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ABSTRACT

Objective Gout, caused by hyperuricaemia, is a
multifactorial disease. Although genome-wide
association studies (GWASs) of gout have been reported,
they included self-reported gout cases in which clinical
information was insufficient. Therefore, the relationship
between genetic variation and clinical subtypes of gout
remains unclear. Here, we first performed a GWAS of
clinically defined gout cases only.

Methods A GWAS was conducted with 945

patients with clinically defined gout and 1213

controls in a Japanese male population, followed by
replication study of 1048 clinically defined cases and
1334 controls.

Results Five gout susceptibility loci were identified at
the genome-wide significance level (p<5.0><10‘8),
which contained well-known urate transporter genes
(ABCG2 and SLC2A9) and additional genes: rs1260326
(p=1.9x10""% OR=1.36) of GCKR (a gene for glucose
and lipid metabolism), rs2188380 (p=1.6x10"%;
OR=1.75) of MYL2-CUX2 (genes associated with
cholesterol and diabetes mellitus) and rs4073582
(p=6.4x10"%; OR=1.66) of CNIH-2 (a gene for
requlation of glutamate signalling). The latter two are
identified as novel gout loci. Furthermore, among the
identified single-nucleotide polymorphisms (SNPs), we
demonstrated that the SNPs of ABCG2 and SLC2A9
were differentially associated with types of gout and
clinical parameters underlying specific subtypes (renal
underexcretion type and renal overload type). The effect
of the risk allele of each SNP on clinical parameters
showed significant linear relationships with the ratio of
the case—control ORs for two distinct types of gout
(r=0.96 [p=4.8x10~"] for urate clearance and r=0.96
[p:5.0><10*4] for urinary urate excretion).
Conclusions Our findings provide clues to

better understand the pathogenesis of gout

and will be useful for development of companion
diagnostics.

INTRODUCTION
Gout is a common disease caused by deposition of
monosodium urate (MSU) crystal due to hyperuri-
caemia.’ Humans have long suffered from gout as
reported by Hippocrates 2500 years ago.> There
have been many famous patients with gout such as
Sir Isaac Newton® in the more recent past, and the
numbers are still growing. From the pathophysio-
logical point of view, gout can be classified into the
renal underexcretion (RUE) type, the renal overload
(ROL) type and the combined type based on clinical
parameters* (see online supplementary figure S1).
So far the genome-wide association studies
(GWASs) of serum uric acid (SUA) level’'® have
identified a number of genetic loci including SLC2A9
(also known as GLUTY9) and ABCG2 (also known as
BCRP), and subsequent genetic and functional studies
have revealed the biological and pathophysiological
significance of ABCG2.* 7 '8 Previous GWASs of
gout reported a significant association with single-
nucleotide polymorphisms (SNPs) of ABCG2,
SLC2A9 with European ancestries,'* '* and of
ALDH16A1 with Icelanders,'* while another study
with African-American and FEuropean ancestries
reported no significantly associated SNPs of gout.'?
All of these studies were, however, performed with
cases including self-reported patients with gout, in
which  clinical information was insufficient.
Therefore, the relation to genetic heterogeneity
underlying gout subtypes is also unclear. To better
understand its genetic basis, we first performed a
GWAS of clinically defined gout cases only. We then
investigated the relationship between genetic vari-
ation and clinical types of gout.

METHODS

Subjects

In the present study, we avoided use of self-reported
gout cases and collected only clinically defined gout
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cases. All gout cases were clinically diagnosed as primary gout
according to the criteria established by the American College of
Rheumatology.'® All patients were assigned from among the
Japanese male outpatients at the gout clinics of Midorigaoka
Hospital (Osaka, Japan), Kyoto Industrial Health Association
(Kyoto, Japan) or Ryougoku East Gate Clinic (Tokyo, Japan).
Patients with inherited metabolism disorders including Lesch—
Nyhan syndrome were excluded. Finally, 1994 male gout cases
were registered as valid case participants. As controls, 2547 indivi-
duals were assigned from among Japanese men with normal SUA
level (<7.0 mg/dL) and no gout history, who were obtained from
BioBank Japan'' ?° and Japan Multi-Institutional Collaborative
Cohort Study (J-MICC Study).*!

Genotyping and quality control

Genome-wide genotyping was performed with Illumina
HumanOmniExpress v1.0 (Illumina) in 946 cases and 1213
controls. Detailed methods of genotyping and quality control
are shown in the online supplementary methods and figure S2.
Finally, 570 442 SNPs passed filters for 945 cases and 1213
controls.

In total, 123 SNPs passing the significance threshold at
p<1.0x107° in the GWAS stage were used for subsequent ana-
lyses. Among these SNPs, we examined their linkage disequilib-
rium (LD) and selected 16 SNPs for replication study (see
online supplementary methods). These 16 SNPs were then gen-
otyped by an allelic discrimination assay (Custom TagMan Assay
and By-Design, Applied Biosystems) with a LightCycler 480
(Roche Diagnostics).'® After quality control, subsequent statis-
tical analysis was performed with 1048 cases and 1334 controls.

Statistical analyses for GWAS

We conducted an association analysis using a 2X2 contingency
table based on the allele frequency, and p value of association
was assessed by y* test. The quantile-quantile plot and the
genomic inflation factor were used to assess the presence of
systematic bias in the test statistics due to potential
population stratification (see online supplementary methods and
figure S3).
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We then combined results from the GWAS and replication
stages by meta-analysis.>> The inverse-variance fixed-effects
model meta-analysis was used for estimating summary OR.
Cochran’s Q test?® and I? statistic** 2° were examined to assess
heterogeneity in ORs between GWAS and replication study. If
heterogeneity was present by the statistical test (ppe.<0.05) or
measurement (I2>50%), we implemented DerSimonian and
Laird random-effects model meta-analysis.?® All the meta-ana-
lyses were performed using the STATAV.11.0. Genome-wide sig-
nificance threshold was set to be 0=5.0x107* to claim evidence
of a significant association. Detailed methods of imputation and
per cent variance are shown in the online supplementary
methods.

Subtype analyses

Gout contains two distinct types, ‘ROL type and ‘RUE’ type.
The ROL type was defined when urinary urate excretion (UUE)
was over 25.0 mg/h/1.73 m* (600 mg/day/1.73 m*)* **° and
their urate clearance (urate clearance/creatinine clearance ratio,
FEya) was 5.5% or over. Also, the RUE type was determined
when UUE was 25.0 mg/h/1.73 m®> or under and FEy, was
under 5.5%.% 3° 3! Detailed methods of subtype analyses are
described in the online supplementary methods.

RESULTS

Genome-wide association study

Clinical characteristics of participants in this study are shown
in online supplementary tables S1-S3. GWAS with 945
clinically defined gout cases and 1213 controls identified SNPs
in three loci showing evidence of associations at the genome-
wide significance level (p<5.0x107%): rs2728125 of ABCG2
(p=1.5x10"%’;  OR=2.05), 153775948 of SLC2A9
(p=6.7x10""; OR=1.64) and rs2188380 of MYL2-CUX2
(p=5.7><10_13; OR=1.78, figures 1 and 2, table 1 and online
supplementary figure S4).

Replication study was conducted with 1048 cases and 1334
controls. As a result, the three SNPs surpassing the genome-
wide significance threshold in the GWAS stage were successfully
replicated; rs2728125 (p=8.3x107*%; OR=2.03), rs3775948
(p=7.6x10""*; OR=1.57) and rs2188380 (p=2.0x10""%

MYL2-CUX2
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Figure 1
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Manhattan plot of a genome-wide association analysis of gout. X-axis shows chromosomal positions. Y-axis shows -log;q p values.

The upper and lower dotted lines indicate the genome- -wide significance threshold (p=5.0x10"8) and the cut-off level for selecting single-nucleotide

polymorphisms for replication study (p=1.0x107), respectively.
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Figure 2 Regional association plots for six discovered loci of gout. Five regions exceeding the genome-wide significance level (A—E) and one
region showing a suggestive association (F). The highest association signal in each panel is located on ABCG2 (A), SLC2A9 (B), MYL2-CUX2 (C),
GCKR (D), CNIH-2 (E) and MAP3K11 (F). Region within 250 kb from single-nucleotide polymorphism (SNP) showing lowest p value is displayed.
(Top panel) Plots of -logyo p values for the test of SNP association with gout in the genome-wide association study stage. SNP showing the lowest
p value is depicted as a pink diamond. Other SNPs are colour-coded according to the extent of linkage disequilibrium (measured in r?) with SNP
showing the lowest p value. (Middle panel) Recombination rates (centimorgans per Mb) estimated from HapMap Phase Il data are plotted.
(Bottom panel) RefSeq genes. Genomic coordinates are based on Genomic Reference Consortium GRCh37.

OR=1.73). Additionally, two SNPs showed significant associa-
tions at p<3.1x1073 (=0.05/16) with Bonferroni correction;
1s1260326 of GCKR (p=2.8x107% OR=1.32) and rs4073582
of CNIH-2 (p=1.6x10*; OR=1.55) as shown in table 1 and
online supplementary table S4.

All five SNPs that showed significant associations in the replica-
tion study achieved genome-wide significance in the meta-analysis
of GWAS and replication study (table 1): rs2728125 (pmeta-
=7.2x107%%  OR=2.04), 153775948 (Pmea=5.5%x107%";
OR=1.61), 152188380  (Pmea=1.6x10"%;  OR=1.75),
151260326 (Pmea=1.9%x107"%; OR=1.36) and rs4073582 (Pmeta-
=6.4x10"%; OR=1.66). In addition, an intronic SNP of
MAP3K11 (rs10791821) showed a suggestive level of association
(Pmea=1.0X10""; OR=1.57). There was >80% power to detect a
risk variant for OR=1.6 at the genome-wide significance level
(p<5.0x107%) for an SNP with a minor allele frequency of 0.35
(see online supplementary table S5). Imputation was also per-
formed with the GWAS genotyping data for 1 Mb across the identi-
fied SNPs of novel loci (rs2188380 of MYL2-CUX2, rs1260326 of
GCKR, rs4073582 of CNIH-2 and rs10791821 of MAP3K11).
SNPs that passed the significant threshold of GWAS stage
(p<1.0x107°) in this imputation are shown in online
supplementary table S6A-D.

Two dysfunctional SNPs of ABCG2

We previously demonstrated that two dysfunctional SNPs of
ABCG2, 1572552713 (GIn126Ter) and rs2231142 (GIn141Lys),
were located on different haplotypes® '® and strongly
associated with hyperuricaemia and gout.* '® 3% Therefore, we
additionally performed genotyping of these two SNPs by an

allelic discrimination assay because SNPs are not on Illumina
HumanOmniExpress V1.0 (Illumina). SNP showing the highest
significance in the present GWAS (rs2728125) was in strong LD
with rs2231142 (r*=0.76) but not in LD with rs72552713
(r*=0.03). A multivariate logistic regression analysis including
these three SNPs of ABCG2 showed that rs2728125 no longer
had a significant association (p=0.19), but rs72552713 and
rs2231142, that is, two non-synonymous SNPs, remained
highly significant (see online supplementary table S7A, B), indi-
cating that rs2728125 was merely a surrogate marker for
rs2231142. Therefore, we used these two non-synonymous var-
iants for subsequent analyses.

Cumulative effect of risk alleles for gout

Accumulation of the number of risk alleles of the gout-asso-
ciated SNPs (rs3775948, rs2188380, rs1260326, rs4073582,
rs72552713 and rs2231142) increased the probability of
gout logarithmically. When setting the reference category as
having four or fewer risk alleles, ORs for having S5, 6, 7, 8
and 9 or more risk alleles were 1.79 (p=3.5x107%), 3.16
(p=2.3x107'%, 5.10 (p=9.7x1072"), 10.1 (p=5.3x107>?)
and 18.6 (p=3.6x10"%), respectively (see  online
supplementary figure S5 and table S8).

Subtype analysis of gout

We examined type-specific ORs and the case—subtype heterogen-
eity test.>> The subgroup analysis (table 2) showed that the asso-
ciations of two non-synonymous SNPs of ABCG2 (rs72552713
and rs2231142) were stronger for the ROL type (ORs=4.35
and 3.37, respectively) than for the RUE type (ORs=1.28 and
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1.88, respectively). The differences in ORs between the gout
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Table 2 Associations of seven SNPs with gout types

Case—subtype heterogeneity

Freq. ROL type vs controls* RUE type vs controls* test
SNPt Gene ROL type  RUE type  OR (95% CI) p Value OR (95% ClI) p Value OR (95% ClI) p Value#
rs3775948 SLC2A9 0.62 0.70 138 (1.14101.68)  1.0x10~>  1.94 (1.63t02.31)  1.0x10™">  0.66 (0.53 t0 0.83)  2.7x10~*
rs2188380 MYL2-CUX2  0.84 0.85 145(1.11101.89) 65x10> 147 (1.16t01.86)  1.2x10>  0.92 (0.68 t0 1.25)  0.60
rs12603268§ GCKR 0.60 0.62 1.25 (1.04 t0 1.50)  0.016 1.35(1.15t0 1.58)  3.0x10™*  0.94 (0.77 to 1.14)  0.51
rs4073582 CNIH-2 0.95 0.94 1.96 (13010 2.95)  1.2x10~2 151 (1.09t0 2.08)  0.013 1.26 (0.80 10 1.99)  0.32
rs10791821 MAP3K11 0.93 0.95 1.37 (0.96 t0 1.96)  0.084 1.79 (1.26 t0 2.54)  1.2x10~>  0.79 (0.51t0 1.23)  0.30
1s72552713§  ABCG2 0.067 0.029 435(2.82106.72) 3.0x107""  1.28(0.78t02.12)  0.32 2.90 (1.77 t0 4.75)  2.4x107°
rs2231142§ ABCG2 0.50 0.38 337 (276 104.12)  2.8x10732 188 (1.581t02.24) 25x107'2 176 (1.43102.17)  1.0x10~7

*We performed multivariate logistic regression analyses, in which all seven SNPs, alcohol drinking and body mass index were included in the model. In total, 1613 patients with gout
and 1334 controls with genotypes for rs72552713 and rs2231142 of ABCG2, which were not on the lllumina OmniExpress platform, were used. Also, 375 and 509 patients with gout

were grouped into ROL type and RUE type, respectively.
tdbSNP rs number.
+p Values <0.05 are shown in bold.

§Non-synonymous SNPs (rs1260326, Leud46Pro; rs72552713, GIn126Ter; and rs2231142, GIn141Lys).
Freq., frequency of risk-associated allele; ROL, renal overload; RUE, renal underexcretion; SNP, single-nucleotide polymorphism.

analysis’* *° with patients with renal hypouricaemia (RHUC)

revealed that RHUC is caused by dysfunctional mutations in
SLC2A9, which decrease urate reabsorption in the renal prox-
imal tubules. For example, non-functional mutations of either
GLUTIL (Arg198Cys and Arg380Trp) or GLUT9S (Arg169Cys
and Arg351Trp, corresponding to Arg198Cys and Arg380Trp in
GLUTIL), which were found from patients with RHUC, dra-
matically reduced the urate transport activity.’* Therefore,
SLC2A9 plays an important role in renal urate reabsorption.**
Thus, SLC2A9 is a causative gene for RHUC type 2,* *° which
was confirmed by the report of homozygous mutations in
patients with RHUC type 2.* In our subtype analysis, OR of
RUE type was higher than that of ROL type (OR=1.94 and
1.38, respectively, table 2), which is compatible with the fact
that SLC2A9 is a transporter for urate reabsorption in human
kidney.
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Glucokinase regulatory protein (GCKR) controls the activity
of glucokinase, which is a major glucose sensor for insulin secre-
tion. GCKR regulates the first step of glycolysis, the phosphoryl-
ation of glucose to glucose-6-phosphate.*’ ** Glucokinase
activity is controlled by GCKR, which binds to glucokinase and
suppresses its function in the postabsorptive phase. On the
other hand, this binding is loosened in the postprandial phase,
so that glucokinase could adopt the glycolysis.*’ So far, the gout
risk allele of rs1260326 (Leu446Pro) has been reported to be
associated with lower fasting glucose levels, and inversely,
higher levels of triglyceride** and SUA.'® > > An association
of GCKR with dyslipidaemia has also been reported.*®

MYL2 encodes a regulatory light chain associated with cardiac
myosin f (or slow) heavy chain. MYL2 mutations are associated
with mid-left ventricular-type hypertrophic cardiomyopathy. In
addition, its association with high-density lipoprotein
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Figure 3 Relationships between effects of risk alleles on clinical parameters and ORs in case—subtype heterogeneity test. (A) FEya and (B) urinary
urate excretion (UUE). The seven single-nucleotide polymorphisms (SNPs) listed in table 2 were examined. OR in case—subtype heterogeneity test is
an estimate of the ratio of the case—control OR for the renal overload (ROL) type to that for the renal underexcretion (RUE) type. If an SNP has a
stronger effect for the ROL type than for the RUE type, it takes a value >1. Diamonds and lines represent point estimates and their 95% Cls.
Pearson’s correlation coefficient (r) between the effect on clinical parameters and natural logarithm of OR in case—subtype heterogeneity test and its

significance were examined. FEy,, fractional excretion of urate clearance.
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cholesterol metabolism was previously reported.*” CUX2 regu-
lates cell-cycle progression*® and plays important roles in neural
progenitor development in the central nervous system.*® *° Its
association with type 1 diabetes has also been reported.’® Thus,
rs2188380 of MYL2-CUX2 showed an association with gout
because MYL2 and CUX2 might influence such metabolic path-
ways. Rs2188380 locates near rs653178 of ATXN2 (see online
supplementary figure S7), which was reported by Koéttgen
et al' to have an association with SUA. Rs653178 is, however,
monomorphic in the Japanese population of the HapMap
project,” and we also confirmed it in our samples by genotyp-
ing >250 replication cases. Conversely, rs2188380 of
MYL2-CUX2 is monomorphic in European and African popula-
tions,”"! while rs2188380 is a common variant in the Japanese
population (table 1). Therefore, this SNP was identified as a
novel locus of gout in the present study. The differences in
study populations could be one of the reasons why rs2188380
was not found in a large European-driven GWAS on urate and
gout.” Further analyses including fine mapping and functional
analysis are required in this region.

CNIH-2 regulates the function of glutamate receptors of the
AMPA-subtype assembly at the cell surface of various neurons and
glial cells.’? ** CNIH-2 modulates AMPA receptor gating by
increasing its cell surface expression. The newly identified
rs4073582 of CNIH-2 was in strong LD with rs801733 in PACS1
(r*=0.97, figure 2E and see online supplementary figure S4E),
which is reported to be associated with severe obesity.>*
Accordingly, PACS1 can also be a good candidate for a gout suscep-
tibility gene. Additional genetic dissection and functional analysis
will be needed to determine whether these genes or others could
play roles with true causality at this locus. Since Okada et al'®
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previously reported the association between SUA and rs504915 of
NRXN2, which is near CNIH-2 and MAP3K11, we examined their
relationships. They are not in strong LD (see online supplementary
table $10), and the association of rs4073582 and rs10791821
remained significant after adjustment with rs504915 (see online
supplementary table S11). Therefore, rs4073582 of CNIH-2,
rs10791821 of MAP3K11 and rs504915 of NRXN2 are revealed to
be independent of each other.

MAP3K11, also known as mixed lineage kinase 3 (MLK3), is
a MAP kinase member and plays a significant role in the activa-
tion of c-Jun N-terminal kinase (JNK), a stress-activated protein
kinase.” Signalling from the small GTP-binding proteins Racl
and Cdc42 induces MLK3 to activate the MEKK-SEK-JNK
kinase cascade. Interestingly, the JNK pathway is activated when
monocytes/macrophages phagocytose MSU crystals,”® which
cause gouty arthritis. The SNP rs10791821 of MAP3K11 has
been associated with the expression level of MAP3K11 in mono-
cytes,”” and therefore, is likely to be a regulatory SNB However,
further study is required to confirm precise involvement of
MAP3K11 in the development of gout.

Other genes (CCDC63, C2orfl6, ZNF512, RABIB,
EHBP1L1 and KCNK?7) near each of the novel loci, which are
found by imputation analysis (see online supplementary table
S6A-D), could also be candidate genes of gout, and further
studies including functional analyses are warranted.

Most of the gout-related genes are also associated with
SUA." In the present study design, to identify novel gout risk
loci, clinically defined gout and normouricaemic controls were
recruited. Therefore, further investigations with different study
designs will be needed to identify gout loci associated with
crystal deposition and inflammation.
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Figure 4 Differential effects by risk allele on clinical parameters and gout. (A) The risk alleles of ABCG2 increase UUE and FEy,, which leads to
the overloading effect on renal urate excretion and increases the risk of the ROL-type gout. Therefore, patients with risk alleles for the ROL-type
gout would be given urate synthesis inhibitors. (B) The risk allele of SLC2A9 reduces UUE and FEy,, which reflects a decreased renal urate excretion,
thereby increasing the risk of the RUE-type gout. Patients with risk alleles for the RUE-type gout would be administered uricosuric agents. FEya,
fractional excretion of urate clearance; ROL, renal overload; RUE, renal underexcretion; SUA, serum uric acid; UUE, urinary urate excretion.
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We further investigated the cumulative effect of risk alleles of
the five significant loci (ABCG2, SLC2A9, MYL2-CUX2, GCKR
and CNIH-2) on gout risk. The result showed that individuals
with five or more risk alleles had a higher risk for gout com-
pared with those having four or fewer risk alleles. The more
risk alleles in an individual, the higher became the risk of gout.

Furthermore, the relationship between genetic variation and
clinical types of gout was investigated. The results of subtype
analyses (table 2, figure 3 and online supplementary figure Sé6,
table S9) indicate that the alleles closely associated with the risk
of specific gout type represented differential effects on clinical
parameters (FEys and UUE). This allows the estimation of dis-
turbed urate excretion pathways. An increase of FEys and UUE
by the risk alleles of ABCG2 leads to the overloading effect on
renal urate excretion and causes the ROL-type gout (figure 4A).
These estimations are consistent with our previous finding
obtained from Abcg2-knockout mouse models and hyperuricae-
mic patients.* In contrast, the reduction of FEy, and UUE by
the risk allele of SLC2A9 reflects a decreased renal urate excre-
tion, thereby increasing the risk of the RUE-type gout
(figure 4B). The present study demonstrated that the combin-
ation of GWAS of patients with clinically defined gout with
actual clinical data is an effective method to analyse genetic het-
erogeneity among different types of gout.

In summary, we conducted the first GWAS using patients with
clinically defined gout only and identified five loci containing
two novel loci. Moreover, identified SNPs showed differential
effects on different gout types and affected clinical parameters
underlying specific types. Thus, genetic testing for gout may
well be introduced into future companion diagnostics. For
example, patients with risk alleles for ROL-type gout would be
given urate synthesis inhibitors®’ °® such as allopurinol and
febuxostat, while patients with risk alleles for RUE-type gout
would be administered uricosuric agents®! *® including benzbro-
marone and lesinurad, a selective uric acid reabsorption inhibi-
tor that has just finished its phase III study.’” °° Exploring
genetic heterogeneity among different gout types will deepen
understanding of the aetiology of gout and serve to categorise
patients for future personalised treatment.
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