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Additive composite ABCG2, SLC2A9 and SLC22A12
scores of high-risk alleles with alcohol use modulate
gout risk
Hung-Pin Tu1, Chia-Min Chung2, Albert Min-Shan Ko3, Su-Shin Lee4, Han-Ming Lai5, Chien-Hung Lee6,
Chung-Ming Huang7, Chiu-Shong Liu8 and Ying-Chin Ko2,9
The aim of the present study was to evaluate the contribution of urate transporter genes and alcohol use to the risk of
gout/tophi. Eight variants of ABCG2, SLC2A9, SLC22A12, SLC22A11 and SLC17A3 were genotyped in male individuals in a
case–control study with 157 gout (33% tophi), 106 asymptomatic hyperuricaemia and 295 control subjects from Taiwan.
The multilocus proﬁles of the genetic risk scores for urate gene variants were used to evaluate the risk of asymptomatic
hyperuricaemia, gout and tophi. ABCG2 Q141K (T), SLC2A9 rs1014290 (A) and SLC22A12 rs475688 (C) under an additive
model and alcohol use independently predicted the risk of gout (respective odds ratio for each factor = 2.48, 2.03, 1.95 and
2.48). The additive composite Q141K, rs1014290 and rs475688 scores of high-risk alleles were associated with gout risk
(Po0.0001). We observed the supramultiplicative interaction effect of genetic urate scores and alcohol use on gout and tophi
risk (P for interaction = 0.0452, 0.0033). The synergistic effect of genetic urate score 5–6 and alcohol use indicates that these
combined factors correlate with gout and tophi occurrence.
Journal of Human Genetics (2016) 61, 803–810; doi:10.1038/jhg.2016.57; published online 26 May 2016

INTRODUCTION
Gout is a common type of inﬂammatory arthritis affecting 8.3 million
people in the United States1 and 1.0 million people in Taiwan.2 Gout
is characterised by hyperuricaemia and the intraarticular deposition of
monosodium urate crystals.3 Most patients who develop gout have
difﬁcultly eliminating renal uric acid.4 Almost all of the circulating
urate is ﬁltered through the glomeruli, with typically only a small
fraction (∼10%) of the uric acid excreted in the urine.5 Sustained
hyperuricaemia, which is dysfunction in renal handling rather than
reduced excretion of uric acid, is the dominant mechanism underlying
the expansion of the urate pool.6 Uricase knockout mice possess
serum urate levels of ∼ 10 mg dl − 1. Uricase-deﬁcient mice develop
uric acid nephropathy, resulting in an approximately sixfold increase
in urine volume and a ﬁvefold increase in ﬂuid requirements
compared with normal mice, followed by death shortly before
weaning.7 Humans, unlike most mammals, lack hepatic uricase
because of mutational silencing.8 The absence of uricase combined
with the extensive reabsorption of ﬁltered urate results in human
plasma urate levels ∼ 10 times those of most other mammals
(30–59 μmol l − 1).3,9 Therefore, renal urate homeostasis is a critical
determinant of systemic urate levels in the body.

The known risk factors for developing gout include hyperuricaemia,
metabolic syndrome, renal disease, dietary factors, alcohol
consumption, diuretic drug use and genetic factors.10 A number
of mechanisms have been implicated in the pathogenesis of
alcohol-induced hyperuricaemia that can increase or reduce the
excretion of uric acid.6,11,12 Genome-wide association studies have
identiﬁed several genes involved in the renal urate transport system
that inﬂuence uric acid levels among various ethnic groups.13–15
A genome-wide association study of East Asian individuals identiﬁed
ABCG2, SLC2A9 and SLC22A12 as urate transporter genes that are
strongly associated with uric acid levels.15 Several variants within a
number of genes responsible for excreting uric acid from the kidneys
have been identiﬁed.16 Renal underexcretion and the activation of the
inﬂammasome are known as important mechanisms of gout.3
Although genome-wide association studies employing large-scale
samples have revealed novel susceptibility loci for uric acid levels,
most studies have identiﬁed genes with small-to-moderate effects on
hyperuricaemia and gout (effect size = 1.1; odds ratio (OR) = 2.4).17
In the present study, considering the polygenetic risk of hyperuricaemia and gouty arthritis, we hypothesised that the gout-susceptible
hyperuricaemic gene variants of the physiological urate transporters in
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the renal proximal tubule epithelial cell could mediate interactions
contributing to hyperuricaemia and gout as well as tophi risk. Thus,
the aim of the present study was to estimate the genetic variants in the
urate transporter genes that contribute to gout susceptibility in
individuals who consume alcohol, and provide predictive biomarkers
for gouty arthritis progression.
MATERIALS AND METHODS
Study participants
In a case–control study, a total of 558 Taiwanese Han men participated,
including 295 controls with normal uric acid levels, 106 patients with
asymptomatic hyperuricaemia and 157 gout patients (including 52 tophaceous
gout patients). Gouty patients were diagnosed using criteria provided by the
American College of Rheumatology18 and were examined for the presence of
crystals as previously described that was conﬁrmed at the rheumatology
outpatient clinic.19,20 Asymptomatic hyperuricaemia was deﬁned as elevated
serum urate concentration (exceeding 7.0 mg dl − 1 in men) without symptoms
or signs of monosodium urate crystal deposition disease (for example, gout)
or uric acid renal disease. All controls had no history of gout and were
not receiving antihyperuricemic drug for medical conditions. Information
concerning drinking behaviour was collected through interviews using a
questionnaire. Alcohol users were categorised into three groups: nondrinkers,
former drinkers and current drinkers. Former drinkers were deﬁned
as individuals who had habitually consumed alcoholic beverages for more
than 1 year but had stopped drinking. This study design was approved by
the institutional review boards and ethics committees of the participating
hospitals, and all participants provided written informed consent for the
subsequent analyses.

Genotype determination
Venous whole blood was obtained from all participants, and DNA was
extracted using standard extraction procedures (QIAGEN Gentra Puregene
Blood Kit; Gentra Systems, Minneapolis, MN, USA). Most of the genes
associated with serum uric acid levels or gout are involved in the renal urate
transport system, including the urate transporter genes ABCG2, SLC2A9 and
SLC22A12, that modulate serum uric acid levels and gout risk.16 The
top-scoring polymorphism rs2231142 (Q141K) in ABCG2, which is involved
in a major pathway for urate secretion in the proximal tubule, was selected,12
and two single-nucleotide polymorphisms (SNPs) within genes that are
involved in a major pathway for urate reabsorption in the proximal tubule,

namely SLC2A9 rs1014290 and SLC22A12 rs475688, were also included.21,22
SLC17A3 rs116520512 and two SNPs, namely rs942379 S448S and rs1165165
A100T, within SLC17A3 (showing minor allele frequencies 410% according to
HapMap–CHB), in addition to two SNPs within SLC22A11, namely rs693591
(a tag SNP common to both CEU and CHB that is associated with gout in New
Zealanders)23 and rs1783811 (associated with torsemide renal clearance),24
were genotyped in this study. SLC22A11 rs2078267 (associated with gout in
European Caucasians, with minor allele frequency = 0.50)25,26 was excluded
from genotyping because this SNP is a rare variant in the 1000 Genomes–CHB
Chinese samples (minor allele frequency o0.02). All SNPs were genotyped
using TaqMan SNP Genotyping Assays on a 7900HT Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). All gene loci were
genotyped without any sequence misses and subsequently used for all analyses.

Statistical analysis
Data handling and associations were performed using SAS software v.9.4
(SAS Institute, Cary, NC, USA). Hardy–Weinberg Equilibrium was veriﬁed for
all SNPs using PLINK software v.1.07.27 The data for continuous and
categorical variables were analysed using a general linear regression model
(one-way analysis of variance) and the χ2 test. ORs with 95% conﬁdence
intervals (CIs) and P-values were determined using SNPs or using the additive,
dominant or recessive models of inheritance after adjusting for age, body mass
index, total cholesterol, triglycerides, creatinine, hypertension, alcohol use and
every other SNP using a multinomial logistic regression model. Additive genetic
effects were modelled by deﬁning a continuous variable with levels 0, 1 and 2
(for example, T/T, C/T and C/C for rs475688; the C/C homozygous is a risk
genotype for gout); the dominant or recessive effects were also calculated
(for example, G/T+T/T versus G/G and T/T versus G/T+G/G for ABCG2
rs2231142 Q141K). Multifactor dimensionality reduction software was
employed to calculate gene–gene and gene–environment interactions.28
A genetic risk score was generated after the number of risk alleles associated
with gouty arthritis was counted (for Q141K (T), rs1014290 (A) and
rs475688 (C), score range 0–6: Q141K T/T (score = 2) + rs1014290 A/A
(score = 2) + rs475688 C/C (score = 2) = 6). The discriminative capability of the
model was evaluated using logistic regression to generate C statistics. The
sensitivity, speciﬁcity, positive predictive value, negative predictive value and
accuracy by scores of 0–4 and 5–6 were calculated. The regression coefﬁcient
(β) represents changes to uric acid levels with changes in the genetic risk score
after covariates were adjusted using a linear regression model. Partial η2 values
were calculated as measures of variance in the genetic risk score in uric acid

Table 1 Characteristics of the study participants
Gout cases

Asymptomatic hyperuricaemia cases

Controls

N
Age (s.d.), years

157
53.1 (14.6)

106
52.2 (13.5)

295
55.3 (14.4)

Age of onset (s.d.), years
Duration of gout (s.d.), years

45.2 (14.2)
8.8 (6.5)

—
—

—
—

Tophi patients, n (%)
Systolic pressure (s.d.), mm Hg

52 (33.1)
135.7 (17.8)

132.0 (20.0)

131.4 (18.9)

0.0887

Diastolic pressure (s.d.), mm Hg
Body mass index (s.d.), kg m − 2

85.9 (12.3)
26.1 (3.8)

86.6 (12.3)
26.0 (3.2)

82.8 (11.4)
24.3 (3.4)

0.0056
o0.0001

Total cholesterol (s.d.), mg dl − 1
Triglycerides (s.d.), mg dl − 1

206.1 (45.5)
203.9 (113.4)

200.8 (41.8)
176.8 (124.1)

188.9 (36.6)
129.6 (101.7)

o0.0001
o0.0001

Creatinine (s.d.), mg dl − 1
Uric acid (s.d.), mg dl − 1

1.4 (0.4)
7.9 (2.2)

1.2 (0.2)
8.0 (0.9)

1.2 (0.2)
5.6 (0.9)

o0.0001
o0.0001

Hypertension, n (%)
Alcohol use, n (%)

58 (36.9)

23 (21.7)

45 (15.3)

o0.0001

Nondrinker

104 (66.2)

80 (75.4)

229 (77.6)

Former drinker
Current drinker

21 (13.4)
32 (20.4)

4 (3.8)
22 (20.8)

15 (5.1)
51 (17.3)

The symbol ‘—’ indicates not calculated.
Data of continuous and categorical variables were analysed by general linear regression model (one-way analysis of variance (ANOVA)) and χ2 test.
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Table 2 Association of hyperuricaemia-susceptibility loci with gouty arthritis
Gout

Asymptomatic hyperuricaemia

cases

cases

N (%)
ABCG2 rs2231142 Q141K
G/G
37 (23.6)

Gout cases versus

Asymptomatic hyperuricaemia cases versus

Controls

controls

controls

N (%)

N (%)

OR (95% CI)

P

OR (95% CI)

P

48 (45.3)

147 (49.8)

1.00

71 (45.2)
49 (31.2)

43 (40.6)
15 (14.2)

123 (41.7)
25 (8.5)

2.29 (1.44–3.65)
7.79 (4.27–14.21)

4.55 × 10 − 4
2.30 × 10 − 11

1.07 (0.67–1.72)
1.84 (0.90–3.77)

0.7788
0.0968

Additive model
Dominant model

37/120

48/58

147/148

2.68 (2.01–3.58)
3.22 (2.09–4.97)

2.53 × 10 − 11
1.23 × 10 − 7

1.25 (0.90–1.74)
1.20 (0.77–1.87)

0.1764
0.4220

Recessive model

108/49

91/15

270/25

4.90 (2.88–8.33)

4.44 × 10 − 9

1.78 (0.90–3.52)

0.0977

9 (5.7)

14 (13.2)

56 (19.0)

1.00

66 (42.0)
82 (52.2)

42 (39.6)
50 (47.2)

138 (46.8)
101 (34.2)

2.98 (1.39–6.38)
5.05 (2.36–10.82)

5.07 × 10 − 3
3.09 × 10 − 5

1.22 (0.62–2.40)
1.98 (1.01–3.90)

0.5707
0.0478

8.22 × 10 − 6
0.0003

1.48 (1.06–2.05)
1.54 (0.82–2.90)

0.0195
0.1815
0.0190

G/T
T/T

SLC2A9 rs1014290
G/G
A/G
A/A

1.00

1.00

Additive model
Dominant model

9/148

14/92

56/239

1.98 (1.47–2.67)
3.85 (1.85–8.02)

Recessive model

75/82

56/50

194/101

2.10 (1.41–3.12)

0.0002

1.72 (1.09–2.69)

21 (13.4)
66 (42.0)

25 (23.6)
46 (43.4)

72 (24.4)
153 (51.9)

1.00
1.48 (0.84–2.60)

0.1748

1.00
0.87 (0.49–1.52)

0.6154

70 (44.6)

35 (33.0)

70 (23.7)

3.43 (1.90–6.17)
1.91 (1.43–2.54)

4.04 × 10 − 5
9.21 × 10 − 6

1.44 (0.78–2.65)
1.22 (0.89–1.67)

0.2411
0.2126

21/136
87/70

25/81
71/35

72/223
225/70

2.09 (1.23–3.56)
2.59 (1.71–3.91)

0.0065
6.67 × 10 − 6

1.05 (0.62–1.76)
1.58 (0.97–2.58)

0.8654
0.0632

24 (15.3)
75 (47.8)

16 (15.1)
53 (50.0)

40 (13.6)
152 (51.5)

1.00
0.82 (0.46–1.46)

0.5063

1.00
0.87 (0.45–1.68)

0.6829

58 (36.9)

37 (34.9)

103 (34.9)

0.94 (0.52–1.71)
1.01 (0.75–1.34)

0.8357
0.9640

0.90 (0.45–1.79)
0.97 (0.70–1.34)

0.7603
0.8392

24/133
99/58

16/90
69/37

40/255
192/103

0.87 (0.50–1.50)
1.09 (0.73–1.63)

0.6162
0.6683

0.88 (0.47–1.65)
1.00 (0.63–1.59)

0.6959
0.9986

18 (11.5)
67 (42.7)

9 (8.5)
53 (50.0)

30 (10.2)
146 (49.5)

1.00
0.76 (0.40–1.47)

0.4203

1.00
1.21 (0.54–2.72)

0.6440

72 (45.9)

44 (41.5)

119 (40.3)

1.01 (0.52–1.94)
1.11 (0.82–1.49)

0.9800
0.5105

1.23 (0.54–2.80)
1.07 (0.76–1.51)

0.6179
0.6993

18/139
85/72

9/97
62/44

30/265
176/119

0.87 (0.47–1.62)
1.25 (0.85–1.85)

0.6706
0.2582

1.22 (0.56–2.66)
1.05 (0.67–1.65)

0.6174
0.8333

2 (1.3)
35 (22.3)

1 (0.9)
24 (22.6)

4 (1.4)
76 (25.8)

1.00
0.92 (0.16–5.27)

0.9263

1.00
1.26 (0.13–11.84)

0.8382

120 (76.4)

81 (76.4)

215 (72.9)

1.12 (0.20–6.18)
1.18 (0.78–1.79)

0.8998
0.4376

1.51 (0.17–13.67)
1.20 (0.74–1.94)

0.7159
0.4636

2/155
37/120

1/105
25/81

4/291
80/215

1.07 (0.19–5.88)
1.21 (0.77–1.89)

0.9422
0.4121

1.44 (0.16–13.05)
1.21 (0.72–2.02)

0.7443
0.4782

SLC22A12 rs475688
T/T
C/T
C/C
Additive model
Dominant model
Recessive model
SLC22A11 rs693591
G/G
C/G
C/C
Additive model
Dominant model
Recessive model
SLC22A11
rs1783811
A/A
A/G
G/G
Additive model
Dominant model
Recessive model

SLC17A3 rs942379 S448S
A/A
A/G
G/G
Additive model
Dominant model
Recessive model

SLC17A3 rs1165165 A100T
T/T

8 (5.1)

5 (4.7)

7 (2.4)

1.00

C/T
C/C

47 (29.9)
102 (65.0)

35 (33.0)
66 (62.3)

100 (33.9)
188 (63.7)

0.41 (0.14–1.20)
0.47 (0.17–1.35)

0.1043
0.1614

0.49 (0.15–1.64)
0.49 (0.15–1.60)

1.00
0.2479
0.2385

Additive model
Dominant model

8/149

5/101

7/288

0.95 (0.67–1.35)
0.45 (0.16–1.27)

0.7866
0.1329

0.89 (0.60–1.31)
0.49 (0.15–1.58)

0.5463
0.2332

Recessive model

55/102

40/66

107/188

1.06 (0.70–1.58)

0.7936

0.94 (0.59–1.49)

0.7884
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Table 2 (Continued )
Gout

Asymptomatic hyperuricaemia

Gout cases versus

Asymptomatic hyperuricaemia cases versus

cases

cases

Controls

controls

controls

N (%)

N (%)

N (%)

OR (95% CI)

P

OR (95% CI)

P

2 (1.3)
27 (17.2)

1 (0.9)
23 (21.7)

4 (1.4)
68 (23.1)

1.00
0.79 (0.14–4.59)

0.7969

1.00
1.35 (0.14–12.72)

0.7918

128 (81.5)

82 (77.4)

223 (75.6)

1.15 (0.21–6.36)
1.36 (0.87–2.12)

0.8744
0.1809

1.47 (0.16–13.34)
1.11 (0.68–1.80)

0.7320
0.6796

2/155
29/128

1/105
24/82

4/291
72/223

1.07 (0.19–5.88)
1.42 (0.88–2.31)

0.9422
0.1505

1.44 (0.16–13.05)
1.10 (0.65–1.87)

0.7443
0.7150

SLC17A3 rs1165205
T/T
A/T
A/A
Additive model
Dominant model
Recessive model

Abbreviations: CI, conﬁdence interval; OR, odds ratio.
OR with CI in parentheses and their P-values were estimated by single-nucleotide polymorphisms (SNPs) using a multinomial logistic regression model. OR under the additive, dominant or recessive
models was calculated as, for example, G vs T, G/T+T/T versus G/G and T/T versus G/T+G/G for ABCG2 rs2231142 Q141K.

levels after covariates were adjusted using a general linear regression model.
A multinomial logistic regression model, including genetic risk score × alcohol
use interaction term, was applied after adjustment for covariates: model
gout = genetic risk score + alcohol use + genetic risk score × alcohol +
covariates. If clinical genetic testing was to be done, all individuals would be
tested, and therefore we would be interested in the increased risk of genetic risk
score 5–6 versus 0–4 on gout risk. Additive interactions were evaluated using a
synergy index and corresponding 95% CIs, calculated29,30 as (OR for genetic
risk score 5–6 and alcohol use − 1) ÷ ((OR for genetic risk score 5–6 + OR for
alcohol use) − 2), a SAS program using proc logistic to generate the input
needed in the excel sheet after adjustment for covariates. The synergy index is a
test of additive interaction that provides evidence that combined exposures are
either superadditive (synergy index 41), compatible with additive (synergy
index = 1) or less than additive (synergy index o1). The attributable fraction
(percentage) among all cases in the population (AF − Pop %) was estimated
(exposure frequency in gout/tophi cases × (OR − 1)/OR).31

RESULTS
The baseline characteristics of the Taiwanese Han male study
participants are shown in Table 1. Participants with gouty arthritis
and asymptomatic hyperuricaemia had higher mean diastolic pressure,
body mass index, total cholesterol, triglycerides, creatinine, uric acid
and alcohol use as well as a greater proportion of comorbidity with
hypertension (Po0.05).
We found that ABCG2 Q141K (T/T), SLC2A9 rs1014290 (A/A) and
SLC22A12 rs475688 (C/C) were signiﬁcantly associated with gout risk
(prevalence proportion = 31.2%, 52.2% and 44.6%, and OR = 7.79,
5.05 and 3.43, respectively; Table 2). The results revealed that ABCG2
Q141K (T), SLC2A9 rs1014290 (A) and SLC22A12 rs475688 (C)
under an additive model of inheritance remained independently
associated with gout (OR = 2.48, 2.03 and 1.95, and P = 1.24 × 10 − 7,
9.53 × 10 − 5 and 1.45 × 10 − 4, respectively) and asymptomatic hyperuricaemia (only SLC2A9 rs1014290 (A); OR = 1.62, P = 6.26 × 10 − 3;
Table 3). Our results also found that three SNPs under a dominant
or recessive model were associated with gout (Tables 2 and 3).
We observed a logistic regression model containing β-coefﬁcient in
each of genetic factors in Supplementary Table 1. We showed that the
C-statistic was higher in additive model (0.75) than in the dominant
and recessive models (0.68 and 0.72). Finally, three SNPs using
an additive model would be evaluated. In addition, three SNPs of
the β-coefﬁcient under an additive model were o1, and hence we give
‘1’ score to each allele dose; the genetic risk score method (sum
of the number of risk alleles) was equivalent to the β-coefﬁcient score
method.
Journal of Human Genetics

No signiﬁcant association was observed for SLC22A11 and SLC17A3
gene variants. Alcohol use (former drinkers) remained independently
associated with gout (OR ⩾ 2.48, P ⩽ 0.0498), suggesting that the longterm effects of alcohol consumption affect the risk of gout. For
multifactor dimensionality reduction, we combined two groups of
former and current drinker for future analysis.
Next, we summarised these results according to the additive
composite ABCG2, SLC2A9 and SLC22A12 scores of high-risk alleles,
demonstrating that the incidence of hyperuricaemia and gout
increased with genetic urate scores (Table 4). We found that the
genetic risk scores of participants were widely distributed in the generic
risk score range, with control participants and patients with asymptomatic hyperuricaemia and gout skewed to the lower and upper risk
scores, respectively (Po0.0001). The C-statistic using the additive,
dominant or recessive models with clinical factors was 0.85, 0.84 or
0.84. Similarly, for the model genetic risk score range or score 5–6 with
clinical factors, the C-statistic was 0.85 or 0.83. As shown in Table 4,
the sensitivity and speciﬁcity by scores of 5–6 and 0–4 were 28.7 and
92.9%; the positive predictive value and negative predictive value were
68.2 and 71.0%. The rule predicted gout with an accuracy of 70.6%.
The genetic risk score for the partial η2 values (variance explained)
of uric acid levels was 2.47% in controls after adjustment for covariates
using a general linear regression model (β = 0.11, P for trend =
7.49 × 10 − 3; Figure 1). We also observed that the genetic risk score
increment was associated with the risk of asymptomatic hyperuricaemia (1.33, 95% CI, 1.10–1.60, P = 0.0030; Supplementary Table 2).
Notably, we found the supramultiplicative interaction effect of
adjustments in the value of the genetic risk scores and alcohol use
on gout and tophi risk (Table 5). We revealed that genetic risk scores
were associated with gout risk (OR = 1.95 in alcohol nonusers and
OR = 2.92 in alcohol users) and that a genetic risk score × alcohol use
interaction was associated with gout risk (P for interaction = 0.0452).
Consistently, in tophi gout patients, genetic risk scores were associated
with risk (1.98 in alcohol nonusers and 7.09 in alcohol users), and
genetic risk score × alcohol use interaction was associated with gouty
tophi risk (P for interaction = 0.0033). We suggest that alcohol intake
might be modiﬁed when a genetic urate score demonstrates increased
gout–tophi occurrence. Moreover, multifactor dimensionality
reduction identiﬁed the interactions of Q141K, rs1014290 and
rs475688 loci, resulting in a 14.01-fold (95% CI, 6.52–30.11) increase
in the risk of tophi, and interactions among these three loci and
alcohol use revealed up to a 28.05-fold (95% CI, 12.01–65.54) increase
in the risk of tophi.
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Table 3 ABCG2 Q141K, SLC2A9 rs1014290, SLC22A12 rs475688 and alcohol use independently associated with gout risk
Gout cases versus controls

Asymptomatic hyperuricaemia cases versus controls

OR (95% CI)

P

OR (95% CI)

P

ABCG2 rs2231142 Q141K (T)
SLC2A9 rs1014290 (A)

2.48 (1.77–3.48)
2.03 (1.42–2.91)

1.24 × 10 − 7
9.53 × 10 − 5

1.18 (0.83–1.68)
1.62 (1.15–2.28)

0.3490
6.26 × 10 − 3

SLC22A12 rs475688 (C)
Alcohol use

1.95 (1.38–2.76)

1.45 × 10 − 4

1.25 (0.90–1.75)

0.1869

Nondrinker
Former drinker

1.00
2.48 (1.00–6.14)

0.0498

1.00
0.75 (0.23–2.50)

0.6444

Current drinker

1.31 (0.72–2.39)

0.3847

1.17 (0.64–2.13)

0.6116

Additive model

Dominant model
ABCG2 rs2231142 Q141K (G/T+T/T)

3.13 (1.90–5.16)

7.38 × 10 − 6

1.13 (0.70–1.8)

0.6202

4.28 (1.89–9.67)
2.52 (1.32–4.80)

4.87 × 10 − 4
4.90 × 10 − 3

1.83 (0.94–3.57)
1.14 (0.65–1.99)

0.0765
0.6415

2.71 (1.12–6.55)
1.31 (0.73–2.36)

0.0270
0.3721

0.78 (0.24–2.55)
1.16 (0.64–2.11)

0.6777
0.6194

ABCG2 rs2231142 Q141K (T/T)
SLC2A9 rs1014290 (A/A)

4.10 (2.22–7.56)
2.10 (1.32–3.36)

6.29 × 10 − 6
1.87 × 10 − 3

1.54 (0.75–3.16)
1.89 (1.18–3.05)

0.2402
8.70 × 10 − 3

SLC22A12 rs475688 (C/C)
Alcohol use

2.67 (1.64–4.34)

8.11 × 10 − 5

1.61 (0.97–2.69)

0.0673

Nondrinker
Former drinker

1.00
2.56 (1.06–6.2)

0.0374

1.00
0.75 (0.23–2.49)

0.6438

Current drinker

1.28 (0.71–2.3)

0.4172

1.16 (0.64–2.11)

0.6207

SLC2A9 rs1014290 (A/G+A/A)
SLC22A12 rs475688 (C/T+C/C)
Alcohol use
Nondrinker
Former drinker
Current drinker

1.00

1.00

Recessive model

Abbreviations: CI, conﬁdence interval; OR, odds ratio.
ORs and their P-values were determined under the additive, dominant or recessive models after adjustment for age, body mass index, total cholesterol, triglycerides, creatinine, hypertension, alcohol
use and every other single-nucleotide polymorphism (SNP) in the table by a multinomial logistic regression model.

To evaluate the contributions of individual genetic risk scores to
disease progression, we classiﬁed the genetic risk scores as 0–4 and
5–6. Table 5 shows the joint effects of multilocus proﬁles of genetic
risk scores and alcohol use in patients with gout and tophi. We found
a signiﬁcantly higher risk of gout and tophi in patients without
alcohol use and a genetic risk score of 5–6 (OR = 3.98, 3.81 and
P = 3.10 × 10 − 4, 0.0141), and with a genetic risk score of 5–6 with
alcohol use (OR = 17.84, 50.65; P = 1.71 × 10 − 5, 5.51 × 10 − 8; synergy
index = 5.36, 15.99, respectively), suggesting a positive superadditive
interaction between urate transporter gene variants and alcohol use.
Moreover, the relatively high incidence of gout and tophi in
participants with a genetic risk score of 5–6 (15.9% and 13.5%,
respectively, vs 6.1% among controls) and with joint exposure
(12.7% and 26.9%, respectively, vs 1.0% among controls) indicates
considerable population-attributable fractions for gout and tophi
(11.9 and 12.0% in gout patients; 10.0 and 26.4% in tophi patients;
Supplementary Figure 1).
DISCUSSION
The present study represented a step towards elucidating the effects of
gout-susceptible hyperuricaemic gene variants on gout risk and
gaining a broader understanding of tophaceous gout development.
Higher genetic scores for the high-risk alleles of the three
genes examined were associated with asymptomatic hyperuricaemia,
gout and tophaceous gout. Notably, we demonstrated the supramultiplicative effect of genetic risk scores combined with alcohol

use regarding gout and tophi risk (OR = 2.92, 7.09; P for interaction =
0.0452, 0.0033). For clinical genetic testing, we distinguished between
the increased risk in those with a 5–6 score vs the increased risk in
those with a 0–4 gout risk group score. We identiﬁed a superadditive
interaction effect in the 5–6 genetic risk score group with alcohol use
for gout and tophi risk (OR = 17.84, 50.65; P = 1.71 × 10 − 5,
5.51 × 10 − 8). The attributable fractions of gout and tophi explained
by joint exposure (5–6 score with alcohol use) were 12.0% and 26%,
respectively. This study illustrated that an additive composite genetic
urate score for high-risk allele testing and alcohol use assessment
should be applied in integrative care for patients with gout.
Most patients who develop gout have difﬁculty eliminating renal uric
acid,4 and therefore, the mechanisms responsible for urate transport in
the kidneys have considerable clinical value. ABCG2 is a well-studied
hyperuricaemic gene that encodes a secretory urate transporter in the
kidneys.16 Cytokines and growth factors have been implicated in the
regulation of ABCG2 gene expression.32 SLC2A9 (4p16.1) is a highcapacity uric acid transporter that is expressed in renal epithelial cells,
hepatocytes, peripheral leukocytes and articular cartilage.13,16 SLC22A12
variants have been associated with uric acid levels and reduced
fractional urate excretion that accounts for most hyperuricaemia and
gout cases.15,16 SLC2A9, similar to SLC22A12, is a uric acid transporter
that can be inhibited using a uricosuric agent (benzbromarone)33
(for example, uricosuric drugs targeting SLC2A9/SLC22A12 in gout
to prevent the reuptake of uric acid, thereby increasing renal urate
Journal of Human Genetics
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Table 4 Association of gout with genetic urate score
Gout cases

Asymptomatic hyperuricaemia cases

Controls

N (%)

N (%)

N (%)

0
1

0 (0.0)
6 (3.8)

1 (0.9)
7 (6.6)

11 (3.7)
38 (12.9)

2
3

16 (10.2)
29 (18.5)

29 (27.4)
29 (27.4)

71 (24.1)
99 (33.6)

4
5

61 (38.9)
34 (21.7)

27 (25.5)
7 (6.6)

55 (18.6)
17 (5.8)

6

11 (7.0)

6 (5.7)

4 (1.4)

112 (71.3)

93 (87.7)

274 (92.9)

45 (28.7)
5.24 (2.99–9.20)

13 (12.3)
1.82 (0.88–3.79)

21 (7.1)
1.00

Sensitivity (95% CI)
Speciﬁcity (95% CI)

28.7% (21.6–35.7%)

12.3% (6.0–18.5%)

Positive predictive value (95% CI)
Negative predictive value (95% CI)a

68.2% (56.9–79.4%)

38.2% (21.9–54.6%)

P

Risk score

Score categories
0–4
5–6
Crude OR (95% CI)

Negative predictive value (95% CI)b
Accuracy (95% CI)

o0.0001

o0.0001

92.9% (90.0–95.5%)
71.0% (66.5–75.5%)
74.7% (70.2–79.1%)
70.6% (66.4–74.8%)

71.6% (67.2–76.0%)

Abbreviations: CI, conﬁdence interval; OR, odds ratio.
A genetic risk score was generated after counting the number of risk alleles associated with gouty arthritis (Q141K (T), rs1014290 (A) and rs475688 (C); range 0–6; for example, Q141K T/T
(score = 2)+ rs1014290 A/A (score = 2)+ rs475688 C/C (score = 2) equal 6).
Crude OR with 95% CIs was determined using a multinomial logistic regression model.
aThe negative predictive value was calculated in gout case and control groups.
bThe negative predictive value was calculated in asymptomatic hyperuricaemia case and control groups.

excretion). The urate transporter genes ABCG2, SLC2A9 and SLC22A12
modulate serum uric acid levels and gout risk.16
Dehghan et al.12 reported that genetic risk scores for ABCG2
rs2231142 Q141K, SLC2A9 rs16890979 V253I and SLC17A3
rs1165205 are associated with increased uric acid concentrations and
gout in Caucasians. They further identiﬁed substantial associations
between a missense SLC2A9 rs16890979 V253I variant or the SLC17A3
rs1165205 polymorphism and gout; however, this effect was not
observed in African-American participants.12 Although the V253I
variant confers a similar risk for gout in Māori, Paciﬁc Islanders
and New Zealanders (Caucasian),34 V253I is a rare variant in
HapMap–CHB Chinese samples (minor allele frequency o0.01). In
the present study, we observed no signiﬁcant association between
SLC17A3 rs1165205 with hyperuricaemia and gout. The most
signiﬁcant association between SLC2A9 and low fractional excretion
of uric acid and gout involved the SNP rs1014290 in German and
Scottish cohorts.13 We demonstrated that only SLC2A9 rs1014290 was
associated with asymptomatic hyperuricaemia (OR = 1.62,
P = 6.26 × 10 − 3). Furthermore, we provided evidence for an
association between SLC2A9 rs1014290 with gout and tophaceous
gout in Taiwanese Han people.22 We found that mean uric acid
concentrations increased linearly with increasing uric acid risk by
0.11 mg dl − 1 (P-trend = 7.49 × 10 − 3), and each additional copy of
a risk allele was associated with an increased asymptomatic
hyperuricaemia risk (OR = 1.33, P = 0.0030; Supplementary Table 2).
We suggest that the SLC2A9 gene could be a crucial genetic checkpoint
for hyperuricaemia, gout and tophi development. Several associations
between SLC22A12 variants, serum uric acid concentrations and gout
have been reported (for example, rs475688 in European Caucasians
and Taiwanese Han people).16,23 Herein this study differs from
previous studies,20–22 as our ﬁndings revealed that the multilocus
Journal of Human Genetics

Figure 1 Genetic risk score of ABCG2 Q141K, SLC2A9 rs1014290 and
SLC22A12 rs475688 contributed to uric acid levels in controls. Regression
coefﬁcient (β) with s.e. in parentheses represents the changes for uric acid
levels with changes in the genetic risk score after adjustment for covariates
using a linear regression model. The variance explained (partial η2) of uric
acid levels in controls by this genetic risk score was 2.47% (effect size,
β = 0.11). Error bars indicate s.e.

proﬁles of ABCG2, SLC2A9 and SLC22A12 are associated with urate
levels (P-trend = 7.49 × 10 − 3), gout risk (genetic risk score × alcohol
use, P for interaction = 0.0452) and especially tophi risk
(P for interaction = 0.0033) in Taiwanese Han people.
Gout is a complex disease that is associated with multiple genetic
and environmental factors. Alcohol has been recognised as a potential
risk factor for gout and is considered a trigger for acute gouty arthritis
and recurrent gout attacks.35,36 A number of mechanisms have been
implicated in the pathogenesis of alcohol-induced hyperuricaemia
because alcohol directly affects urate transporters in the kidneys and
increases or reduces the excretion of uric acid.6,36,37 In the present
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Table 5 Odds ratios for associations of gout with genetic risk score and alcohol use
Gout cases

Controls

N (%)

N (%)

OR (95% CI)

P

Alcohol nonuse
Increase per genetic risk score

1.95 (1.54–2.47)

3.41 × 10 − 8

Alcohol use
Increase per genetic risk score

2.92 (1.90–4.48)

9.45 × 10 − 7

P for interaction/SI (95% CI)a

Stratiﬁed analysis

Score
0–4

Alcohol use
No

79 (50.3)

211 (71.5)

1.00

0–4
5–6

Yes
No

33 (21.0)
25 (15.9)

63 (21.4)
18 (6.1)

1.16 (0.66–2.04)
3.98 (1.88–8.43)

0.6017
3.10 × 10 − 4

5–6

Yes

20 (12.7)

3 (1.0)

17.84 (4.8–66.37)

1.71 × 10 − 5

1.98 (1.38–2.85)

2.41 × 10 − 4

7.09 (3.30–15.24)

5.22 × 10 − 7

0.0452

5.36 (1.05–27.46)

Subgroup analysis: tophi
Stratiﬁed analysis
Alcohol nonuse
Increase per genetic risk score
Alcohol use
Increase per genetic risk score
Score
0–4

Alcohol use
No

21 (40.4)

211 (71.5)

1.00

0–4
5–6

Yes
No

10 (19.2)
7 (13.5)

63 (21.4)
18 (6.1)

1.29 (0.54–3.10)
3.81 (1.31–11.11)

0.5658
0.0141

5–6

Yes

14 (26.9)

3 (1.0)

50.65 (12.30–208.64)

5.51 × 10 − 8

0.0033

15.99 (2.52–101.39)

Abbreviations: CI, conﬁdence interval; OR, odds ratio; SI, synergy index.
ORs and their P-values were estimated after adjustment for covariates using a multinomial logistic regression model.
aA multinomial logistic regression model, model gout = genetic risk score+ alcohol use (yes/no)+ genetic risk score × alcohol use+ covariates, was applied. The synergy index is a test of additive
interaction that provides evidence that combined exposures are either superadditive (synergy index 41), compatible with additive (synergy index = 1) or less than additive (synergy index o1).
The synergy index was calculated as (OR for genetic risk score 5–6 and alcohol use − 1) ÷ ((OR for genetic risk score 5–6+ OR for alcohol use) − 2) after adjustment for covariates.

study, we revealed that the joint effects of a genetic risk score of 5–6
and alcohol use result in severe gout risk (OR = 50.53, P for
interaction = 0.0137, genetic risk score of 5–6 × alcohol use
interaction), indicating considerable population-attributable fractions
for tophi (from 12.0 to 26.4%). The combined effects of high-risk
allele urate scores and alcohol use in modulating tophaceous gout risk
may be more pronounced than the mere summation of the individual
risk resulting from genetic risk scores or alcohol use.
The factors determining the development of tophi remain
unknown. Sodium urate monohydrate crystals act as endogenous
danger signals, generating adaptive, nonmicrobial innate immunity.38
For those with urate levels of ⩾ 9.0 mg dl − 1, the cumulative incidence
of gouty arthritis is 22% after 5 years;39 tophaceous gout develops
within 5 years of gout onset in 30% of untreated patients.40 Thus,
different immune responses to monosodium urate crystals might
result in different manifestations of the disease (for example,
nontophaceous gout and tophaceous gout).34 In addition, almost all
of the circulating urate is ﬁltered through glomeruli, with only a small
fraction (∼10% of the uric acid) typically excreted in urine.5 Notably,
only a minority (20%) of hyperuricaemic individuals experience gout
clinical symptoms.6 In this study, we observed that individual
common genetic variants (risk-homozygous genotype frequencies
31.2–52.2%; Table 2) confer a modest risk of gout. We also showed
that the combination of these variants is markedly associated with the
development and progression of tophaceous gout. Therefore, the
multilocus proﬁles of genetic risk scores could be differentially
associated with gout complications, particularly joint destruction or
deformity, or poor response to drugs.

The present proof-of-principle paper demonstrates that the multilocus
proﬁles of ABCG2, SLC2A9 and SLC22A12 increase susceptibility to
asymptomatic hyperuricaemia, gout and tophi. This paper also reveals
the supramultiplicative interaction effect of genetic urate scores and
alcohol use on gout and tophi risk. This information could help identify
individuals at risk for asymptomatic hyperuricaemia and gout (in
particular, severe gout development) long before the onset of clinical
symptoms of the disease. These ﬁndings might assist in the counselling
of gout-susceptible individuals and alcohol users. In addition to risk
prediction, the genotype or risk score for a hyperuricaemic individual
could be used to recommend lifestyle adjustments such as low alcohol
consumption and a low purine diet to reduce the risk of developing gout
and may further ameliorate the disease courses of patients with
established gout, considering that early risk stratiﬁcation could minimise
the need for long-term therapy and associated costs.
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