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Abstract

Allopurinol, which lowers uric acid (UA) concentration, is increasingly being recognized for its 

benefits in cardiovascular and renal disease. However, response to allopurinol is variable. We 

gathered samples from 4,446 multiethnic subjects for a genome-wide association study of 

allopurinol response. Consistent with previous studies, we observed that the Q141K variant in 

ABCG2 (rs2231142), which encodes the efflux pump breast cancer resistance protein (BCRP), 

associated with worse response to allopurinol. However, for the first time this association reached 

genome-wide level significance (P = 8.06 × 10−11). Additionally, we identified a novel association 

with a variant in GREM2 (rs1934341, P = 3.22 × 10−6). In vitro studies identified oxypurinol, the 

active metabolite of allopurinol, as an inhibitor of the UA transporter GLUT9, suggesting that 

oxypurinol may modulate UA reabsorption. These results provide strong evidence for a role of 

BCRP Q141K in allopurinol response, and suggest that allopurinol may have additional 

hypouricemic effects beyond xanthine oxidase inhibition.
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INTRODUCTION

Gout is an inflammatory arthritis caused by the deposition of uric acid in the synovial fluid 

of the joints. These attacks are typically caused by chronically high concentrations of serum 

uric acid (SUA), or hyperuricemia, and are characterized by the extreme pain and discomfort 

they cause for patients.1 The painful and debilitating attacks associated with this disease as 

well as the underlying hyperuricemia have been shown to be risk factors for various 

diseases, including coronary heart disease, stroke, and especially chronic kidney disease, 

which represents the greatest comorbidity risk for gout patients.2–6 Thus, management of 

gout and hyperuricemia has become increasingly important in the prevention of life-

threatening cardiac and renal diseases. Currently, allopurinol is the first-line treatment for 

chronic gout. The major mechanism of action of allopurinol is reduction in uric acid 

synthesis through inhibition of xanthine oxidase, the major enzyme for the production of 

uric acid.7 Response to allopurinol is highly variable, with as few as 21% of subjects 

maintaining the rheumatologist-recommended SUA concentration of < 6 mg/dL for three 

consecutive months in a prospective clinical trial.8 While poor adherence is a commonly 

cited problem for allopurinol, inadequate dosing as well as interindividual differences in 

pharmacokinetics or pharmacodynamics are also major factors for suboptimal response. This 

leaves a large number of hyperuricemic patients at an increased risk for developing life-

threatening comorbidities, even those who are adherent to treatment.9 To identify factors 

involved in the response to allopurinol, our laboratory previously performed a genome-wide 

association study (GWAS) on allopurinol-induced change in SUA. Using a multiethnic 

cohort of 2,027 subjects taking allopurinol, we identified genetic variants in ABCG2, which 

encodes the efflux transporter breast cancer resistance protein (BCRP), as determinants of 

allopurinol response, and showed that oxypurinol, the active metabolite of allopurinol, is a 

substrate of BCRP. While one noncoding region variant in ABCG2, rs10011796, associated 

with poor response to allopurinol at a genome-wide level of significance, several 

observations about the role of ABCG2 in allopurinol response were puzzling. First, the 

association of the strongest associated single-nucleotide polymorphism (SNP) in ABCG2, 

rs10011796, weakened from P = 2.0 × 10−8 to P = 6.9 × 10−4 in the transethnic meta-

analysis. Second, though the common missense variant of ABCG2, BCRP Q141K 

(rs2231142), associated with worse response, the association was not significant at a 

genome-wide level.10 Finally, the direction of the association was contradictory to the 

expected interaction between allopurinol concentration and BCRP function. That is, the 

reduced function variant associated with worse response to allopurinol. A reduced function 

variant in a renal (or intestinal) secretory transporter for allopurinol may be expected to be 

associated with higher systemic concentrations of oxypurinol and allopurinol, and therefore, 

better response to the drug, yet that is not the association we observed. These enigmatic 

observations led us to our current study. Here, we aimed to discover novel genetic 

determinants of allopurinol response and provide evidence to support our previous 

observations. Specifically, we considered the following questions: (i) Does BCRP Q141K 

associate with worse response to allopurinol at genome-wide significance? (ii) Does this 

variant appear to be the causal variant for the association? (iii) What mechanisms can 

explain the association of a reduced function variant in ABCG2 with poor response to 
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allopurinol? To address these questions, we expanded our previous cohort to perform the 

largest GWAS on allopurinol response to date. In addition to the expanded cohort, we 

analyzed two independent cohorts to validate our top associated loci. Finally, we performed 

in vitro studies to unravel the mechanisms responsible for the association between BCRP 

Q141K and poor response to allopurinol.

RESULTS

The basic characteristics of the study populations are described in Table 1 and Table S5, and 

more detail is provided in the Methods section. In brief, samples from a total of 3,517 

subjects on allopurinol were gathered for genome-wide analysis, and samples from a total of 

4,446 subjects on allopurinol were used for validation and replication. ALLO1 and ALLO2 

represent cohorts from the same clinical site and only differ in the time that their DNA was 

genotyped. ALLO1 was genotyped as a part of a larger cohort, the Genetic Epidemiology 

Research on Adult Health and Aging (GERA) cohort.11 ALLO1 contains the cohort 

analyzed in Wen et al.,10 although since that analysis has been completed more subjects that 

had already been genotyped met inclusion criteria due to longitudinal follow up that was 

recorded in updated electronic health record data and have been included in this analysis. 

Samples from qualified subjects in BioVU12 and MARSH13 were gathered and genotyped as 

independent replication cohorts. The major phenotype assessed in this study was initial 

uricemic response to allopurinol, which was defined as the change in SUA (treated– 

untreated) at the first follow-up appointment. Untreated SUA concentrations were defined as 

any SUA concentration within 1.5 years of starting allopurinol treatment. Treated SUA 

concentrations were recorded at least 4 days after starting allopurinol and no more than 7 

days after stopping allopurinol. A single treatment period was used for each subject, to 

minimize confounding by nonadherence and dose changes. Using change in SUA from 

baseline as the primary phenotype, we performed a GWAS in ALLO1 and ALLO2 in each 

separate ethnic group, and combined results using inverse-variance weighted meta-analysis 

(Figure 1). Any ethnic group with fewer than 50 people was not included for analysis 

because of overfitting. In the largest ethnic cohort, the non-Hispanic white population, the 

top SNP associated with worse response to allopurinol (rs45499402, C allele β = 0.323 

± 0.06, P = 4.5 × 10−9). This SNP is found in the ABCG2 locus and is in perfect linkage 

disequilibrium (LD, r2 = 1)14 with rs2231142 (Table 2, β = 0.323 ± 0.06, P = 4.7 × 10−9, 

unadjusted P = 7.3 × 10−4), which encodes a glutamine to lysine change in the efflux 

transporter BCRP (BCRP Q141K) that reduces cell membrane expression, thereby reducing 

transport function. The transethnic meta-analysis (Figure 1b) showed a strong association 

with this same missense variant (Table 3, β = 0.29 ± 0.05, P = 5.4 × 10−9, unadjusted P = 

6.7 × 10–4). Conditional analysis in the non-Hispanic white cohort, which included 

rs2231142 genotype as a covariate, reduced the P value of the next strongest association 

within the ABCG2 locus to P = 0.03, suggesting that either BCRP Q141K or an SNP in high 

LD is the causal SNP for the association with worse response to allopurinol (Table S1). 

SNPs in the intronic region of GREM2, a secreted antagonist of the bone monomorphic 

protein (BMP), associated with better response to allopurinol with suggestive significance 

(rs77567654, G allele β = −0.232 ± 0.04, P = 1.4 × 10−7). This SNP is in strong LD (r2 = 

0.71)14 with rs1934341, also in the intron of GREM2, which is the top associated genotyped 
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variant within this region (Table 3, β = −0.216 ± 0.04, P = 4.0 × 10−7, unadjusted P = 5.3 × 

10−4).

Because variants in ABCG2 were previously identified as determinants of allopurinol 

response, we gathered two independent replication cohorts and genotyped them for ABCG2 

variants identified in our analysis. The association with the reduced function BCRP Q141K 

was strengthened with the addition of these replication cohorts (Figure 2a, β = 0.293 ± 0.05, 

P = 8.1 × 10−11) strongly supporting a role for the efflux transporter in allopurinol’s uric 

acid–lowering effects. We gathered genotypic data from 355 BioVU subjects to replicate our 

suggestive association with variants in GREM2. In fact, rs1934341 associated with improved 

response in all of our cohorts as well as BioVU (Figure 2b, β = −0.162 ± 0.035, P = 3.2 × 

10−6). Although the association was not genome-wide significant, it was consistent across 

multiple cohorts and ethnicities. To further explore the effects of these SNPs on clinically 

meaningful outcomes, we explored additional phenotypes. In particular, in the largest cohort, 

the non-Hispanic whites, we explored the effect of the top SNPs in ABCG2 and GREM2 on 

the ability to reach and maintain the rheumatologist-recommended SUA < 6 mg/day while 

adherent to allopurinol. We found that 26.1% of 1,316 non-Hispanic white subjects were 

able to reach and maintain rheumatologist-recommended SUA concentrations, with an 

average time to SUA reading of 502 days and a range of 0–19 years. Logistic regression 

analysis revealed that subjects carrying at least one BCRP Q141K allele were at a greater 

risk of not meeting the clinical endpoint, even when controlling for the covariates of dose, 

gender, and baseline SUA (Figure 3a, OR = 0.71 ± 0.14, P = 0.02). In contrast, subjects 

carrying at least one allele of the GREM2 variant rs1934341 were more likely to achieve and 

maintain target SUA concentrations (Figure 3b, OR = 1.35 ± 0.11, P = 0.009). Previously, 

we showed that BCRP transports oxypurinol and allopurinol, so with a reduced function 

variant we would expect less efflux of oxypurinol by BCRP, thereby increasing plasma 

concentrations of the drug but decreasing luminal concentrations. Thus, we hypothesized 

that oxypurinol may have a secondary mechanism of action as an inhibitor of uric acid 

reabsorption. GWAS have shown that genetic variants in GLUT9 and URAT1 significantly 

affect SUA concentrations, suggesting an important role of uric acid reabsorption in the 

determination of systemic uric acid concentrations.15 In Xenopus laevis oocytes, we found 

that oxypurinol can indeed inhibit the uptake of uric acid via GLUT9 more potently than its 

inhibition of either OAT4 or URAT1 (Figure 4, IC50 = 108 ± 17 µM for GLUT9, and IC50 > 

1 mM for URAT1 and OAT4, Figure S1 and Text S1).16 Though further work is clearly 

needed, the data suggest that oxypurinol may inhibit GLUT9 in the proximal tubule.

DISCUSSION

This study represents the largest genetic analysis of allopurinol response to date, and the first 

to show genome-wide level significance of the reduced function variant, BCRP Q141K, with 

hypouricemic response to allopurinol. Previously, in a smaller cohort, we showed that the 

reduced function variant BCRP Q141K associated with worse response to allopurinol, at 

near genome-wide levels. In this study, with an expanded cohort and several new cohorts, we 

replicated our finding that this variant is associated with poor response to allopurinol with 

genome-wide significance (Figures 1 and 2 and S2). Importantly, we conducted conditional 

analyses, which suggest that BCRP Q141K is causal for poor response to allopurinol. The 
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inclusion of two independent replication cohorts strengthened the association between the 

variant and response to allopurinol. Other groups have replicated this association as well, 

although these studies were not able to adjust for differences in baseline SUA and used a 

response variable rather than linear change in SUA.17,18 Allopurinol, an older drug, remains 

first-line therapy for gout. In fact, though newer drugs have been developed and marketed, 

many of these are associated with serious adverse effects. For example, in a recent 

multicenter noninferiority trial in patients with gout and cardiovascular disease, febuxostat 

was associated with higher overall all-cause mortality and cardiovascular mortality than 

allopurinol.19 Furthermore, first-in- class drugs developed to target reabsorptive uric acid 

transporters such as lesinurad have been associated with kidney stones and other sequelae. 

Conversely, allopurinol seems to have beneficial effects on renal function, slowing disease 

progression in patients with chronic kidney disease.20 Thus, there has been increasing 

interest in allopurinol, as the drug appears to be beneficial for the treatment of gout as well 

as its sequelae. Unfortunately, many patients fail to achieve acceptable responses to the drug, 

even when adherent. Importantly, individuals with the BCRP Q141K variant were found to 

be less likely to achieve and maintain the rheumatologist-recommended SUA concentration 

of 6 mg/dL or less (Figure 3), putting them at an increased risk for developing 

comorbidities. Furthermore, this finding was significant despite including covariates such as 

gender, dose, and baseline SUA. Collectively, these studies suggest that patients with the 

BCRP Q141K variant either need to be on a higher dose of allopurinol or perhaps be 

prescribed concomitant or other medications for the treatment of gout (Figure S3). Our 

transethnic meta-analysis not only supported the association of BCRP Q141K with poor 

response to allopurinol in multiple ethnic groups but revealed a novel (P < 5 × 10−6) 

association with genetic variants in GREM2. For GREM2, subjects carrying the minor allele 

had a greater change in SUA on allopurinol and were significantly more likely to reach and 

maintain rheumatologist-recommended SUA concentrations (Figure 3). GREM2 is a 

secreted antagonist of BMP that has been shown to play a role in cell differentiation and 

limit inflammation after myocardial infarctions in mice.21–23 GREM2 has been previously 

shown to be upregulated in glomeruli of rats with diabetic kidney disease, and dysregulation 

of its target, BMP, has been linked to diabetic kidney nephropathy and cardiovascular 

disease,24,25 suggesting a role for GREM2 in the development of common gout sequelae. 

Interestingly, GREM2 has not been shown to associate with baseline SUA or gout, 

suggesting that its role in improving allopurinol response is pharmacologic, related to 

allopurinol’s effects on uric acid lowering. Further research is needed to determine the 

mechanism by which these SNPs alter GREM2 expression and function, and allopurinol’s 

hypouricemic response. The finding that oxypurinol potently inhibited GLUT9-mediated 

uric acid uptake is an important addition to understanding the potential mechanisms of 

action of allopurinol and oxypurinol. In particular, we found that oxypurinol inhibited 

GLUT9-mediated uptake of uric acid with an half maximal inhibitory concentration (IC50) 

of 108 μM, suggesting that oxypurinol may have a secondary mechanism of action as a 

uricosuric. Plasma oxypurinol concentrations on a typical 300 mg dose of allopurinol range 

from approximately 30–80 μM, and it is possible that renal concentrations of oxypurinol26,27 

may be comparable and inhibit GLUT9. In this scenario, BCRP Q141K could indeed cause 

worse response to allopurinol because of the decreased secretion of oxypurinol and therefore 

reduced concentration in the renal tubule resulting in decreased inhibition of GLUT9. In the 
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intestine, GLUT9 is expressed with a high expression level on the basolateral membrane of 

enterocytes, and appears to participate in intestinal excretion of uric acid.28 A reduced 

function variant of BCRP, also expressed in enterocytes,29 would result in higher 

concentrations of allopurinol and oxypurinol within the enterocyte, and potentially increased 

inhibition of intestinal GLUT9-mediated intestinal excretion of uric acid. Both the renal and 

intestinal mechanisms are speculative and need further investigation. There are limitations to 

our findings in addition to those previously addressed. First, as BCRP Q141K is associated 

with higher baseline SUA and gout,15,30 it is possible that the variant associated with 

allopurinol response by increasing plasma concentrations of uric acid, or that patients 

carrying this variant have a worse disease overall and therefore do not respond as well. 

However, we adjusted for baseline SUA in our model to adjust for the effects of the variant 

on SUA concentration. Furthermore, genetic variants in other renal uric acid transporters, 

including GLUT9 and URAT1 did not associate with allopurinol response adjusted for 

baseline SUA. This is also true of many other genes that associate with SUA concentration 

that we do not see in our results (Table S2). In fact, BCRP Q141K does not associate with 

baseline SUA in our cohort at genome-wide significance (Table S3). These data support an 

independent association of ABCG2 with response to allopurinol. Second, adherence to 

allopurinol is a large problem and one that could also cause nonresponse. To address this, we 

have accounted for nonadherence using prescription refills and only allowed subjects 

included in the analysis to go one week in between prescriptions. Finally, we are limited by 

data available for our cohort, which does not include oxypurinol concentrations or 

concomitant drugs other than diuretics that may affect SUA through off-target effects. With 

the growing prevalence of gout, there has been a resurgence of interest in its treatment. 

Allopurinol is first-line treatment, but inadequate response and hypersensitivity reactions 

continue to be a concern for its use. With the higher rate of all-cause mortality in gout 

patients associated with febuxostat therapy when compared with allopurinol,19 the potential 

problems with the development of kidney stones for lesinurad, and higher costs for new 

drugs, there remains high interest in characterizing the factors that predict improved 

response to allopurinol. Our data pave the way to using genetic information to better predict 

response to allopurinol and select optimal therapy for gout.

METHODS

Study cohorts

ALLO1 and ALLO2.—Data from the Kaiser Permanente Research Program on Genes, 

Environment and Health were gathered for analysis. ALLO1 is made up of subjects gathered 

as a part of the GERA Cohort, while ALLO2 is made up of subjects whose DNA was 

genotyped as a part of this project and not the GERA cohort. Subjects with both treated and 

baseline SUA readings were included in the final study population. Baseline readings were 

considered any SUA reading within 1.5 years before allopurinol initiation and treated 

readings were considered any reading after 4 days of allopurinol initiation but no more than 

7 days after termination. Treatment periods were defined as the length of time a subject 

remained adherent to allopurinol, as determined by medication refills. If multiple baseline 

SUA readings existed, the closest to allopurinol initiation was chosen. If multiple treated 

readings or treatment periods met inclusion criteria, the first was chosen. The study 
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population consisted of 3,517 subjects, 2,820 of which were non-Hispanic whites. The 

average age of the cohort was approximately 67 years old at the time of sample collection 

for genotyping.

BioVU.—Data from BioVU (Vanderbilt University Medical Center Biorepository12) 

meeting inclusion criteria were gathered for analysis as a part of the Pharmacogenomics 

Research Network (PGRN) PGPop (PharmacoGenomic discovery and replication in very 

large patient POPulations) collaboration. Inclusion criteria were identical to those of 

ALLO1, except that if multiple treated readings existed, the median was taken. Information 

from 601 subjects was gathered for analysis, 481 of which were non-Hispanic whites. The 

average age of the cohort was approximately 53 years old at the time of baseline SUA 

reading.

MARSH.—Data from Marshfield Personalized Medicine Research Project13 meeting 

inclusion criteria were gathered for analysis as a part of the PGRN PGPop collaboration. 

Inclusion criteria were identical to those of ALLO1. Information from 328 subjects was 

gathered for analysis, 312 of which were non-Hispanic whites. The average age of the cohort 

was approximately 67 years old at the time of baseline SUA reading.

Genotyping and imputation

Detailed methods on the genotyping and imputation of ALLO1 can be found in Kvale et al.
31 Briefly, subjects were genotyped on ethnic-specific Affymetrix Axiom World Arrays. For 

subjects in ALLO2, DNA extracted from saliva or blood was sent to RIKEN Institute for 

genotyping on the Illumuna Infinium OmniExpressExome chip according to standard 

protocol. Samples with a call rate < 0.98 were excluded. After reclustering without these 

samples, SNPs with a call rate < 0.99 were excluded from analysis. Four parameters were 

examined to determine and exclude ambiguous calls: cluster separation score, mean 

fluorescence difference, mean fluorescence angle, and frequency of excess heterozygotes. 

Post–Quality Control genotyped data for ALLO1 and ALLO2 were imputed using the 1000 

Genomes Project32 as a cosmopolitan reference panel. As a quality control, we used the r2 

info metric, which estimates the correlation of the true genotype to the imputed genotype, 

and set a cutoff of r2 > 0.3 for inclusion in our analyses. Subjects from BioVU and MARSH 

were genotyped at top loci in ABCG2 using Sequenom MassARRAY genotyping platform 

according to protocol. A call rate of 90% was used as a quality control cutoff for both SNPs 

and subjects. No SNPs showed evidence of HapMap Mendelian Errors and Concordance 

with HapMap samples was 100%. Samples from a subset of subjects from BioVU were also 

used to replicate the association with SNPs in GREM2. These samples were genotyped as a 

part of the BioVU program, described in more detail in Roden et al.12 Briefly, samples were 

genotyped across four Illumina platforms (MEGeX, OMNI-Quad, OMNI5M, 660w). Post–

Quality Control genotype data were imputed using the HRCv1.133 reference panel, and any 

SNP with info metric r2 < 0.5 was excluded from analysis. Of the BioVU cohort, 355 

subjects had been genotyped as a part of this effort, and data for rs1934341 were gathered 

for replication analysis.
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Genetic ancestry

Detailed methods on the computation of principal components for ALLO1 can be found in 

Banda et al.34 Plink v1.9035 was used to compute principal components for ALLO2. 

Subjects were split by ethnicity and due to small sample size, each ethnic group was 

combined with appropriate ancestral ethnicities from the Human Genome Diversity 

Project36 to calculate principal components. These were used in GWAS to adjust for genetic 

ancestry.

Genome-wide association study and meta-analyses

Association analysis was conducted using a linear regression model in PLINK v1.90 on 

autosomal chromosomes.35 The phenotype was calculated as the change in SUA (treated-

baseline). Covariates were added to the model in a stepwise fashion and models were 

evaluated against the baseline model using ANOVA with a cutoff of P < 0.05. This generated 

the final model (Table S4): The top 10 principal components were included for the non-

Hispanic white subjects, and the top 6 for all other ethnicities to correct for population 

stratification. Variants with greater than 10% missing genotypes or less than 0.01 minor 

allele frequency were filtered from analysis. Regression was done in each individual ethnic 

group and cohort, then results were combined via fixed effects inverse-variance weighted 

meta-analysis using Genome-Wide Association Meta Analysis software (University of hits 

were evaluated for extreme departure from Hardy-Weinberg equilibrium. R v3.4.0 38 was 

used for phenotype generation and visualization. Analysis on baseline SUA was performed 

in a similar manner, using the following model:

Baseline SUA~Age + Concomitant Diuretics + Gender + eGFR + BMI + Principal 

Components

Conditional analysis

Analysis was performed in the same manner as for allopurinol response GWAS, including 

the genotype for rs2231142 as an additional covariate. Linear regression was performed in 

non-Hispanic white population of both ALLO1 and ALLO2 separately and combined via 

inverse-variance weighted meta-analysis.

Logistic regression analysis on maintaining SUA < 6 mg/dL

Information from each subject’s treatment period was gathered for analysis, and 1,316 non-

Hispanic white subjects with more than one treated reading were gathered for analysis. 

Subjects were defined as having complete (all treated readings below the recommended 6 

mg/dL) or inadequate (no or some readings below this threshold) clinical response to 

allopurinol. Covariates were tested in a similar manner to uric acid change, generating the 

final model:

Clinical Response~Baseline SUA + Gender + Dose

Logistic regression was performed using R v3.4.038 on this model with the genotype for 

BCRP Q141K (rs2231142) and GREM2 rs1934341.
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X. laevis oocyte GLUT9 inhibition studies

A pOX-hGLUT9b plasmid, which contains the sequence of human GLUT9 (hGLUT9b, 

NM_001001290.1) cloned into pOX vector (https://www.addgene.org/vector-database/

3780/), was used to generate hGLUT9b capped cRNA. pOX-hGLUT9b plasmid was 

linearized using NotI restriction enzyme and cRNA generated using the mMessage 

mMachine T7 kit (Thermo Fisher Scientific, Waltham, MA). Ecocyte Bio Science LLC 

(Austin, TX) provided stage VI, defollicuted oocytes along with oocyte injection services. 

Five to ten oocytes were selected per condition and each oocyte was injected with 50 nL of 

saline or hGLUT9b cRNA (40 ng per oocyte). Oocytes were incubated on a shaker at 18°C 

in Modified Barth’s solution with gentamicin (NaCl 88 mM, KCl 1 mM, MgSO4 1 mM, 

HEPES 5 mM, NaHCO3 2.5 mM, CaCl2 0.7 mM, Gentamicin 100 μg/mL) that was 

replenished every 24 hours. Forty-eight hours post-injection, 20-minute uptake assays were 

performed. Modified Barth’s solution containing trace amount of labeled [14C]-uric acid 

(American Radiolabeled Chemicals, ARC 0513A, St. Louis, MO) (10 μM total of uric acid) 

with increasing concentrations of oxypurinol or allopurinol (0–1 mM dissolved in 0.1 M 

sodium hydroxide) was used as the uptake buffer. After uptake, oocytes were washed five 

times in ice-cold buffer then lysed in 0.5 mL of 1% sodium dodecyl sulfate solution for at 

least 1 hour. Radioactivity (disintegrations per minute) was measured using a liquid 

scintillation counter. IC50 values for oxypurinol and allopurinol were calculated by non-

linear regression using GraphPad Prism 7 (La Jolla, CA). Figures are representative of three 

experiments using 5-10 oocytes per condition per experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STUDY HIGHLIGHTS

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

There has been one genome-wide association study on allopurinol response performed 

previously. While variants in ABCG2 were shown to associate with worse response, the 

association with breast cancer resistance protein (BCRP) Q141K was not genome-wide 

significant. URAT1 and BCRP have been shown to transport oxypurinol, but any 

interactions between oxypurinol and GLUT9 are unknown.

WHAT QUESTION DID THIS STUDY ADDRESS?

What are the genetic factors that associate with allopurinol-induced change in serum uric 

acid, and how do these factors affect long-term control of serum uric acid?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

We identified BCRP Q141K as a risk factor for worse response to allopurinol and long-

term inadequate control of serum uric acid. Genetic variants in GREM2 associated with 

better response with suggestive significance. Furthermore, this is the first study to show 

that oxypurinol inhibits uric acid uptake by GLUT9, suggesting a secondary mechanism 

of action.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?

This study adds to the mounting evidence that oxypurinol and allopurinol may have 

secondary mechanisms in addition to xanthine oxidase inhibition. The study supports the 

development and implementation of precision dosing models of allopurinol incorporating 

the BCRP Q141K genotype.
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Figure 1. 
Manhattan plot of associations with change in serum uric acid following allopurinol 

initiation in (a) 2,647 non-Hispanic white subjects and (b) transethnic meta-analysis, 

including 2,647 non-Hispanic whites, 303 Asians, 115 African Americans, and 114 Latinos. 

Genome-wide significance (5 × 10−8) and suggestive significance (5 × 10−6) have been 

marked. P values > 0.05 are not graphed.
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Figure 2. 
Forest plot representing the 95% confidence interval for effects of (a) BCRP Q141K and (b) 

GREM2 rs1934341 on allopurinol response. Effect is change in serum uric acid (SUA) 

(postallopurinol – preallopurinol), meaning that positive effect sizes represent less change in 

SUA and worse response. Zero represents the average change in SUA for subjects with the 

reference allele. “Total” values represent the 95% confidence interval of inverse-variance 

weighted meta-analysis. BCRP, breast cancer resistance protein; SUA, serum uric acid.
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Figure 3. 
Non-Hispanic white subjects were defined as responders or nonresponders based on their 

ability to reach and maintain the rheumatologist-recommended serum uric acid (SUA) 

concentration < 6 mg/dL while on allopurinol treatment. Response rate by (a) BCRP Q141K 

genotype (rs2231142) or (b) GREM2 rs1934341 are shown, compared with the response of 

the overall cohort (red dashed line). Logistic regression reveals that independent of dose, 

gender, and baseline SUA, these variants are predictors of a subject’s likelihood of reaching 

and maintaining healthy SUA concentrations. BCRP, breast cancer resistance protein.
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Figure 4. 
Xenopus laevis oocytes injected with GLUT9 mRNA were incubated with [14C]-uric acid 

and increasing amounts of allopurinol (red) and oxypurinol (black). Oxypurinol was able to 

inhibit GLUT9-mediated uptake of uric acid with an half maximal inhibitory concentration 

(IC50) of 108 ± 17 μM, while allopurinol showed little to no inhibition of GLUT9.
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