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Rare variant analyses identify novel genes contributing to AU risk 
 
IPMK variants 

The top association consisted of 11 AU carriers and 411 controls. The aggregated case variants 

included ten distinct pLoF and missense variants (6 missense, 2 stop-gain, 2 frame-shifts), none of 

which were significant independently, but all of which are expected to damage the protein function 

(supplementary Data 1-2).  

 

IDO2 variants 

The top association consisted of 28 AU cases (27 Het and 1 Hom) and 1,438 controls (1433/5). The 

aggregated variants that constructed the association included seven distinct pLoF variants, four stop-

gain, two frame-shifts and one splice-donor (supplementary Data 2-3).  

 

Additional testing of candidate genes 

Due to the small number of carriers, we complemented the rare gene-burden analysis with a Fishers 

Exact Test (FET). While not adjusting for the complex population structure of the cohorts, the FET test 

added another level of information for consideration of the findings that have low number of carriers. In 

addition, the test was performed on the aggregated number of variants from all-cohorts, similar to a 

mega-analysis, disregarding replication of signals between the cohorts. The FET results for the three 

borderline significant genes showed weaker OR and p-value: ACHE showed a reduced, yet still high 

OR=8.89, and weaker p=8.27e-05. In addition, all six ACHE carriers were of EUR ancestry 

(supplementary figure S12A). For STXBP2, we found a reduced confidence FET (OR=7.67, p=4.66e-

06). Surprisingly, all nine cases were of AFR descent, which might point to an ancestry specific effect 

(supplementary figure S12B). However, six out of the nine carriers originate from the small UPENN 

cohort and do not replicate within the other cohorts. Last, ADGRF5 showed a similar reduction in FET 

OR and p-value (OR=8.28, p=4.44e-04), an expected result considering the low number of carriers that 



were of both AUR and AFR ancestries (Figure S12C). A detailed annotated information of all variants 

that are incorporated into the top gene burdens is presented in supplementary Data 2. In summary of 

the above, FET analysis suggested that additional support is required for the genes with low case count 

for nomination as novel risk genes for AU.  

 
Gene burden analyses of B*27-neg AU 

We found that both IPMK and IDO2 replicated a similar direction of risk in the B*27-neg cohort: the 

same IPMK model that included pLoF and missense variants that are strongly deleterious (predicted 

by 5/5 prediction models), with AF <0.1%, showed a similar significance with OR[95% CI]=10.31 [4.8-

22.2] and p=2.36e-09. This is due to the previous eleven case carriers all belonging to the B*27-neg 

group, while control samples were decreased to 381 (Table 4). For IDO2, the rare pLoF mask 

(AF<0.1%) showed a similar effect with OR[95% CI]=3.28 [2.04 – 5.27], but a weaker p=9.5e-07 owing 

to the decreased number of samples. Interestingly, 24 of 28 IDO2 pLoF case carriers are of African 

(AFR) ancestry, a significantly larger proportion of AFR carriers than their proportion in the case cohort 

(~5%). These include 19 carriers of stop-gain rs151088117 (8:39989793:A:T) and 4 carriers of stop-

gain rs199869245 (8:39989787:C:T). The allele frequency of rs151088117 in AFR population is 

AF=0.0107 calculated based on 22,440 AFR alleles in the gnomAD database; the same SNP is very 

rare in non-finish EUR (AF=0.0) considering 121,344 alleles 1. Since rs151088117 is more borderline 

common in AFR population high, a similar rare variant analysis excluding variants with AF<0.1% in 

AFR population will not yield similar results. That said, AFR only analyses considering all ancestry AF 

filter yielded a similar risk as in EUR (OR~=2-3). 
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Supplementary Figures  
 
 
 
Supplementary Figure S1. Common HLA-B risk and ERAP1 protection with 3,180 European AU 
cases and 826,685 European controls. A Manhattan plot depicting the -log10(P-value) for all common 

variants (y-axis) across all chromosomes (x-axis). HLA-B top risk signal is shown by an upward triangle 

on chromosome six, while ERAP1 protection is shown by the downward triangle on chromosome five. 

Association models were run with age, age2, sex and age × sex, and 10 ancestry-informative principal 

components as covariates. P-values are uncorrected and are from two-sided tests performed using 

approximate Firth logistic regression. 
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Supplementary Figure S2. Top SNPs at the HLA-B and ERAP1 loci across eight cohorts when 
considering only European samples. A) A forest plot depicting the association details for HLA-B top 

risk variant rs543685299 in each of the eight cohorts tested including only EUR ancestry. B) A forest 

plot depicting the association details for the top ERAP1 protective intronic variant rs3198304 in the 

eight cohorts tested and including only EUR ancestry. A meta-analysis result combining all cohorts is 

the lowest row (bold), meta-analysis OR is presented by a red diamond. Centre points represent odds 

ratios as estimated by approximate Firth logistic regression, with errors bars representing 95% 

confidence intervals. P-values are uncorrected and reflect two-sided tests. Numbers below the cases 

and controls columns represent counts of individuals with homozygote reference, heterozygote and 

homozygous alternative genotypes, respectively. 
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Supplementary Figure S3. Gene burden results combining all eight cohorts including with 3,850 
AU cases and 916,549 controls. The gene burden analyses combining all cohorts exhibit a controlled 

low inflation of ʎ=0.935 (top right panel). Top gene burdens for IPMK and IDO2 are labeled with red 

tringle indicating p-value and direction of effect. Dashed line represents a p-value of 5.0e-08. 

Association models were run with age, age2, sex and age × sex, and 10 ancestry-informative principal 

components as covariates. P-values are uncorrected and are from two-sided tests performed using 

approximate Firth logistic regression. 
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Supplementary Figure S4. Conditional analysis using HLA-B tagging SNP rs4349859. A 

Manhattan plot depicting the -log10(P-value) for all common variants (y-axis) across all chromosomes 

(x-axis). ERAP1 significant protective signal is shown by a downward triangle on chromosome five. A 

borderline HLA-DPB1 risk signal is also labeled. Dashed line represents a p-value of 5.0e-08. 

Association models were run with age, age2, sex and age × sex, and 10 ancestry-informative principal 

components as covariates. P-values are uncorrected and are from two-sided tests performed using 

approximate Firth logistic regression. 
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Supplementary Figure S5. Top ERAP1 SNP in a B*27-stratified analysis. A forest plot depicting the 

association details for ERAP1 top risk variant (rs30187) in all cohorts tested when considering only 

EUR samples. A meta-analysis result combining all cohorts is the lowest row (bold), meta-analysis OR 

is represented by a red diamond. The EUR-only, B*27-pos analysis confirmed the significant results for 

the ERAP1 locus with OR [95% CI] = 0.73 [0.66–0.81], and a p=4.1e-10 for rs30187. Centre points 

represent odds ratios as estimated by approximate Firth logistic regression, with errors bars 

representing 95% confidence intervals. P-values are uncorrected and reflect two-sided tests. Numbers 

below the cases and controls columns represent counts of individuals with homozygote reference, 

heterozygote and homozygous alternative genotypes, respectively. 
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Supplementary Figure S6. Strict B*27-pos analysis removing all samples diagnosed with either 
AS or psoriasis. A locus zoom plot depicting the -log10(P-value) for all common variants (y-axis) 

across the ERAP1 region (x-axis) in an analysis considering only B*27 carriers that were not diagnosed 

with either AS or psoriasis, including 618 AU cases and 67,256 controls. Association models were run 

with age, age2, sex and age × sex, and 10 ancestry-informative principal components as covariates. P-

values are uncorrected and are from two-sided tests performed using approximate Firth logistic 

regression. 
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Supplementary Figure S7. Fine-mapping of the HLA-DPB1 region in a B*27-negative analysis. A 

locus zoom plot of the HLA-DPB1 region is presented in top panel. Color represents r2 values to the 

lead variant. The middle and lower panels show posterior inclusion probability (PIP) and conditional 

PIP (CPIP) values obtained using the Sum of Single Effects (SuSiE) model. A long stretch of non-

coding variants that share similar PIPs is observed downstream to HLA-DPB1. Association models 

were run with age, age2, sex and age × sex, and 10 ancestry-informative principal components as 

covariates. P-values are uncorrected and are from two-sided tests performed using approximate Firth 

logistic regression. 
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Supplementary Figure S8. Single-Cell Expression of IPMK in tissues of the Ciliary body. Violin 

plots depicting IPMK expression distribution across Ciliary body tissues obtained from the Cell atlas of 

the human ocular anterior segment, obtained and profiled from non-diseased anterior segment tissues 

from 6 human donors. 

 

 

  



Supplementary Figure S9. Single-Cell Expression of IPMK in tissues of the Iris. Violin plots 

depicting IPMK expression distribution across Iris tissues obtained from the Cell atlas of the human 

ocular anterior segment, obtained and profiled from non-diseased anterior segment tissues from 6 

human donors. 

 

  



Supplementary Figure S10. Single-Cell Expression of IDO2 in tissues of the Ciliary body. Violin 

plots depicting IDO2 expression distribution across Ciliary body tissues obtained from the Cell atlas of 

the human ocular anterior segment, obtained and profiled from non-diseased anterior segment tissues 

from 6 human donors. 

 

  



Supplementary Figure S11. Single-Cell Expression of IDO2 in tissues of the Iris. Violin plots 

depicting IDO2 expression distribution across Iris tissues obtained from the Cell atlas of the human 

ocular anterior segment, obtained and profiled from non-diseased anterior segment tissues from 6 

human donors. 

 

  



Supplementary Figure S12. Ancestry Specific Forest Plots of ACHE, STXBP2 and ADGRF5. A) 

A forest plot of EUR, AFR and ALL ancestries is presented for ACHE gene, showing that all six carriers 

are of EUR ancestry. B) A forest plot of EUR, AFR and ALL ancestries is presented for STXBP2 gene, 

showing that all nine carriers are of AFR ancestry. C) A forest plot of EUR, AFR and ALL ancestries is 

presented for ADGRF5 gene, showing that nominal risk is maintained for both EUR and AFR 

ancestries, where four out of five carriers are of EUR ancestry, and one additional carrier is of AFR 

ancestry. Forest plots are sorted by OR (Column 2).  
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