Sumpter Nicholas Andrew (Orcid ID: 0000-0002-0451-9024)
Kapetanovic Meliha C (Orcid ID: 0000-0002-7853-514X)
Matsuo Hirotaka (Orcid ID: 0000-0001-5021-1613)

Roddy Edward (Orcid ID: 0000-0002-8954-7082)
Stiburkova Blanka (Orcid ID: 0000-0003-2465-1476)

Uhlig Till (Orcid ID: 0000-0002-6881-9552)

Stamp Lisa Katrina (Orcid ID: 0000-0003-0138-2912)
Dalbeth Nicola (Orcid ID: 0000-0003-4632-4476)

Merriman Tony R (Orcid ID: 0000-0003-0844-8726)

Association of Gout Polygenic Risk Score with Age at Disease Onset and Tophaceous

Disease in European and Polynesian Men with Gout

Nicholas A Sumpter, MSc! 2, Riku Takei, MSc', Murray Cadzow, PhD?, Ruth K G Topless,
BSc?, Amanda J Phipps-Green, MSc?, Rinki Murphy, MBChB, PhD?, Janak de Zoysa, MBChB,
MClinEd?, Huti Watson, MPH* Muhammad Qasim, PhD*, Alexa S Lupi, MS> ¢, Abhishek
Abhishek, MD, PhD”-3, Mariano Andrés, MD, PhD®°, Tania O Crisan, MD, PhD® !°, Michael
Doherty, MD”-® | Lennart Jacobsson, MD, PhD® !, Matthijs Janssen, MD, PhD® !2, Tim L
Jansen, MD, PhD% !2, Leo A B Joosten, PhD® %13 Meliha Kapetanovic, MD, PhD® 4, Frédéric
Lioté, MD, PhD* 1, Hirotaka Matsuo, MD, PhD% !¢, Geraldine M McCarthy, MD® 7, Fernando
Perez-Ruiz, MD, PhD?® '3, Philip Riches, MBChB, PhD® !°, Pascal Richette, MD, PhD? !5,
Edward Roddy, DM® 2°, Blanka Stiburkova, PhD® 2!:22 Alexander So, PhD, FRCP® ?*, Anne-
Kathrin Tausche, MD® 2% Rosa J Torres, MD, PhD® 2°, Till Uhlig, MD, PhD* 26, Tanya J Major,
PhD?, Lisa K Stamp, MBChB, PhD% ?’, Nicola Dalbeth, MD?* #, Hyon K Choi, MD, PhD?®, Ana I
Vazquez, PhD> ¢, Megan P Leask, PhD!, Richard J Reynolds, PhD!*, Tony R Merriman, PhD!:%
g

1. Division of Clinical Immunology and Rheumatology, Department of Medicine,

University of Alabama at Birmingham, Birmingham, Alabama, USA

2. Department of Biochemistry, University of Otago, Dunedin, New Zealand

W) Check for updates

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to

differences between this version and the Version of Record. Please cite this article as doi:

10.1002/art.42393

This article is protected by copyright. All rights reserved.

85U8017 SUOWLLOD aAIaI 8|dedljdde sy Aq pauenob ale sejoie O ‘8sn Jo SN Joy Aeid 1 8UIUO AB|IA UO (SUONIPUCD-PpUe-SLLLB)WOD A3 | 1M Ale.q 1jpul Uo//SAny) SUONIPUOD pue sWie | 8y} 8eS *[zz02/TT/80] Uo AkeiqiTauliuo A|Im ‘AIseAIuN 8pe X AQ €621 1Me/Z00T OT/I0p/Woo" A3 |Im Ae.q 1jpul|uo//sdny wou) pepeojumoq ‘el ‘s0259ze2


http://orcid.org/0000-0002-0451-9024
http://orcid.org/0000-0002-7853-514X
http://orcid.org/0000-0001-5021-1613
http://orcid.org/0000-0002-8954-7082
http://orcid.org/0000-0003-2465-1476
http://orcid.org/0000-0002-6881-9552
http://orcid.org/0000-0003-0138-2912
http://orcid.org/0000-0003-4632-4476
http://orcid.org/0000-0003-0844-8726
http://dx.doi.org/10.1002/art.42393
http://dx.doi.org/10.1002/art.42393
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42393&domain=pdf&date_stamp=2022-10-25

10.

11.

12.

13.

14.

15.

Department of Medicine, Faculty of Medical and Health Sciences, The University of
Auckland, Auckland, New Zealand

Ngati Porou Hauora Trust, Te Puia Springs, New Zealand

Department of Epidemiology and Biostatistics, Michigan State University, East Lansing,
Michigan, USA

The Institute for Quantitative Health Science & Engineering, Michigan State University,
East Lansing, Michigan, USA

Academic Rheumatology, School of Medicine, University of Nottingham, Nottingham
City Hospital, Nottingham, UK

GlobalGoutGenetics Consortium

Department of Rheumatology, Alicante General University Hospital-ISABIAL, Miguel
Hernandez University, Alicante, Spain

Department of Medical Genetics, Iuliu Hatieganu University of Medicine and Pharmacy,
Cluj-Napoca, Romania

Department of Rheumatology & Inflammation Research, Institute of Medicine, The
Sahlgrenska Academy, University of Gothenburg, S-41346 Sweden

Complex Gout Expert Centre, Department of Rheumatology, Viecuri Medical Centre,
Venlo, The Netherlands

Department of Internal Medicine, Radboud Institute of Molecular Life Sciences
(RIMLS), Radboud University Medical Center, Nijmegen, The Netherlands

Lund University and Skane University Hospital, Lund, Sweden

Hopital Lariboisiere, Assistance Publique-Hopitaux de Paris, and INSERM UMR- 1132

and Université Paris Cité, Paris, France

85U8017 SUOWLLOD aAIaI 8|dedljdde sy Aq pauenob ale sejoie O ‘8sn Jo SN Joy Aeid 1 8UIUO AB|IA UO (SUONIPUCD-PpUe-SLLLB)WOD A3 | 1M Ale.q 1jpul Uo//SAny) SUONIPUOD pue sWie | 8y} 8eS *[zz02/TT/80] Uo AkeiqiTauliuo A|Im ‘AIseAIuN 8pe X AQ €621 1Me/Z00T OT/I0p/Woo" A3 |Im Ae.q 1jpul|uo//sdny wou) pepeojumoq ‘el ‘s0259ze2



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Department of Integrative Physiology and Bio-Nano Medicine, National Defense
Medical College, Saitama 359-8513, Japan

Mater Misericordiae University Hospital and University College Dublin, Ireland
Osakidetza, OSI EE-Cruces, Cruces University Hospital, Rheumatology Division,
Biocruces-Bizkaia Health Research Institute, and Medicine Department of the Medicine
School of the University of the Basque Country

IGC, University of Edinburgh, Scotland

School of Medicine, Keele University, Keele, Staffordshire, STS 5BG, UK

Department of Pediatrics and Inherited Metabolic Disorders, First Faculty of Medicine,
Charles University and General University Hospital, Prague, Czech Republic

Institute of Rheumatology, Prague, Czech Republic

Service of Rheumatology, Department of Musculoskeletal Medicine, Centre Hospitalier
Universitaire Vaudois and University of Lausanne, Lausanne, Switzerland

Division of Rheumatology, University Clinic Carl Gustav Carus at the TU Dresden,
Dresden, Germany

Department of Biochemistry, La Paz University Hospital Health Research Institute
(FIBHULP), IdiPaz, and Center for Biomedical Network Research on Rare Diseases
(CIBERER), ISCIII, Madrid, Spain.

Center for Treatment of Rheumatic and Musculoskeletal Diseases (REMEDY),
Diakonhjemmet Hospital, Oslo, Norway

Department of Medicine, University of Otago, Christchurch, Christchurch, New Zealand
Clinical Epidemiology Unit, Massachusetts General Hospital, Boston, Massachusetts,

USA

85U8017 SUOWLLOD aAIaI 8|dedljdde sy Aq pauenob ale sejoie O ‘8sn Jo SN Joy Aeid 1 8UIUO AB|IA UO (SUONIPUCD-PpUe-SLLLB)WOD A3 | 1M Ale.q 1jpul Uo//SAny) SUONIPUOD pue sWie | 8y} 8eS *[zz02/TT/80] Uo AkeiqiTauliuo A|Im ‘AIseAIuN 8pe X AQ €621 1Me/Z00T OT/I0p/Woo" A3 |Im Ae.q 1jpul|uo//sdny wou) pepeojumoq ‘el ‘s0259ze2



* These authors contributed equally

~ Corresponding author (Email: tony.merriman@otago.ac.nz; Street Address: Room 202, 1825

University Blvd, Birmingham, AL, USA, 35233)

Funding: This work was supported by the University of Alabama at Birmingham, the University

of Otago, and the Health Research Council of New Zealand.

85U8017 SUOWLLOD aAIaI 8|dedljdde sy Aq pauenob ale sejoie O ‘8sn Jo SN Joy Aeid 1 8UIUO AB|IA UO (SUONIPUCD-PpUe-SLLLB)WOD A3 | 1M Ale.q 1jpul Uo//SAny) SUONIPUOD pue sWie | 8y} 8eS *[zz02/TT/80] Uo AkeiqiTauliuo A|Im ‘AIseAIuN 8pe X AQ €621 1Me/Z00T OT/I0p/Woo" A3 |Im Ae.q 1jpul|uo//sdny wou) pepeojumoq ‘el ‘s0259ze2


mailto:tony.merriman@otago.ac.nz

Abstract:
Objective

To determine whether a gout polygenic risk score (PRS) associates with age at gout onset
and tophaceous disease in European (EUR), East Polynesian (EP), and West Polynesian (WP)
men/women with gout.
Methods

A 19-variant gout PRS was produced in seven European gout cohorts (Ntorar = 4,016),
two East Polynesian gout cohorts (NtotaL = 682), and one West Polynesian gout cohort (N =
490). Sex-stratified regression models were used to estimate the relationship between the PRS
and age at onset/tophaceous disease.
Results

The PRS associated with earlier age at gout onset in men (Beur [95%-CI]: -3.61 [-4.32, -
2.90] years per unit PRS; Brp: -6.35 [-8.91, -3.80]; Bwe: -3.51 [-5.46, -1.57]) but not in women
(Beur: 0.07 [-2.32, 2.45]; Bep: 0.20 [-7.21, 7.62]; Bwe: -3.33 [-9.28, 2.62]). The PRS showed a
positive association with tophaceous disease in men (ORgur: 1.15 [1.00, 1.31]; ORgp: 2.60 [1.66,
4.06]; ORwp: 1.53 [1.07, 2.19]) but not in women (ORgur: 0.68 [0.42, 1.10]; ORgp: 1.45 [0.39,
5.36]). The age at onset association was robust to the removal of ABCG?2 variants from the PRS
in Europeans and East Polynesians but not West Polynesians (Beur: -2.42 [-3.37, -1.46]; Bep: -
6.80 [-10.06, -3.55]; Bwe: -1.79 [-4.74, 1.16]).
Conclusion

Gout risk variants also harbor risk for earlier age at onset and tophaceous disease in

European and Polynesian men. Our findings suggest that earlier gout onset involves the
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accumulation of gout risk alleles in men but perhaps not women, and that this genetic risk is

shared across multiple ancestral groups.



Introduction

Gout is characterized by an inflammatory response to monosodium urate (MSU) crystal
deposition that occurs in hyperuricemia. There is heterogeneity within gout presentations, with
some people experiencing more severe disease as reflected by earlier age at onset and
development of tophaceous disease [1, 2]. The source of this heterogeneity is unclear, although
ethnicity and sex appear to be involved [3]. There is also evidence that genetic variants at the
ABCG?2 locus have a role in age at onset and tophaceous disease in multiple ancestral groups [4-
6]. Further clarification of the causes of variation in gout severity is important for management,
as gout severity associates with lower quality of life and increased mortality [7, 8]. Throughout
this study, we use the phrase “severity traits” to refer to both age at onset and tophaceous
disease.

Existing genetic studies of gout severity have primarily focused on a few of the most
strongly associated serum urate variants. While there is a clear genetic influence on serum urate
concentrations [9], crystallization and inflammation likely also have a genetic underpinning [10,
11]. For this reason, it may be important to identify genetic variants from gout GWAS rather
than serum urate GWAS, in case these variants have an effect on gout independent of their effect
on serum urate [11]. Furthermore, previous studies have been limited to only testing the effects
of individual variants, which likely leads to a lack of statistical power when these variants have
small effect sizes [12]. The combination of individual variants into polygenic risk scores (PRS)
has become increasingly common and has potential for direct use as a prediction tool [13], while
also increasing statistical power for detecting genetic associations. There is also a substantial
need for more sex-specific and multi-ancestral studies, such that research efforts can benefit a

wider demographic and can potentially become useful for personalized medicine [14]. Therefore,
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the aim of this study was to establish whether gout-associated genetic variants combined into a
polygenic risk score associate with younger age at gout onset and tophaceous disease in sex- and

ancestry-stratified analyses.
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Materials and Methods

Cohort information

To establish a gout PRS, a total of 332,370 individuals of European ancestry from the UK
Biobank were included in a gout GWAS. This cohort was recruited from the general population
of the United Kingdom, with detailed phenotypic information available [15]. Detailed
information on gout ascertainment and inclusion/exclusion criteria can be found in
Supplementary Methods 1 & 2. In total, 7,131 gout cases and 325,239 controls were included for
this analysis. This cohort was genotyped using the Affymetrix UK Biobank Axiom® array,
followed by genotype imputation with IMPUTE4 using both the HRC reference panel and the
1000G + UK10K reference panel [15].

Seven European gout cohorts were included in the genetic analysis of the severity of gout
(Table 1, S2 & S3): European individuals from the Genetics of Gout in Aotearoa study and five
smaller studies in Australia and Aotearoa New Zealand (the Aus/NZ European cohort) [4]; the
GlobalGout (formerly EuroGout) cohort [4]; and five Ardea Biosciences (Ardea) cohorts,
sourced from urate-lowering therapy clinical trials funded and run by Ardea Biosciences Inc.:
LASSO [16], CLEAR 1 [17], CLEAR 2 [18], CRYSTAL [19], and LIGHT [20]. The Aus/NZ
European cohort also included non-gout controls.

Three Polynesian cohorts were also included in this study, largely sourced from the
Genetics of Gout in Aotearoa study [21, 22] (Table 1, S2, & S3). These three cohorts included
one West Polynesian cohort and two East Polynesian cohorts. The two East Polynesian cohorts
consisted of those recruited in collaboration with the Ngati Porou Hauora (Health Service)
Charitable Trust and those recruited elsewhere in Aotearoa New Zealand. The Ngati Porou

Hauora cohort was recruited from the rohe (area) of the Ngati Porou iwi (tribe) of the Tairawhiti
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(East Coast of the North Island of New Zealand) region. East and West Polynesian cohorts were
defined based on a combination of self-reported ethnicity and genetic principal component
analysis of genome-wide genotype data [22], where East Polynesian refers to those of Aotearoa
NZ Maori and Cook Island Maori ancestry (excluding the island of Pukapuka) and West
Polynesian refers to those of Samoan, Tongan, Niuean, Tokelauan and Pukapukan ancestry. All
three Polynesian cohorts also included non-gout controls.

Phenotypic information for all cohorts excluding the UK Biobank was obtained from a
combination of self-report questionnaires, laboratory measurements, and in-person assessments.
Specifically, age at onset was self-reported, and tophaceous disease was defined through a
combination of self-report and physical examination for at least one subcutaneous tophus by a
trained assessor. Any individuals missing sex, age, the PRS, or both severity phenotypes were
excluded from the analysis (Table S2 & S3). Individuals that were related at the first degree or
more (KING kinship coefficient > 0.177 [23]) were removed (including duplicate samples across
studies). These cohorts were genotyped using the [llumina CoreExome 24 v1.0, v1.1, or v1.3
arrays, with a small subset being genotyped on the OmniExome 8 v1.3 array. Details on
reliability of ascertainment of phenotypic information for all cohorts can be found in

Supplementary Methods 1 & 2.

Genome-wide association study (GWAS) and polygenic risk score calculation

A gout GWAS was performed in the UK Biobank cohort using a total of 27,287,012
imputed or genotyped variants. A logistic regression model was produced for each variant,
adjusting for age, sex and the first 40 genetic principal components using PLINK version 1.9

build 6.10 [24]. Variants were considered statistically significant if they had P <5 x 107%.
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A total of 19 genetic variants at 15 loci were identified as conditionally independent
SNPs associated with gout at genome-wide significance in the UK Biobank (Table S1;
Supplementary Methods 1 & 2). Three of the 15 loci had more than one independent gout-
associated SNP, these were ABCG2 (2 SNPs), SLC2A9/WDRI1 (3 SNPs), and SLC22411/NRXN2
(2 SNPs). Genotype data for all 19 variants were used to produce a gout PRS in all cohorts. This
PRS was calculated for each individual by summing the number of risk alleles multiplied by the
respective gout effect size (log odds) for each of the 19 risk alleles. Importantly, these
weightings were based on models conditioning on all other PRS SNPs at the same locus,
ensuring the weights represented independent effects of SNPs. We produced a second PRS that
excluded both variants at the ABCG2 locus.

Given that there is uncertainty on the best way to measure gout diagnosis in
epidemiological studies, e.g. ICD code vs physician diagnosis, but there is a standard clinical
assay for serum urate, we decided to compare our gout PRS to a serum urate PRS. We produced
a serum urate PRS that included 82 serum urate associated variants identified in the European
GWAS of serum urate performed by Tin et al. (2019) that were also genotyped in our studied
cohorts (Supplementary Methods 1 & 2; Table S6). We also performed a sensitivity analysis to
determine the effect of the weighting method on associations with male age at onset

(Supplementary Methods 1 & 2).

Statistical analysis

Logistic or linear regression models were used to test for association of the PRS with
gout, age at gout onset, and tophaceous disease. All models were performed in a sex-stratified

manner. The first 10 genetic principal components were used as covariates in all models, derived
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from over 12,000 genotyped participants from the cohorts studied here (excluding the UK
Biobank), including participants of other ancestral backgrounds, as previously described [22].
For all Polynesian models, an additional set of 10 genetic principal components were included as
covariates. These were derived from a subset of the above 12,000 participants, only including
those who self-reported being of any Oceanian ethnicity (Polynesian, Micronesian, or
Melanesian). Gout models were run with and without adjustment for age at collection. Tophus
models were run with and without adjustment for disease duration.

All European models were tested in a fixed-effect meta-analysis, with each model
separately run and meta-analyzed across the seven cohorts using the “meta” package for R 4.0.2
[25, 26]. Fixed-effect meta-analyses were also performed over the two East Polynesian cohorts
for age at onset and gout models, though the two cohorts were pooled for tophaceous disease
models due to the Ngati Porou cohort having too few tophus-positive cases to be modeled
separately.

Given previously reported associations of variants at the ABCG2 locus with both severity
traits investigated here [4-6], we also regressed the two severity traits on both conditionally
independent variants at the ABCG?2 locus, followed by models using the PRS with both ABCG2
variants excluded. In all individual variant models, P < 0.025 (0.05/2 variants to account for
multiple testing) was used as the threshold for establishing statistical significance, while P < 0.05
was used for establishing significance in all PRS models.

For age at onset models, cohorts with N <20 (European women in the CLEAR 1,
CLEAR 2, CRYSTAL, and LIGHT trial cohorts) were excluded as it was not possible to
accurately include them in meta-analyses. For tophus models, cohorts with N <20 for either

tophus-positive cases or tophus-negative cases (European men from the CRYSTAL trial,
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European women from all 5 Ardea cohorts, and West Polynesian women) were excluded, due to
the inability for logistic models to converge.

To determine the relative explanatory power of the PRS in comparison to other risk
factors for earlier age at gout onset, a model was produced with all gout cases, regressing age at
onset on the PRS, sex, ancestry, and BMI, then calculating partial R? values for each predictor.

For comparison of the age at onset association for the standardized gout PRS vs a
standardized urate PRS derived from Tin et al. (2019), we performed linear models in each
pooled male gout cohort for each ancestry group. A PRS weighting sensitivity analysis was also
performed in which the three differentially weighted 15-variant risk scores were each
standardized in pooled male gout cohorts for each ancestral group, then modeled with age at
onset as the outcome. Standardized effect sizes and partial R? values were compared for each
PRS in both analyses.

Finally, to directly investigate any sex differences, we determined the standardized effect
size of the gout PRS on age at onset within sex- and ancestry-stratified cohorts. We then repeated
these models in ancestry-stratified cohorts along with an interaction term between the gout PRS
and sex.

R-code used in all analyses can be found in Supplementary Methods 2 and on GitHub

(https://github.com/MerrimanLab/PRS-Project).
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Results

Descriptive statistics

Gout cohort sizes ranged from 117 to 1,188, with each cohort being 77% to 98% male
(Tables 1 and S3). The Aus/NZ European and GlobalGout cohorts had similar mean age at
recruitment, at 62 and 60 years for men respectively, and 70 and 68 years for women. Ardea
cohorts consistently had mean age at recruitment between 51 and 54 years for men, and between
55 and 64 years for women. The two East Polynesian cohorts had mean age at recruitment of
54/60 years for men, and 61/59 years for women. The West Polynesian cohort had the youngest
mean age at recruitment, with an average age of 48 years for men and 53 years for women. The
male European gout cohorts had mean age at onset of gout between 40 and 47 years, while
female European gout cohorts had mean disease onset between 46 and 62 years of age. The East

and West Polynesian cohorts consistently had earlier mean age at onset, with men on average

developing gout between 35 and 39 years, and women developing gout between 44 and 49 years.

Mean disease duration ranged from 3 years for women in the Ardea CRYSTAL cohort to 22
years for men in the Ngati Porou cohort. Most cohorts had between 10% and 60% of cases with
at least one tophus present and negligible difference between sexes, though 100% of the
CRYSTAL study cohort had tophaceous gout due to the study design. All Ardea cohorts and the
male West Polynesian cohort had a median of between 3 and 5 self-reported flares in the last
year, while East Polynesian, Aus/NZ European, GlobalGout, and female West Polynesian
cohorts had median flare rates of between 1 and 3 in the last year. There were no obvious
differences in self-reported flare frequency between sexes, except for an apparent increase in
flares among males of the West Polynesian cohort. The mean PRS ranged from 4.0 to 4.3 for the

European gout cohorts, 4.2 to 4.4 in the East Polynesian gout cohorts and 4.7 to 4.8 in the West
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Polynesian gout cohort. Across all gout cohorts the PRS ranged from 1.7 to 6.5, with the bottom

10% of individuals below a value of 3.3 and the top 10% of individuals above a value of 4.9.

Gout polygenic risk score (PRS) derivation and validation

A total of 19 independent genetic variants were identified as associated with gout at
genome-wide significance (P < 5 x 10°%; Figure S1; Table S1). All 19 variants were also
associated with serum urate in people of European ancestry (Table S1) [9]. The PRS showed a
positive association with gout in the Aus/NZ European case-control cohort, both before and after
adjustment for age at collection (age-adjusted results: ORmaLE [95%-CI]: 2.66 [2.25, 3.15] per
unit increase in PRS; ORremaLe: 1.94 [1.45, 2.60]) (Table S4). Additionally, the PRS associated
with gout in East and West Polynesian case-control cohorts, both before and after adjustment for
age at collection (age-adjusted results: East Polynesian: ORmare: 1.86 [1.31, 2.64]; ORreMALE:

1.91 [1.13, 3.23]; West Polynesian: ORmaLE: 3.84 [2.64, 5.57]; ORremaLE: 5.43 [2.63, 11.20]).

Association of PRS with age at onset and tophaceous disease

Meta-analysis of the European gout cohorts revealed a negative association between the
PRS and age at onset in men (B: -3.61 [-4.32, -2.90] years per unit PRS) (Figure 1; Table S5).
This negative association was also seen in both East and West Polynesian men (Bep: -6.35 [-8.91,
-3.80]; Bwr: -3.51 [-5.46, -1.57]) (Figure 1; Table S5). The equivalent models in women were all
non-significant (Brur: 0.07 [-2.32, 2.45]; Bep: 0.20 [-7.21, 7.62]; Bwr: -3.33 [-9.28, 2.62]) (Figure
1; Table S5). We found that the ABCG?2 variant rs2231142 was individually associated with age
at onset in all three ancestral groups in men (Brur: -3.12 years per allele [-3.98, -2.27]; Bep: -4.41

[-7.39, -1.44]; Bwe: -3.40 [-5.20, -1.61]) but not women (Beur: 1.24 [-1.68, 4.16]; Bep: 3.43 [-
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4.53, 11.38]; Bwe: 0.01 [-5.23, 5.26]) (Figure S2; Table S5). We also found that the ABCG2
variant rs10011796 was associated with age at onset in European men independent of rs2231142
(Beur: -0.97 [-1.67, -0.27]; Bep: 0.32 [-1.62, 2.26]; Pwe: 0.03 [-1.75, 1.81]) (Figure S2; Table S5).

In a sensitivity analysis, removal of both ABCG?2 variants from the PRS resulted in a reduced

effect size for the association of the PRS with age at onset in European men with gout, no change

in East Polynesian men with gout, and a loss of association in West Polynesian men with gout
(Beur: -2.42 [-3.37, -1.46]; Bep: -6.80 [-10.06, -3.55]; Pwp: -1.79 [-4.74, 1.16]) (Figure 1; Table
S5).

When age at onset was regressed on the PRS, sex, ancestry, and BMI within the pooled
gout cohort, partial R? values showed that the PRS explained 2.9% of variance in age at onset,
compared to 8.4%, 1.8%, and 3.0% for sex, ancestry, and BMI respectively.

The PRS showed a positive association with tophaceous disease in all male-stratified
models (ORgur: 1.15[1.00, 1.31]; OREgp: 2.60 [1.66, 4.06]; ORwp: 1.53 [1.07, 2.19]) (Figure 2;
Table S5). Of these, only the East Polynesian model was robust to adjustment for disease
duration (ORgur: 1.11 [0.97, 1.28]; ORgp: 2.13 [1.32, 3.43]; ORwe: 1.46 [0.99, 2.14]) (Figure 2;
Table S5) or removal of ABCG?2 variants from the PRS (ORgur: 1.15[0.96, 1.38]; OREgp: 3.25
[1.87, 5.67]; ORwp: 1.24 [0.73, 2.13]) (Figure S3; Table S5). The PRS did not associate with
tophaceous disease in women (ORgur: 0.68 [0.42, 1.10]; ORgp: 1.45 [0.39, 5.36]) (Figure 2;
Table S5). Neither ABCG?2 variant was associated with tophaceous disease in any cohort (Figure
S3; Table S5).

Comparing the gout PRS association with male age at onset to a serum urate PRS
revealed a slightly reduced standardized effect in each ancestral group for the serum urate PRS,

though the confidence intervals did overlap (European Bcour: -2.59 [-3.06, -2.13] vs. Bsu: -2.08
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[-2.56, -1.60]; East Polynesian Bgourt: -3.11 [-4.34, -1.88] vs. Bsu: -2.48 [-3.74, -1.22]; West
Polynesian Bgour: -2.01 [-3.15, -0.87] vs. Bsu: -1.67 [-2.84, -0.51]). This was reflected in the
higher partial R? values for the gout PRS (European: 3.2%, East Polynesian: 4.5%, West
Polynesian: 2.6%) compared to the urate PRS (European: 2.1%, East Polynesian: 2.8%, West
Polynesian: 1.7%).

In the PRS weighting sensitivity analysis, we found that all weighting schemes performed
similarly for association with male age at onset in all three ancestral groups, though the gout
weighted PRS models consistently showed the largest standardized effect sizes and partial R?
values (European: Bgour: -2.48 [-2.94, -2.01], 3.0% partial R?; Purate: -2.23 [-2.69, -1.76], 2.4%
partial R%; Bunw: -1.69 [-2.16, -1.21], 1.4% partial R?; East Polynesian: Bcour: -2.73 [-3.96, -
1.50], 3.5% partial R?; Burate: -2.55 [-3.78, -1.31], 3.0% partial R%; Bunw: -2.26 [-3.50, -1.03],
2.3% partial R?; West Polynesian: Bcout: -1.93 [-3.06, -0.80], 2.4% partial R?; Burate: -1.51 [-
2.65, -0.38], 1.4% partial R%; Punw: -1.48 [-2.62, -0.35], 1.3% partial R?; Table S7).

Finally, our direct investigation of sex differences in age at onset identified a significant
interaction between sex and the gout PRS for age at onset models in Europeans only (European
Pt = 0.02; East Polynesian Pint = 0.32; West Polynesian Pivt = 0.63). Standardized effect sizes
of the gout PRS in each sex showed some evidence for sex differences on age at onset in
Europeans only (Bmare: -2.58 [-3.04, -2.11]; BremaLe: -0.77 [-2.24, 0.70]). Neither East
Polynesians (BmaLk: -3.07 [-4.28, -1.86]; BremaLk: -1.67 [-4.37, 1.03]) or West Polynesians

(BmaLg: -2.01 [-3.15, -0.87]; BremaLe: -2.91 [-7.21, 1.40]) showed any difference between sexes.
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Discussion

In this study, we have shown that a set of 19 European gout genetic risk variants
combined into a PRS associates with earlier age at gout onset and tophaceous disease in men
with gout from multiple ancestral backgrounds. We did not detect these associations in women
with gout, which may suggest that age at gout onset in women is comparatively less determined
by gout genetic risk factors. This is plausibly due to a protective role of lower premenopausal
serum urate levels and thus other risk factors occurring in later life (i.e. diuretics, renal disease
and/or type 2 diabetes) are more likely driving the risk for hyperuricemia and gout in women
[27-32]. This sex difference is further evidenced by a significant interaction between sex and
gout genetic risk for age at onset in Europeans. The PRS independently explained 2.9% of the
variability in age at gout onset in all gout cases, which is comparable to the effect of BMI (as
measured at recruitment) and ancestry in the same cohort, but less than half of the effect of sex
on age at onset. In terms of clinical impact, the model results suggest that men with gout in the
top 10% of gout genetic risk on average experience their first gout flare 5.8 to 10.6 years (2.6 to
14.9 years based on 95% confidence intervals) earlier than those in the bottom 10% of gout
genetic risk, depending on their ancestral background. The rs2231142 variant at the ABCG2
locus has previously been implicated in age at gout onset [4, 6, 33]. Here, we also show that this
variant associates with age at onset, however we additionally show a novel independent effect of
a second variant at this locus (rs10011796) on age at onset in male European gout cases. Further,
we demonstrate that removal of both ABCG2 variants from the PRS did not result in a loss of
association for the PRS with age at onset in European and East Polynesian men. The PRS was
shown to be associated with gout in both sexes within cohorts of European, East Polynesian, and

West Polynesian ancestry. This study highlights the importance of stratifying studies by sex
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when there are known sex differences in disease presentation and epidemiology. We also
demonstrated the multi-ancestral context of these associations, highlighting a shared genetic
cause of earlier onset gout that could have implications in other ancestral groups not included
here.

Recently, Zaidi et al. (2020) showed an association between ABCG2 rs2231142 and early
onset gout in a subset of the cohorts in our study. In the present study, we have improved power
to detect genetic associations with age at onset through the addition of over 1,000 more European
gout cases and through combination of variants into a PRS rather than using individual variants
in our models. By performing our analysis in a sex-stratified manner and testing for associations
with age at onset as a linear variable rather than a binary variable, we were able to obtain more
precise estimates of the effect of gout genetic risk factors on age at onset. Finally, we derived our
genetic variants from a gout GWAS rather than a serum urate GWAS, enabling us to weight our
PRS towards gout, which differs from weightings towards serum urate (Table S1; Table S7). Our
PRS weighting sensitivity analyses showed that all identified associations were not dependent on
the weighting scheme, though the gout-weighted risk scores appeared to have slightly better
explanatory power than the serum urate-weighted and unweighted risk scores in all three
ancestral groups. Further, a PRS derived from a serum urate GWAS, with 67 additional variants
compared to the gout PRS, did not show evidence for an increased association with age at gout
onset, highlighting the relevance of using a gout PRS instead of a serum urate PRS. A definitive
answer as to whether a urate or gout PRS is more predictive of gout disease severity would
require training models and then assessing their predictive performance in separate test datasets.

The PRS also associated with increased likelihood of tophaceous disease in men from all

three ancestral backgrounds. Given the association of disease duration with tophaceous disease
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[5], this association could be mediated by age at onset. By adjusting for disease duration in these
models, we were able to show incomplete attenuation of this association in East Polynesian men,
thus indicating a modest independent effect of the gout PRS on tophaceous disease in this cohort.
A prior study of the effect of the ABCG2 and SLC2A49 loci on tophaceous gout in the Genetics of
Gout in Aotearoa cohort showed evidence for a Polynesian-specific role of both ABCG2 variants
on this trait, specific to West Polynesians for the rs10011796 variant [5]. This is discordant with
our results, however we used an additive model for testing the association of ABCG2 variants
with tophaceous disease, whereas He et al. (2017) used a dominance model. By reproducing our
models using the same method, we were able to replicate the results of He et al. (2017)
(Supplementary Methods 2), suggesting a West Polynesian specific dominant effect of both
ABCG?2 variants on tophaceous disease.

A potential limitation of our case-only study design relates to index event (collider) bias
[34]. This occurs when risk factors for incident disease are used in studies of disease
progression/severity. This bias results in an induced association between risk factors (both
measured and unmeasured) when observational studies are conditioned on a common effect or
collider (e.g. gout). If the risk factor (PRS for gout in our case) causes disease incidence, but not
progression (i.e. tophaceous disease) then there is a risk of an induced negative association due
to collider bias [35]. If a risk factor (i.e. a PRS) causes both incident disease and disease
progression then the collider effect would result in a bias of the estimated effect on progression
towards the null. Here we expect that collider bias has resulted in an underestimate of the effect
of the PRS on tophaceous disease. However, given that age at onset is a measure of disease onset
(rather than progression), it is unlikely that collider bias has influenced the estimate of effect of

the PRS on age at onset. Another potential limitation of our study is that we have relatively small
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numbers of female gout cases compared to males, and if female age at gout onset and/or
tophaceous disease are under genetic control by gout genetic risk factors, we may not be
sufficiently powered to detect them. Finally, it is likely that other genetic variants contribute to
gout severity, and this study only tested those known to associate with gout in Europeans of the
UK Biobank cohort.

Flare frequency is another measure of disease severity that we had data available on,
however we chose not to examine the association of the PRS with this trait. One reason for this is
that flare data was not consistently collected in each cohort, with all Ardea cohorts being selected
for those with > 2 flares in the last year. Additionally, many other variables contribute to flare
frequency, including use of anti-inflammatory medications and urate lowering therapy, and
ideally the trait should be measured with a combination of multiple criteria [36, 37]. Thus, if
flare frequency indeed has a genetic basis, it will require careful measurement and a well-
controlled study to investigate.

Our results may relate to the concept of primary vs secondary gout [38]. Generally,
primary disease presents independent of other diseases, while secondary disease is acquired as a
result of other diseases, such as via metabolic changes induced by obesity (i.e. insulin
resistance). Primary disease will typically present at an earlier age than secondary disease, as
secondary disease requires development of another disease first. Given this expected correlation
of primary gout with earlier age at onset, our results may reflect an increased genetic risk for
gout in men with primary gout versus those with secondary gout. Additionally, this higher
genetic risk in primary gout and corresponding earlier age at onset would result in longer disease
duration and higher likelihood of developing tophaceous disease (which appears to also be

directly affected by gout genetic risk factors). Our results suggest that this is a male-specific
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phenomenon, however our PRS is likely biased towards male gout genetic risk given the much
higher prevalence of men with gout in the UK Biobank gout GWAS presented here. Therefore, if
this also occurred in women, but due to different genetic risk factors, we would not expect to
capture this effect. Also, as mentioned previously, we may be underpowered to detect
associations in women with gout.

In conclusion, genetic risk for gout derived from a cohort of European ancestry associates
with earlier age at gout onset and tophaceous disease in men from three ancestral backgrounds.
We hypothesize that this reflects a trans-ancestral male-specific genetic predisposition to gout

among primary gout cases that increases risk of tophaceous gout.
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Figure Legends

Figure 1: Associations of a gout polygenic risk score with age at gout onset, either including
ABCG2 SNPs (A) or excluding ABCG2 SNPs (B). Models were run within each unique
combination of sex and ancestry. A fixed-effect meta-analysis was performed across all
European cohorts within each sex, and separately in East Polynesian cohorts within each sex. NP
= Ngati Porou.

Figure 2: Associations of a gout polygenic risk score with tophaceous disease, either not
adjusted for disease duration (A), or adjusted for disease duration (B). Models were run within
each unique combination of sex and ancestry. A fixed-effect meta-analysis was performed across
all European cohorts within each sex. Polynesian models were not meta-analyzed. The Ngati

Porou cohort was pooled with other East Polynesians for this analysis (see Methods).
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Tables

Table 1: Relevant demographic and clinical characteristics of each gout cohort, separated by sex. Cohorts with fewer than 20

individuals not shown. Full summaries of all cohorts (including missing data percentages) can be found in Table S2 and S3.
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Effect of Gout PRS on Age at Gout Onset B.  Effect of Gout PRS on Age at Gout Onset
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‘Common effect model —~ o7

Hotsogenaiy: = 0%, p = 078 =039
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Effectof GoutPRSon N N B. EffectofGoutPRSon N N
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