SNP genotyping of ABCG2 Q126X and Q141K was performed using two separate
multiplex real-time PCR reactions, one for each variant, on the CFX96 instrument (Bio-Rad
Laboratories, Irvine, CA, USA). Each reaction was performed in a separate tube with a total
volume of 20 uL, comprising 10 uL of 2x PCR enzyme (Enzynomics, Daejeon, Republic
of Korea), 5 uL of extracted genomic DNA (30-90 ng/uL), and 5 pL of oligonucleotide
mixture (final concentrations are described in Table 1). PCR conditions were as follows:
initial denaturation at 95 °C for 15 min, followed by 40 cycles of denaturation at 95 °C for
10 s, and annealing/extension at 62 °C for 30 s. To prevent false-negative results, HBB was
included as an endogenous IC as previously described.

For genotype calling, the fluorescence threshold was set at 1500 RFU for all four chan-
nels (FAM, VIC, Cy5, and Cy5.5). Allele detection was determined by amplification signals
crossing the corresponding threshold. In reactions with detectable HBB IC amplification,
detection in the FAM channel alone indicated a homozygous wild-type genotype (Q126X
C/Cor Q141K C/C), detection in both FAM and VIC indicated a heterozygous genotype
(Q126X C/T or Q141K C/A), and detection in the VIC channel alone indicated a homozy-
gous variant genotype (Q126X T/T or Q141K A/A). The HBB IC signal was assessed in
the Cy5.5 channel for the Q126X reaction and the Cy5 channel for the Q141K reaction.
Reactions without detectable HBB IC amplification were classified as invalid regardless of
the allele-specific signals. Reactions with detectable IC amplification but no interpretable
allele-specific pattern were classified as no calls.

2.5. Sanger Sequencing of ABCG2 Variants for Genotype Confirmation

Sanger sequencing was performed to confirm the Q126X and Q141K genotypes
of ABCG2. A 977-bp region encompassing ABCG2 exons 4 and 5 was amplified us-
ing a single primer pair (forward: 5-AGCATGTGTTGGAGGGAAAA-3'; reverse: 5'-
TGCTGATCATGATGCTTTCAG-3'), each at 0.5 uM. PCR was performed with an initial
denaturation at 94 °C for 15 min, followed by 35 cycles of 94 °C for 30 s, 61 °C for 40 s, and
72 °C for 1 min, with a final extension at 72 °C for 5 min. Bidirectional Sanger sequencing
was performed using both primers. Sanger sequencing was performed using the BigDye
Terminator v3.1 cycle sequencing kit (Thermo Fisher Scientific, Waltham, MA, USA) and
a 3500 Genetic Analyzer (Thermo Fisher Scientific). Sequencing chromatograms were
examined using the FinchTV v1.4.0 software (Geospiza Inc., Seattle, WA, USA) and Variant
Reporter software (version 3.0; Thermo Fisher Scientific).
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Chromatograms were reviewed at the target variant positions to assess peak clarity
and identify single or overlapping peaks corresponding to homozygous or heterozygous
genotypes, respectively. Genotype assignments were confirmed by agreement between
forward and reverse sequencing results.

2.6. Analytical Specificity

Four synthetic DNAs (Cosmo Genetech, Seoul, Republic of Korea): ABCG2 exon 4 with
¢.376C, exon 4 with ¢.376T, exon 5 with ¢.421C, and exon 5 with ¢.421A were used to evalu-
ate analytical specificity. These sequences were synthesized at positions 104,380-104,726
(347 bp) for exon 4 and 104,966-105,312 (347 bp) for exon 5 in the reference sequence
(NG_032067.2). A synthesized DNA fragment concentration of 1 pg/reaction was used to
evaluate specificity in triplicate.

2.7. Analytical Sensitivity Assessment

Analytical sensitivity was assessed using serially diluted clinical DNA samples repre-
senting each target allele (¢.376C, c.376T, c.421C, and c.421A). Each allele was evaluated
separately using a corresponding clinical specimen to assess allele detection across the
tested DNA concentrations. Three samples were used for each variant type, except for the
T/T genotype for Q126X variant, for which only one sample was available because of its
low frequency. Each nucleic acid was serially diluted from an undiluted concentration:
extracted nucleic acid stock (50-80 ng/uL) to 1 x 10!, 1 x 10°, 1 x 107!, 1 x 1072, and
1 x 1073 ng/pL. The assay was performed in triplicate to ensure reproducibility. Ct values
at each concentration were summarized as mean + standard deviation (SD).

To further assess analytical sensitivity, four synthetic plasmid DNA materials representing
the four target alleles (c.376C, c.376T, c.421C, and c.421A) were individually serially diluted
from 1 x 10! pg/reaction to 1 x 1073 pg/reaction and tested in triplicate at each concentration.

2.8. Precision of the Multiplex Real-Time PCR Assays

Intra-assay repeatability and inter-assay reproducibility were evaluated using 47 clinical
DNA samples. For Q126X, the sample set comprised 28 C/C, 18 C/T, and one T/T sample;
for Q141K, it comprised 20 C/C, 18 C/A, and nine A/A samples. The same specimens were
tested for both variants. Intra-assay repeatability was assessed by duplicate measurements
of each sample within the same run and plate, whereas inter-assay reproducibility was
assessed across three independent runs on the same CFX96 instrument. Mean Ct values
were calculated across replicate measurements. The SD was calculated as the pooled
within-sample SD across repeated measurements, and the coefficient of variation (CV) was
calculated as SD/mean Ct x 100.

2.9. Analysis of SUA Levels by ABCG2 Genotype

The association between ABCG2 genotype and SUA levels was evaluated for the Q126X
and Q141K variants, and MAFs were determined. For each variant, individuals were classi-
fied into wild-type, heterozygous and homozygous mutant genotype groups. The analyses
were stratified by sex (male, female, and total population). Detailed MAFs, genotype
distribution, and SUA levels according to individual ABCG2 genotypes are provided in
Supplementary Table S1.

2.10. Hyperuricemia Risk by Combined ABCG2 Genotype

The risk of hyperuricemia was evaluated based on the combined ABCG2 genotype
(Q126X/Q141K). Individuals were classified based on their ABCG2 Q126X and Q141K
genotypes and grouped into four functional categories (full, 3/4, 1/2, and <1/4 function)
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according to estimated ABCG2 transport activity [19,32-34]. Odds ratios (ORs) and 95%
confidence intervals (CIs) were calculated using the wild-type genotype combination (C/C
for Q126X and C/C for Q141K) as the reference group.

2.11. Statistical Analysis

Data were analyzed using R software version 4.4.2. SUA levels in the three genotype
groups (C/C, C/A, and A/A) were assessed using one-way analysis of variance (ANOVA),
followed by Tukey’s honestly significant difference (HSD) post hoc test, for the Q141K
variant. For the Q126X variant, due to the low frequency of the homozygous mutant
genotype, comparisons between the wild-type (C/C) and heterozygous (C/T) groups were
performed using independent two-sample t-tests. SUA levels among the combined ABCG2
functional groups were compared using the Kruskal-Wallis test, followed by pairwise
comparisons using the Mann-Whitney U test. Unadjusted odds ratios (ORs) and 95%
confidence intervals (Cls) for hyperuricemia were calculated from contingency tables using
the full-function ABCG2 group as the reference. Multivariable logistic regression was
subsequently performed to estimate ORs adjusted for sex and age. Estimated ABCG2
function was included as a categorical variable with four levels (full, 3/4,1/2, and <1/4),
sex was included as a categorical covariate, and age was included as a continuous covariate.
All 1653 participants were included in the analysis. Adjusted ORs, 95% Cls, and two-sided
p-values were calculated using Wald statistics. A p-value < 0.05 was considered statistically
significant. Cohen’s « coefficient was calculated to assess agreement between the real-time
PCR assay and Sanger sequencing.

3. Results
3.1. Analytical Specificity of the Multiplex Real-Time PCR Assay for ABCG2 Genotyping

Analytical specificity was evaluated using four synthetic DNA templates individually
representing the ¢.376C, c.376T, c.421C, and c.421A alleles of the ABCG2 Q126X and Q141K
variants. As shown in Figure 1, each allele-specific probe produced fluorescence only in
the presence of its corresponding target allele, and no signal with the non-matching allele.
The probe targeting the Q126X variant (c.376T) generated amplification exclusively with
the ¢.376T template and not with the wild-type (¢.376C) template (Figure 1B), whereas
the probe targeting Q141K (c.421A) amplified exclusively the c.421A template (Figure 1D).
No cross-reactivity or nonspecific amplification was observed for any of the probes. These
results demonstrated high analytical specificity of the multiplex real-time PCR assay for
discrimination of both ABCG2 variants.

5000 ¢
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3000

20004 -

Synthetic DNA-4BCG2, ¢.376C (WT) (B) Synthetic DNA-4BCG2, ¢.376T (MT)
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Figure 1. Cont.
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Figure 1. Analytical specificity assessment using synthetic DNA. Four synthetic DNAs corresponding
to the ABCG2 containing Q126X or Q141K variants [ (A) ABCG2, c.376C (B) ABCG2, c.376T (C)
ABCG2, ¢.421C (D) ABCG2, c.421A] were used to evaluate the assay’s specificity. ABCG2 synthetic
DNA was selectively amplified using its respective probes, and no nonspecific amplification was
observed. RFU, relative fluorescence unit. WT, wild-type. MT, mutant-type.
3.2. Assessment of Analytical Sensitivity
Analytical sensitivity was assessed using clinical DNA samples representing the four
target alleles (c.376C, ¢.376T, c.421C, and c.421A), and the Ct values were summarized as
mean + SD (Table 2). Both ¢.376C and c.376T samples showed mean Ct values of 36.86 and
37.88, respectively, as low as 1 x 107! ng/uL, and the IC at 37.85 down to 1 x 1072 ng/uL.
Similarly, both ¢.421C and c.421A samples showed mean Ct values of 35.43 and 37.06,
respectively, as low as 1 ng/uL, and the IC at 32.5 down to 1 ng/uL. In the clinical DNA
dilution assessment, the lowest detected concentrations among the tested dilution levels
were 1 x 107! ng/uL for Q126X and 1 ng/uL for Q141K.
Table 2. Analytical sensitivity of the assay using clinical specimens.
ABCG2 SNP Genotyping mRT-PCR Ct Values (Mean * SD) Lowest Detected
F1 *
Target SNP (égfsf;;:; Undiluted 1 x 10! 1 x 10° 1x 1071 1x1072 1x 1073 Conc.
DNA Stock * ng/uL ng/uL ng/pL ng/pL ng/uL (ng/uL)
FAM 1
(c.376C) 26.65 + 0.15 29.65 + 0.05 33.35 + 0.06 36.86 + 0.15 - - 1x10
Q126X -
(c376C > T) VIC (c.376T) 26.86 + 0.09 30.55 + 0.03 34.23 +£0.12 37.88 £ 0.15 - - 1x 107!
Cy5.5 )
(IC, HBB) 24.65 + 0.35 27.55 + 0.93 31.13 £ 0.85 34.63 + 0.83 37.85 + 0.89 - 1x10
FAM 0
(c.421C) 27.21 £ 0.09 30.92 + 0.36 3543 +1.15 - - - 1x10
Q141K
(c421C > A) VIC (c.421A)  27.67 £0.05 31.96 + 0.16 37.06 + 0.99 - - - 1x10°
Cy5 0
(IC, HBB) 25.90 = 0.16 28.95+0.13 32.50 £ 0.22 - - - 1x10

* Undiluted DNA stocks ranged from (5-8) x 10! ng/uL and were first diluted to 1 x 10! ng/uL;
subsequent dilutions were 10-fold, down to 1 x 1073 ng/uL.

Additional testing using the four synthetic plasmid DNA materials showed detection
of ¢.376C and ¢.376T at 1 x 1072 pg/reaction, with mean Ct values of 36.38 and 36.45,
respectively, and ¢.421C and c.421A at 1 x 107! pg/reaction, with mean Ct values of 33.39
and 33.41, respectively (Supplementary Table S2). These results supplement the clinical
DNA findings, particularly for the low-frequency c.376T allele.

3.3. Evaluation of Assay Precision

Intra-assay repeatability and inter-assay reproducibility were evaluated using 47 clinical
specimens (Table 3A,B). Across genotype groups and fluorescence channels, pooled Ct
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SDs ranged from 0.01 to 0.44 for intra-assay measurements, with corresponding descriptive
Ct CVs of 0.05-1.46%. For inter-assay measurements across three independent runs on
the same CFX96 instrument, pooled Ct SDs ranged from 0.08 to 0.55, with corresponding
descriptive Ct CVs of 0.30-1.86%.

Table 3. Intra-assay repeatability and inter-assay reproducibility of multiplex real-time PCR assays

for ABCG2 Q126X and Q141K genotyping using clinical specimens.

(A) Q126X (¢.376C > T)

Genotype Fllz;rescence Splj::)i'ngns Intra-Assay * Inter-Assay t
arget) (n) Mean Ct SD } CV (%)  Mean Ct SD CV (%)
FAM (c.376C) 26.70 0.20 0.76 26.57 0.17 0.64
c/c Cy 5.5 (IC, HBB) 28 24.87 0.19 0.75 24.95 0.21 0.86
FAM (c.376C) 28.20 0.11 0.39 27.98 0.22 0.78
C/T VIC (c.376T) 18 28.33 0.13 0.46 28.57 0.28 0.98
Cy 5.5 (IC, HBB) 24.96 0.17 0.68 25.03 0.18 0.71
VIC (c.376T) 26.71 0.01 0.05 26.87 0.18 0.65
o Cy 5.5 (IC, HBB) ! 24.60 0.15 0.60 24.63 0.14 0.57
(B) Q141K (c.421C > A)
Genotype Fllz;rescence Splj::)i'n?efns Intra-Assay * Inter-Assay t
arget) (n) Mean Ct SD} CV (%)  Mean Ct SDt CV (%)
FAM (c.421C) 27.38 0.31 112 26.98 0.35 1.30
c/c Cy 5 (IC, HBB) 20 26.12 0.10 0.37 26.23 0.12 0.46
FAM (c.421C) 30.01 0.44 1.46 29.41 0.55 1.86
C/A VIC (c.421A) 18 30.34 0.23 0.75 30.65 0.46 1.50
Cy 5 (IC, HBB) 26.52 0.08 0.32 26.59 0.08 0.30
VIC (c.421A) 27.60 0.17 0.62 27.77 0.29 1.05
ALA Cy 5 (IC, HBB) ? 26.01 0.07 0.27 26.15 0.17 0.64

* Intra-assay repeatability was assessed using duplicate measurements of each specimen within the
same run. T Inter-assay reproducibility was assessed using measurements of the same specimens
across three independent runs on the same instrument.  SD represents the pooled within-sample SD
across replicate measurements; CV (%) = SD/Mean Ct x 100.

3.4. Concordance of ABCG2 Genotyping with Sanger Sequencing

A total of 1653 clinical samples were successfully genotyped by both the multiplex real-
time PCR assay and Sanger sequencing for method comparison (Table 4A,B). All samples
yielded valid genotype calls for both Q126X and Q141K, corresponding to a call rate of
100% and a no-call rate of 0% (0/1653) for each variant. Complete concordance (100%) was
observed between the two methods (Cohen’s k = 1.00) for both ABCG2 variants, Q126X
and Q141K, with no discordant genotype calls identified. The concordance included all
genotype categories, including homozygous wild-type, heterozygous, and homozygous
variant genotypes. However, Q126X was represented by 46 C/T specimens and only one
T/T specimen; therefore, clinical validation of the Q126X homozygous variant genotype
was limited to a single specimen. These findings demonstrate that the multiplex real-time
PCR assay provides genotyping performance equivalent to that of Sanger sequencing and
supports the use of the multiplex real-time PCR assay as a reliable and rapid method for
routine ABCG2 Q126X and Q141K genotyping, while further validation of the Q126X T/T
genotype is needed.
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Table 4. Concordance of ABCG2 genotypes determined by multiplex real-time PCR and Sanger
sequencing.

(A) Q126X (c.376C > T)

ABCG2, Sanger sequencing
exond, ¢.376 C/C C/T /T Total
C/C 1606 0 0 1606
Real-time c/T 0 46 0 46
PCR T/T 0 0 1 1
Total 1606 46 1 1653
(B) Q141K (c.421C > A)
ABCG2, Sanger sequencing
exon5, ¢.421 C/C C/A A/A Total
C/C 845 0 0 845
Real-time C/A 0 677 0 677
PCR A/A 0 0 131 131
Total 845 677 131 1653

Overall concordance = 100.0%; Cohen’s k = 1.00 for both variants.

Representative amplification plots generated by the multiplex real-time PCR assay and
the corresponding Sanger sequencing chromatograms for all six genotypes (Q126X: C/C,
C/T,and T/T; Q141K: C/C, C/A, and A/A) are provided in the Supplementary Figure S1.

3.5. Association Between ABCG2 Genotype Combinations and Hyperuricemia Risk

To demonstrate the clinical relevance of the developed assay, we evaluated the as-
sociation between ABCG2 combined genotypes (Q126X/Q141K) and hyperuricemia risk
(Table 5). Individuals were classified into four functional groups (full, 3/4, 1/2, and
<1/4 function) according to the estimated ABCG2 transport function described previ-
ously [19]. Reduced ABCG2 function was more frequent in the hyperuricemia group than
in the control group, whereas the full-function genotype was more common in the con-
trol group (51.7% vs. 38.9%). Mean serum uric acid levels increased across groups with
greater impairment of estimated ABCG2 function, from 5.13 mg/dL in the full-function
group to 5.33, 5.57, and 6.12 mg/dL in the 3/4-, 1/2-, and <1/4-function groups, respec-
tively. Compared with the full-function group, the corresponding unadjusted odds ratios
(ORs) for hyperuricemia were 1.56, 2.07, and 3.29. After adjustment for sex and age using
multivariable logistic regression, these associations remained statistically significant, with
adjusted ORs of 1.57 (95% CI, 1.19-2.07; p = 0.0012), 2.07 (95% CI, 1.37-3.12; p = 0.0005),
and 3.34 (95% CI, 1.30-8.57; p = 0.0121), respectively. These findings support the association
between reduced estimated ABCG2 function and hyperuricemia after accounting for sex
and age, and suggest the potential utility of combined Q126X/Q141K genotyping using the
developed assay for genetic risk assessment.
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Table 5. Serum uric acid levels and hyperuricemia risk associated with ABCG2 combined genotypes
of Q126X and Q141K.

. H -
Estimated Combined Genotype L YPer Control Unad- Adjusted Adjusted
uricemia t SUA Val .
ABCG2 (mg/dL) (psu; ‘)le justed OR OR OR
. m; o, o,
Function Q126X Q141K Nl(lf;ll)ser Nl(llo‘;l]):!el‘ 8 ¥ (95% CI) (95% CI) p-Value
T CC
<1/4 3.29 3.34
Function oT CA 7(24) 13 (1.0) 6.12+2.32 0.1457 (128-841)  (130-857) 0.0121
CT CcC
1/2 2.07 2.07
function cc AA 400185 18(E7) - 557£176 00069 (137317) (137-3.12) 0000
3/4 1.56 1.57
+
function CcC CA 134 (45.3) 524 (38.6) 5.33+1.49 0.0267 (1.19-2.05) (1.19-2.07) 0.0012
Full 1.00 1.00
+ -
function cC cC 115 (389)  702(51.7) 513+ 131  Reference (Reference)  (Reference)

SUA levels are presented as mean + SD. ORs and 95% ClIs were calculated by contingency table
analysis using the wild-type genotype combination as the reference. + Definition of hyperuricemia
was serum uric acid levels of >7.0 mg/dL in men and >5.7 mg/dL in women. f p-values were
obtained by pairwise Mann-Whitney U tests comparing each functional group with the full-function
group after a significant Kruskal-Wallis test. p-values < 0.05 are shown in bold. Adjusted ORs were
estimated using multivariable logistic regression including estimated ABCG2 function, sex, and age
as a continuous variable, with the full-function group as the reference. Adjusted OR p-values and
95% ClIs were calculated using Wald statistics.

4. Discussion

Functional classification based on the combined ABCG2 Q126X and Q141K genotypes
has been established as a biologically meaningful framework for evaluating genetic sus-
ceptibility to hyperuricemia and gout. Matsuo et al. demonstrated that the combined
effects of these two functional variants could be translated into estimated ABCG2 transport
activity (full, 3/4, 1/2, and <1/4 function), with progressively reduced transporter function
associated with increasing serum uric acid levels and gout risk [19]. Subsequent studies
consistently reproduced these findings in East Asian populations and further demonstrated
that this functional classification correlates not only with SUA concentrations and hyper-
uricemia but also with gout susceptibility and clinical outcomes, including mortality among
patients receiving hemodialysis [32,43,44]. Rather than evaluating each SNP independently,
the combined functional classification provides a biologically interpretable estimate of over-
all ABCG2-mediated urate transport capacity. Consistent with these previous reports, our
study demonstrated that decreasing estimated ABCG2 function was associated with pro-
gressively higher SUA concentrations and increased odds ratios for hyperuricemia. These
findings further support the clinical relevance of Q126X/Q141K genotyping for assessing
inherited susceptibility to impaired urate excretion.

Although ABCG2 contributes to urate elimination, SUA concentrations also depend
on uric acid production through purine catabolism. Purine degradation involves both
deamination and oxidation: adenosine deaminase converts adenosine to inosine, guanine
deaminase converts guanine to xanthine, and xanthine oxidoreductase catalyzes the succes-
sive oxidation of hypoxanthine to xanthine and xanthine to uric acid [45]. Dietary factors
may influence these processes and gout risk. In a prospective study of men, higher meat
and seafood intake was associated with greater gout risk, whereas higher dairy intake
was associated with lower risk; purine-rich vegetable intake was not associated with in-
creased risk [46]. Furthermore, a healthy lifestyle that included a healthy diet and no or
moderate alcohol consumption was associated with lower gout risk across genetic risk
categories [7,47]. Thus, urate homeostasis reflects the interplay between production and
elimination, with both modifiable lifestyle factors and inherited variation in urate transport
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contributing to susceptibility. In this context, combined ABCG2 genotyping may comple-
ment SUA measurement by providing information on inherited susceptibility, although the
benefit of genotype-guided dietary interventions was not evaluated in the present study.

To facilitate assessment of this inherited susceptibility, we developed a two-tube mul-
tiplex hydrolysis probe-based real-time PCR assay for genotyping the Q126X and Q141K
variants. Unlike sequencing-based approaches designed for comprehensive variant dis-
covery, the present assay specifically targets two predefined functional variants with well-
established biological and clinical significance. This targeted strategy enables rapid and
efficient genotyping while maintaining high analytical performance. The assay combines
DPO primer technology with TagMan MGB probes, thereby improving allele discrimina-
tion and minimizing nonspecific amplification during multiplex PCR. Analytical validation
demonstrated high specificity without cross-reactivity, reliable genotype detection across
clinically relevant DNA concentrations, and complete concordance with Sanger sequencing
in 1653 clinical samples (Cohen’s x = 1.00). Together, these findings indicate that the
assay provides sequencing-equivalent genotyping accuracy while offering a substantially
simpler workflow and shorter turnaround time, making it well suited for routine molecular
diagnostic laboratories.

Although several PCR-based methods for ABCG2 genotyping have previously been
described, relatively few studies have reported comprehensive analytical validation to-
gether with large-scale clinical validation using sequencing as the reference method. In the
present study, analytical specificity, analytical sensitivity, and clinical concordance were
systematically evaluated according to established molecular diagnostic validation principles.
Complete agreement with Sanger sequencing across 1653 clinical specimens supports the
analytical robustness of the assay and demonstrates its reliability for routine clinical geno-
typing. By enabling combined genotyping of the two functional ABCG2 variants, Q126X and
Q141K, the assay provides a practical approach for laboratories seeking standardized and
high-throughput ABCG2 genotyping. Such an assay may facilitate broader implementation
of genetic testing for individuals with an inherited predisposition to hyperuricemia and may
complement conventional biochemical assessment based on serum uric acid concentrations.

This study has several limitations. First, although Q126X is a functionally important
variant, only one homozygous mutant sample was identified because of its low allele fre-
quency in the study population, limiting clinical validation and genotype-specific analyses
for this genotype. Further validation using additional T/T clinical specimens or well-
characterized reference materials is needed. Second, the association analyses were based
on serum uric acid-defined hyperuricemia rather than clinically confirmed gout. Although
additional analyses adjusted for sex and age, other environmental and clinical factors in-
fluencing serum uric acid concentrations were not fully considered. Third, the primary
assay validation was performed using genomic DNA extracted from EDTA whole blood,
and comprehensive validation across other specimen types was not conducted. Further
validation using a larger, genotype-diverse buccal swab cohort is required before routine
implementation with this specimen type. Applicability to saliva, dried blood spots, alterna-
tive extraction methods, and defined long-term DNA storage and repeated freeze—thaw
conditions remains to be established. Future studies involving larger and ethnically diverse
populations, clinically characterized gout cohorts, and broader specimen-type validation
will help establish the clinical utility of the assay and the generalizability of these findings.

In conclusion, we developed and analytically validated a multiplex real-time PCR
assay for genotyping of the clinically relevant ABCG2 Q126X and Q141K variants. The
assay demonstrated robust analytical performance and complete concordance with Sanger
sequencing, while accurately identifying genotype combinations associated with increased
genetic susceptibility to hyperuricemia. This assay provides a practical molecular tool for
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rapid ABCG2 genotyping and may facilitate genetic risk assessment and routine laboratory
implementation in populations at risk for hyperuricemia and gout.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1ife16111800/s1, Supplementary Table S1: Serum uric acid levels
according to ABCG2 Q126X and Q141K genotypes, Supplementary Table S2: Analytical sensitivity
assessment using synthetic DNA materials, Supplementary Figure S1: Representative amplification
plots and Sanger sequencing chromatograms for six ABCG2 genotypes.
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