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Abstract

Objective: Serum uric acid is the end-product of purine metabolism and at high levels is a risk factor for several human
diseases including gout and cardiovascular disease. Heritability estimates range from 0.32 to 0.63. Genome-wide association
studies (GWAS) provide an unbiased approach to identify loci influencing serum uric acid. Here, we performed the first
GWAS for serum uric acid in continental Africans, with replication in African Americans. Methods: Africans (n = 4126) and
African Americans (n = 5007) were genotyped on high-density GWAS arrays. Efficient mixed model association, a variance
component approach, was used to perform association testing for a total of ∼ 18 million autosomal genotyped and imputed
variants. CAVIARBF was used to fine map significant regions. Results: We identified two genome-wide significant loci:
4p16.1 (SLC2A9) and 11q13.1 (SLC22A12). At SLC2A9, the most strongly associated SNP was rs7683856 (P = 1.60 × 10−44).
Conditional analysis revealed a second signal indexed by rs6838021 (P = 5.75 × 10−17). Gene expression and regulatory motif
data prioritized a single-candidate causal variant for each signal. At SLC22A12, the most strongly associated SNP was
rs147647315 (P = 6.65 × 10−25). Conditional analysis and functional annotation prioritized the missense variant rs147647315
(R (Arg) > H (His)) as the sole causal variant. Functional annotation of these three signals implicated processes in skeletal
muscle, subcutaneous adipose tissue and the kidneys, respectively. Conclusions: This first GWAS of serum uric acid in
continental Africans identified three associations at two loci, SLC2A9 and SLC22A12. The combination of weak linkage
disequilibrium in Africans and functional annotation led to the identification of candidate causal SNPs for all three signals.
Each candidate causal variant implicated a different cell type. Collectively, the three associations accounted for 4.3% of the
variance of serum uric acid.

Introduction
The most abundant antioxidant in human plasma is uric acid (1).
Endogenous and exogenous sources account for approximately
two-thirds and one-third, respectively, of the total uric acid
load (2). The primary endogenous source is purine degradation
in the liver, such as that following extrusion of nuclei from

erythroblasts (3,4). Exogenous sources include purine-rich foods
such as organ meats and seafood (5). Approximately two-thirds
of elimination of uric acid occurs via the kidneys while the
remainder occurs via the intestines (6).

High serum uric acid is a risk factor for several diseases
including gout, hypertension, diabetes, kidney disease and

http://www.oxfordjournals.org/
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Table 1. Study characteristics for the discovery and replication samples

Discovery (Africans) Replication (African Americans)

Overall Female Male P value Overall Female Male P value

N Mean (SD) Mean (SD) Mean (SD) N Mean (SD) Mean (SD) Mean (SD)

Age (years) 4126 51.01 (12.78) 50.44 (12.25) 51.85 (13.49) 0.0006 5113 47.93 (13.16) 48.04 (12.98) 47.74 (13.46) 0.4254

BMI (kg/m2) 4126 26.62 (5.66) 27.94 (6.06) 24.67 (4.32) <0.0001 5098 29.77 (7.15) 30.90 (7.55) 27.91 (6.00) <0.0001

SBP (mm Hg) 4117 136.50 (23.86) 135.77 (24.39) 137.57 (23.02) 0.0161 5109 126.82 (20.93) 125.91 (20.97) 128.30 (20.78) <0.0001

DBP (mm Hg) 4116 81.79 (13.49) 81.82 (13.48) 81.76 (13.52) 0.8962 5109 79.28 (12.44) 77.95 (11.69) 81.47 (13.28) <0.0001

Uric acid (mg/dl) 4126 5.11 (1.66) 4.71 (1.49) 5.70 (1.73) <0.0001 5007 5.87 (1.71) 5.42 (1.59) 6.61 (1.63) <0.0001

eGFR(ml/min/1.73 m2) 4125 98.74 (35.87) 98.71 (35.27) 98.77 (36.75) 0.9538 5012 87.75 (31.31) 85.96 (30.62) 90.68 (32.21) <0.0001

N (%) N (%) N (%) N (%) N (%) N (%)

Type 2 diabetes 4126 2068 (50.12) 1253 (50.85) 815 (49.04) 0.2528 5028 823 (16.4) 544 (17.5) 279 (14.6) 0.008

Hypertension 4117 2253 (54.70) 1367 (55.57) 886 (53.41) 0.1713 5096 2429 (47.7) 1537 (48.6) 892 (46.1) 0.0897

Figure 1. GWAS Manhattan plots for Africans (n = 4126, top panel), African Americans (n = 5007, middle panel) and meta-analysis (n = 9133, bottom panel). The two

dotted lines represent genome-wide significance at −log10 (5 × 10−8) and genome-wide suggested significance at −log10 (5 × 10−7), respectively.

cardiovascular disease (7–9) and is moderately to strongly
heritable, with estimates in adults ranging from 0.32 to 0.63
(10–22). In individuals without gout, serum uric acid ranges
from 2.6 to 6.0 mg/dl in premenopausal women and from 3.5
to 7.2 mg/dl in men and postmenopausal women (23). Meta-
analysis of GWAS in European-ancestry individuals identified 26
loci, collectively accounting for 7.0% of the variance in serum uric
acid levels (24). We previously reported the first GWAS of serum
uric acid in African Americans (25). The most strongly associated
locus in African Americans, at or near the gene SLC2A9 (25),
was the most strongly associated locus in the European meta-
analysis. The second most strongly associated locus in African
Americans, at or near the gene SLC22A12 (26), was the fifth most
strongly associated locus in the European meta-analysis. It is
not known if these results reflect European ancestry in admixed
African Americans or if these associations are also present in
the background of African ancestry. To address this question,
we describe the first GWAS of serum uric acid in continental
Africans.

Results
As expected, males had higher serum uric acid levels than
females in both the discovery and replication samples (Table 1).

After adjusting for the effects of sex, age, age2, BMI, hyperten-
sion, T2D, eGFR and PCs, the heritability for serum uric acid in
AADM was estimated as 0.600 (SD 0.048). Genomic inflation fac-
tors were approximately 1.01, suggesting no residual population
stratification in either the discovery or replication analyses (Sup-
plementary Material, Fig. S1). Two regions, 4p16.1 and 11q13.1,
were identified as genome-wide significant in the discovery
analysis of continental Africans and subsequently replicated
in African Americans (Fig. 1). All genome-wide significant SNPs
(P < 5 × 10−8) in the meta-analysis of discovery and replication
samples are listed in Supplementary Material, Table S1.

At 4p16.1, 503 SNPs from 9819 to 10 382 kb in or near
the gene solute carrier family 2 member 9 (SLC2A9, GeneID:
56606, also known as GLUT9) and the neighboring gene WD
repeat domain 1 (WDR1, GeneID: 9948) reached genome-
wide significance with directional consistency (Fig. 2 and
Supplementary Material, Table S1). The lead SNP was rs7683856
(P = 1.60 × 10−44); association at this SNP explained 2.2% of the
phenotypic variance (Table 2). Meta-analysis conditional on
rs7683856 revealed a secondary signal indexed by rs6838021
(P = 5.75 × 10−17) that explained 0.9% of the phenotypic variance
(Table 2 and Supplementary Material, Fig. S2). Meta-analysis
conditional on rs7683856 and rs6838021 revealed no additional
signal at this locus (Supplementary Material, Fig. S2).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data


508 Human Molecular Genetics, 2020, Vol. 29, No. 3

Figure 2. Regional association plots at SLC2A9. (Top) Regional Manhattan plot. Vertical dotted lines represent the positions for reported genetic variants associated

with serum urate (blue, black, green and gray dotted lines represent African, European, Chinese and other ancestral backgrounds, respectively). Sky blue lines depict

recombination rates. (Middle) Posterior inclusion probability (PIP) plots from fine-mapping. (Bottom) LD plots for Africans (YRI), Europeans (CEU) and Chinese (CHB).

The diagonal lines represent pairwise LD for rs6838021 (blue lines) and rs7683856 (black lines).

From 1395 SNPs with rsIDs mapping to SLC2A9, rs7683856
and rs6838021 had marginal posterior inclusion probabilities of
0.989 and 0.976, respectively (Fig. 2). The two SNPs rs7683856
and rs6838021 are weakly correlated in African-ancestry indi-
viduals (r2 = 0.07 in Africans (AADM or YRI) and 0.12 in African
Americans (ARIC and HUFS) in contrast to 0.37 in CHB and 0.60
in CEU). These results are consistent with the results from the
conditional analysis of two signals at this locus.

Functional annotation revealed four SNPs in strong linkage
disequilibrium with rs7683856 spread over 4.7 kb. All five SNPs
were cis-eQTLs for SLC2A9 in skeletal muscle, with all alternate
(Alt) alleles associated with higher expression. Of these five
SNPs, rs7678287 showed the strongest association with gene
expression (P = 0.000030). Furthermore, rs7678287 is located
within two regulatory motifs. At the SIX5 motif, the LOD scores
for the Ref and Alt alleles were both 11.9, indicating no difference
in binding potential and hence no expectation of differential

expression. At the RREB1 motif, the LOD scores for the Ref and
Alt alleles were 14.6 and 2.9, respectively, indicating that RREB1
is predicted to bind better to the sequence containing the Ref
allele. RREB1 is a zinc finger transcription factor that binds to
RAS-responsive elements of gene promoters and is expressed
in skeletal muscle. The Alt allele is associated with higher gene
expression and higher serum uric acid, consistent with RREB1
acting as a repressor and with transport from muscle to blood.

Functional annotation revealed 12 SNPs in strong linkage
disequilibrium with rs6838021. Nine SNPs were cis-eQTLs for
SLC2A9, all in subcutaneous adipose tissue. The two SNPs
rs7670751 and rs5028843 showed the strongest association
with gene expression (P = 0.000027 for both SNPs). The SNP
rs7670751 is located within regulatory motifs for MAFF and
PTF1A. MAFF is expressed in subcutaneous adipose tissue.
PTF1A is pancreas-specific transcription factor 1a and is not
expressed in subcutaneous adipose tissue. The SNP rs5028843
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3 is located within a regulatory motif for FXR. FXR (also known
as NR1H4) is not expressed in subcutaneous adipose tissue.
At the MAFF motif, the LOD scores for the Ref and Alt alleles
were 7.7 and 11.5, respectively. The Alt allele is associated with
lower gene expression and lower serum uric acid. MAFF lacks
a transactivation domain; homodimers may therefore act as
repressors. Taken together, these results support rs7670751 as
the causal variant, with better binding of MAFF associated with
lower gene expression.

At 11q13.1, 61 SNPs across 506 kb showed genome-wide
significance and directional consistency (Fig. 3 and Sup-
plementary Material, Table S1). The strongest association
occurred at rs147647315 (P = 6.65 × 10−25); association at this
SNP explained 1.2% of the phenotypic variance (Table 2). Meta-
analysis conditional on rs147647315 revealed no secondary
signal (Supplementary Material, Fig. S2). rs147647315 had a
marginal posterior inclusion probability of 0.996 (Fig. 3). Posterior
inclusion probabilities supported only one signal, consistent
with the conditional analysis. The derived A allele at rs147647315
has a minor allele frequency of 1.6% in the 1000 Genomes AFR
superpopulation and is monomorphic in the EUR superpop-
ulation. rs147647315 is not an eQTL for SLC22A12 and does
not overlap any known regulatory motifs. The G>A mutation
at rs147647315 is missense, causing an arginine to histidine
substitution in all five transcripts of SLC22A12. SIFT predicts
that the change is deleterious in all five transcripts of SLC22A12.
PolyPhen predicts that the change is benign in transcripts
ENST00000336464, ENST00000377574 (the principal isoform)
and ENST00000473690, but probably damaging in transcripts
ENST00000377567 (a transcript not supported by either an EST
or an mRNA) and ENST00000377572. The PHRED-scaled CADD
score was 23.3, placing this SNP in the top 0.5% of the most
deleterious substitutions genome-wide.

Ten variants in the SLC2A9 locus have been catalogued as
being significantly associated with serum uric acid (Supple-
mentary Material, Table S2). These variants clustered into two
regions, one around rs76836856 and the other around rs6838021
(Fig. 2). These two signals are in different LD blocks in the 1000
Genomes YRI sample in contrast to being in one large block in
both CEU and CHB (Fig. 2).

Thirty SNPs associated with serum uric acid were reported
in > 140 000 European-ancestry individuals (24). We attempted
to replicate these findings using exact (i.e. querying the reported
SNP) and local replication (i.e. querying SNPs in LD (r2 ≥ 0.3) with
the reported SNPs within a defined window of 250 kb). Of 26 loci
that we could assess, 16 loci in or near SLC2A9, ABCG2, REFB1,
SLC17A1, SLC16A9, SLC22A11, NRXN2, INHBE, ORC4L, TMEM171,
PRKAG2, STC1, HNF4G, A1CF, OVOL1 and MAF replicated in our
set of African-ancestry individuals (Supplementary Material,
Table S3).

Discussion
GWAS have been useful in detecting common genetic variants
influencing serum uric acid levels. These loci implicate genes
involved in uric acid secretion (NTP1, ABCG2, MRP4, OAT1 and
OAT3) and reabsorption (OAT4, OAT10, SLC22A12 and SLC2A9).
Genetic variation in SLC2A9 accounts for 1.7–5.3% of the variance
in serum uric acid (24,27–29). In the Framingham Heart Study
(28), rs16890979 (a missense variant in SLC2A9) was the most
significant SNP (P = 7.0 × 10−168), with association at this SNP
explaining 5.3% of the phenotypic variance. In our study of
African-ancestry individuals, rs16890979 was significantly asso-
ciated with serum uric acid (P = 5.79 × 10−24). However, we found

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
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Figure 3. Regional association plots at SLC22A12. (Top) Regional Manhattan plot. Vertical dotted lines represent the positions for reported genetic variants associated

with serum urate (blue, black, green and gray dotted lines represent African, European, Chinese and other ancestral backgrounds, respectively). Sky blue lines depict

recombination rates. (Middle) Posterior inclusion probability (PIP) plots from fine-mapping. (Bottom) LD plots for Africans (YRI), Europeans (CEU) and Chinese (CHB).

The diagonal lines represent pairwise LD for rs147647315 (blue lines).

that rs16890979 was in strong linkage disequilibrium with the
more strongly associated rs6838021 (r2 = 0.72 in YRI and 0.97
in CEU).

Our results indicated two distinct signals within the SLC2A9
locus. The stronger effect was indexed by rs7683856 and
accounted for 2.2% of the phenotypic variance. The weaker
effect was indexed by rs6838021 and accounted for 0.9% of the
phenotypic variance. Our results indicated one signal within
the SLC22A12 locus, indexed by rs147647315 and accounting for
1.2% of the phenotypic variance. Taken together, these three
signals explain 4.3% of the total variance of serum uric acid or
approximately 7.2% of the heritable component of serum uric
acid.

For the primary association indexed by rs76838056, our anal-
yses support rs7678287 as the candidate causal variant. The
combination of association testing and functional annotation
provides evidence that (i) RREB1 binds to rs7678287 in skeletal
muscle, (ii) RREB1 binds worse to the Alt allele and (iii) the Alt
allele is associated with higher gene expression of SLC2A9 and
higher serum uric acid. Furthermore, the gene RREB1 is a known
GWAS locus for serum uric acid (8). For the secondary association
indexed by rs6838021, our analyses support rs7670751 as the

candidate causal variant. The combination of association testing
and functional annotation provides evidence that (i) MAFF binds
to rs7670751 in subcutaneous adipose tissue, (ii) MAFF binds
better to the Alt allele and (ii) the Alt allele is associated with
lower gene expression of SLC2A9 and lower serum uric acid.

We attempted to replicate 30 SNPs reported in meta-analysis
of European-ancestry individuals. Associations in genes impli-
cated in reabsorption such as SLC2A9, SLC22A12, SLC22A6 and
SLC2A14 as well as genes implicated in secretion such as ABCG2
were replicated in our study of individuals with African ancestry.
African American populations contribute to the refinement of
GWAS signals because of weaker LD than in populations of Asian
or European ancestry. In contrast to African Americans, conti-
nental African populations, in particular sub-Saharan African
populations, can offer even better resolution because of the
absence of recent admixture with European ancestry. The local
replication approach has been successful in African-ancestry
individuals for T2D, fasting insulin, insulin resistance and serum
bilirubin (30–32). For loci discovered in Asian- and European-
ancestry populations, fine-mapping in populations with African
ancestry is useful for localization of association signals and
discovery of causal variants.
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In summary, using a high coverage SNP array in conjunction
with an improved imputation reference panel, we identified
association with serum uric acid in SLC2A9 and SLC22A12 in
a large (n∼9000) meta-analysis of African-ancestry individu-
als. Based on genome-wide meta-analysis, conditional analysis,
fine-mapping and functional annotation, we inferred the pres-
ence of two causal variants at SLC2A9 and one causal variant at
SLC22A12. These three associations may influence serum uric
acids levels through effects in skeletal muscle, subcutaneous
adipose tissue and the kidneys. Sixteen genes previously impli-
cated in uric acid secretion and reabsorption, including the two
highlighted in our study, were replicated. One potential issue
is that the discovery study was enriched for cases of type 2
diabetes whereas the replication studies were not. Although
Mendelian randomization studies have shown that serum uric
acid is not a causal risk factor for type 2 diabetes (33–35), the
difference in study design between discovery and replication
could still matter if serum uric acid is a causal risk factor for
other diseases that tend to co-occur with type 2 diabetes. A
limitation of our study is that we relied on data sets of African
Americans for replication because of the absence of a second
continental African data set. To fully capitalize on genetic diver-
sity in African-ancestry individuals, we encourage the expansion
of studies of continental Africans.

Materials and Methods
Study design

Individuals included in the GWAS discovery samples were drawn
from the Africa America Diabetes Mellitus (AADM) study, a large,
ongoing genetic epidemiology study of type 2 diabetes (T2D)
and related traits in Africans (30,36,37). Although AADM origi-
nated with a sib-pair design, subsequent enrollment included
both unrelated individuals and extended families. Demographic
information was collected using standardized questionnaires
across the AADM study centers in Nigeria (Ibadan, Lagos and
Enugu), Ghana (Accra and Kumasi) and Kenya (Eldoret). Anthro-
pometric, medical history and clinical examination parameters
were obtained by trained study staff during a clinic visit. Weight
was measured in light clothes on an electronic scale to the near-
est 0.1 kg, and height was measured with a stadiometer to the
nearest 0.1 cm. Body mass index (BMI) was computed as weight
(kg) divided by the square of height in meters (m2). Blood samples
were drawn after an overnight fast of at least 8 h. The definition
of T2D was based on the American Diabetes Association (ADA)
criteria. Controls were required to have fasting plasma glucose
< 110 mg/dl or 2 h post load of < 140 mg/dl and no clinical
features suggestive of diabetes (the classical symptoms being
polyuria, polydipsia and unexplained weight loss).

Biochemistry

Fasting serum samples were assayed for uric acid using a
COBAS® Analyzer Series (Roche Diagnostics, Indianapolis, Indi-
ana). Serum creatinine levels were estimated on fasting samples
using the modified Jaffe method. The estimated glomerular
filtration rate (eGFR) was calculated using the simplified
Modification of Diet in Renal Disease Study equation (38).

Genotyping and imputation

A total of 5231 individuals from the AADM study were genotyped
on high-density GWAS arrays: 1808 samples were genotyped

using the Affymetrix® Axiom® Genome-Wide PanAFR Array Set,
and 3423 samples were genotyped using the Illumina Multi-
Ethnic Genotyping Array. After technical quality control and
appropriate sample- and SNP-level exclusionary filtering (indi-
vidual call rate ≤ 95%, SNP call rates ≤ 95%, Hardy–Weinberg
equilibrium (HWE) P value < 1 × 10−6 and minor allele frequency
(MAF) < 0.01) (37), imputation was performed using the African
Genome Resources Panel available from the Sanger Imputation
Service (https://imputation.sanger.ac.uk/) (39). The imputation
reference panel comprised 4956 individuals, including all 2504
from the 1000 Genomes Project Phase 3, ∼ 2000 individuals from
Uganda (Baganda, Banyarwanda, Barundi and others) and ∼ 100
individuals from each of a set of populations from Ethiopia
(Gumuz, Wolayta, Amhara, Oromo and Somali), Egypt, Namibia
(Nama/Khoe-San) and South Africa (Zulu), yielding 9912 hap-
lotypes for 93 421 145 SNPs. Pre-phasing was performed with
EAGLE version 2.0.5 (40), and imputation was performed using
PBWT (41). Imputed variants with MAF ≥ 0.01 and imputation
info ≥0.30 were retained, leaving 18 219 730 variants. Coordinates
are given based on the hg19 genome build. The samples (by
ethnic groups) clustered as expected (Supplementary Material,
Fig. S3) based on principal components (PCs) of the genotypes
computed using SNPRelate (42).

Association analysis

Serum uric acid levels were first log-transformed and then
regressed on age, age2 and sex. The resulting residuals were
skewed and therefore were ranked and inverse-normalized.
Association analysis was performed using the EPACTS (Efficient
and Parallelizable Association Container Toolbox) pipeline
(http://genome.sph.umich.edu/wiki/EPACTS) (43), using imputed
dosages and adjusting for genetic relatedness, BMI, hyper-
tension, T2D, eGFR and the first three principal components.
Principal components were obtained from the R package
SNPRelate (42) using genotyped but not imputed SNPs. Within
EPACTS, we performed single variant EMMAX association
analysis. The genome-wide significance level α was declared
to be 5 × 10−8.

Replication study

Replication was assessed in 5113 African Americans obtained
from the Atherosclerosis Rick in Communities study (ARIC,
n = 3137) (44) and the Howard University Family Study (HUFS,
n = 1976) (45). ARIC is a prospective study of atherosclerosis in
healthy middle-aged adults and HUFS is a population-based
study. As with the discovery study, serum uric acid levels
were first log-transformed and then regressed on age, age2

and sex. The resulting residuals were ranked and inverse-
normalized. Genotyping in ARIC and HUFS was performed using
the Affymetrix® Genome-Wide SNP Array 6.0. Imputation and
association analysis were performed as described previously. We
adjusted for genetic relatedness, BMI, T2D, eGFR, hypertension
and the first two principal components. METAL (46) was used to
perform inverse variance-weighted fixed-effect meta-analysis
of the discovery and replication samples.

Functional annotation

Using HaploReg v4.1 (47), we annotated SNPs with respect to
sequence conservation across mammals, promoter histone
marks, enhancer histone marks, chromatin state, protein
binding and regulatory motifs. We queried the index SNP plus

https://imputation.sanger.ac.uk/
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz272#supplementary-data
http://genome.sph.umich.edu/wiki/EPACTS
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all SNPs in strong pairwise linkage disequilibrium (r2 ≥ 0.8) in
the 1000 Genomes AFR superpopulation. The Genotype-Tissue
Expression Project was interrogated regarding cis-eQTLs and
tissue-specific gene expression (https://gtexportal.org/home/).
PHRED-scaled Combined Annotation Dependent Depletion
(CADD, version 1.4) scores for the predicted deleteriousness of
variants were retrieved from https://cadd.gs.washington.edu/
snv. The top (i.e. most deleterious across the entire genome)
10% of raw scores have a scaled score of 10, the top 1% of raw
scores have a scaled score of 20, the top 0.1% of raw scores have
a scaled score of 30, etc.

Fine-mapping and identification of candidate causal
variants

Fine-mapping was performed using the R package CAVIARBF, an
approximate Bayesian method that can incorporate functional
annotation (48). Minimal data requirements are marginal statis-
tical test results and linkage disequilibrium between SNPs. SNP
annotations were coded for the presence (1) or absence (0) of
promoter histone, enhancer histone, DNAse or bound protein as
provided by HaploReg v4.1.

Transferability of previous GWAS findings

We attempted to replicate GWAS loci for uric acid and gout
previously reported in meta-analysis of > 140 000 Europeans
(24). Based on the association results from meta-analysis of
the Africans and African Americans, we performed both exact
replication (i.e. the same SNPs as previously reported) and local
replication (i.e. SNPs in linkage disequilibrium with previously
reported SNPs) as previously described (31). For the identifica-
tion of SNPs in linkage disequilibrium (LD) with published vari-
ants, we used the EUR reference dataset (n = 503) from the 1000
Genomes Project, phase 3. To adequately account for multiple
testing, we estimated the effective degrees of freedom (49) from
the spectrally decomposed covariance matrix for the block of
SNPs from the reference populations. Replication significance
levels were either 0.05 for exact replication or 0.05 divided by the
effective degrees of freedom for local replication.

We queried the GWAS Catalog (accessed March 3, 2018) for
variants in the SLC2A9 region associated (P < 5 × 10−8) with urate,
uric acid or serum uric acid levels (50). Genotype data from the
SLC2A9 and SLC22A12 regions were extracted from three 1000
Genomes Project samples: Utah residents with Northern and
Western European ancestry (CEU), Han Chinese in Beijing, China
(CHB) and Yoruba in Ibadan, Nigeria (YRI). Linkage disequilib-
rium plots were drawn using the R package snp.plotter (51).

SNP heritability

We estimated GWAS h2
SNP using LDAK (52,53). A total of 1 035 348

genotyped SNPs with MAF > 0.05 were used. The phenotype of
serum uric acid levels and covariates sex, age, age2, BMI, T2D,
hypertension, eGFR and significant PCs were used for h2

SNP esti-
mation. First, based on local LD, we calculated a weight for each
predictor (SNP) which showed how well each SNP was tagged.
Next, using these weights, we calculated a kinship matrix to
improve poorly tagged predictors that had lower than average
MAF. Then, we fit the linear mixed model Var(Y) = σ 2

g G + σ 2
e I,

in which Y is the vector of phenotype values, G is a kinship
matrix based on weights and I is an identity matrix. Estimates
of σ̂ 2

g and σ̂ 2
e were obtained via restricted maximum likelihood

(REML) (52). The proportion of phenotypic variance explained by

additive genetic effects was estimated as ĥ2
snp = σ̂2

g

σ̂2
g +σ̂2

e
.
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