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Summary
Takayasu arteritis is a rare inflammatory disease of large arteries. We performed a genetic study in Takayasu arteritis comprising 6,670

individuals (1,226 affected individuals) from five different populations. We discovered HLA risk factors and four non-HLA susceptibility

loci in VPS8, SVEP1, CFL2, and chr13q21 and reinforced IL12B, PTK2B, and chr21q22 as robust susceptibility loci shared across ances-

tries. Functional analysis proposed plausible underlying disease mechanisms and pinpointed ETS2 as a potential causal gene for

chr21q22 association. We also identified >60 candidate loci with suggestive association (p < 5 3 10�5) and devised a genetic risk score

for Takayasu arteritis. Takayasu arteritis was compared to hundreds of other traits, revealing the closest genetic relatedness to inflamma-

tory bowel disease. Epigenetic patterns within risk loci suggest roles for monocytes and B cells in Takayasu arteritis. This work enhances

understanding of the genetic basis and pathophysiology of Takayasu arteritis and provides clues for potential new therapeutic targets.
Introduction
Takayasu arteritis is a rare inflammatory disease affecting

large arteries, most frequently the aorta and its major

branches. Clinical manifestations result from vascular
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complications such as stenoses, occlusions, and aneurysms

and may also include non-specific symptoms such as fa-

tigue, fever, and weight loss.1,2 Disease onset typically oc-

curs in the second or third decade of life and the disease

is more common in women. Takayasu arteritis has been
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reported worldwide, but disease prevalence varies across

populations and is the highest in East Asia.3 Although

the etiology of Takayasu arteritis is incompletely under-

stood, there is strong evidence for a role of genetic factors

in the disease pathophysiology.4

The first suggestion of a genetic component to Takayasu

arteritis arose in the 1960’s with the publication of a case

report of familial aggregation of the disease.5 Later in the

1970’s, the human leukocyte antigen (HLA) was the first

genetic region identified as a susceptibility factor. The asso-

ciation with the HLA-B*52 allele remains the most robust

genetic signal in Takayasu arteritis.4 In the last decade,

four large-scale genetic analyses have been conducted,

but only nine non-HLA genetic loci have been revealed

with a genome-wide level of significance.6–9 Despite the

recent progress achieved, our knowledge of the genetic

component of Takayasu arteritis remains significantly

limited compared to other immune-mediated diseases. In

this regard, two main limitations can be highlighted. First,

the low prevalence of this form of vasculitis makes the

collection of large cohorts challenging, thereby limiting

the statistical power needed to uncover the genetic basis

of the disease. Second, even though Takayasu arteritis has

been described in all ancestries, large genetic studies have

only analyzed individuals from Turkish, European-Amer-

ican, and Japanese populations.7–9 Awareness of the

importance of including diverse and under-represented

ancestry populations in genetic studies is growing and is

positioned high on the priorities of genomic research.

We performed a large genome-wide association study

(GWAS) in Takayasu arteritis, using affected individuals
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and control individuals from five diverse ancestries. We

discovered several susceptibility loci for the disease.

Functional and epigenetic enrichment analyses provided

insights into the pathogenesis of Takayasu arteritis and re-

vealed potential therapeutic targets.
Subjects and methods

Study population and genotyping
The total study population comprised 1,226 individuals diagnosed

with Takayasu arteritis from five populations (Turkish, Northern

European descendant from North America and the United

Kingdom, Han Chinese, South Asian, and Italian) and 5,444

ancestry-matched unaffected individuals. All affected individuals

fulfilled the American College of Rheumatology 1990 classifica-

tion criteria for Takayasu arteritis.10 For 591 individuals diagnosed

with Takayasu arteritis, genotyping data were generated via

Infinium Global Screening Array-24 v.2.0 and Infinium

OmniZhongHua-8 v.1.3 (Illumina, San Diego, CA, USA) according

to the manufacturer’s instructions. For the remaining individuals

included in the analyses, the genotyping data were obtained

from a previously published GWAS6 and from the Database of

Genotypes and Phenotypes (dbGAP) and the 1000 Genomes Proj-

ect.11,12 A detailed description of the study population and the

genotyping platforms used for each cohort can be found in Table

S1. The study was approved by the institutional review boards and

the ethics committees at all participating institutions, and written

informed consent was obtained from all study participants.
Quality controls and imputation
Unified stringent quality control (QC) of the data was conducted

for each cohort separately before imputation via PLINK v.1.9.13
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Samples were removed if they had a genotyping call rate< 95%. In

addition, single nucleotide polymorphisms (SNPs) with a genotyp-

ing call rate< 98%, minor allele frequency (MAF)< 1%, and those

deviated fromHardy-Weinberg equilibrium (HWE) in affected and

control individuals (p value < 1 3 10�3) were filtered out. Sex

chromosomes were not analyzed. In addition, duplicated or

multi-allelic SNPs as well as those A/T-C/G SNPs with MAF > 0.4

were removed to avoid errors in the imputation process.

Combining of QC-filtered genotyping datasets in each population

was carried out before imputation unless the number of overlap-

ping SNPs among different genotyping arrays was too low for

imputation. In that case, imputation of each dataset was per-

formed before merging. Imputation of genetic data was conducted

with the Michigan Imputation Server with Minimac314 and the

Haplotype Reference Consortium (HRC) r1.1 as reference popula-

tion for all datasets.15 The software SHAPEIT16 was used for haplo-

type reconstruction. To control for potential imputation errors

because different genotyping platforms were used, we used only

SNPs with stringent correlation values (R2 > 0.9) for further ana-

lyses. Subsequently, imputed data were subjected to additional

QC: MAF < 1% and HWE p value < 1 3 10�3. After merging

different datasets, we used PLINK to detect strand consistency,

and any SNP showing inconsistency was discarded from further

analysis. To avoid the presence of first-degree relatives and/or

duplicate subjects, we evaluated relatedness by using the genome

function in PLINK v.1.913 and removed one individual from each

pair (Pi-HAT > 0.4). We assessed principal-component analysis

(PCA) to control for possible population stratification, and we

used Eigensoft 6.1.4 software to calculate the principal compo-

nents for each population independently by using around

100,000 independent SNPs.17 Individuals found>6 standard devi-

ations from the cluster centroids were considered outliers andwere

removed. The corresponding plots were produced with R 3.6 soft-

ware18 (Figure S1).
Classical HLA alleles imputation
Imputation of classical HLA alleles was performed with the HLA*

IMP:03 v.0.1.0 online software19 after following instructions

detailed on its website. Briefly, this software used a multi-ancestral

reference panel of 10,561 individuals (8,768 European, 869 Asian,

568 African American/African, and 365 Latino) with genotyping

data as well as lab-based typing alleles. A total of 6,114 post-QC

phased genotyped markers within the expanded HLA region

(chr6: 20 to 40Mb) were used for the imputation of both HLA class

I and class II loci (HLA-A, HLA-B, HLA-C, HLA-DQA1, HLA-DQB1,

andHLA-DRB1) at 2 fields of resolution. Only alleles with an impu-

tation posterior probability of 0.9 were considered successfully

imputed and used for the analyses.
Data analysis
First, we conducted logistic regression by using the 10 first prin-

cipal components as covariates for each population indepen-

dently. The genomic inflation factor (l) was calculated for each

cohort, and quantile-quantile (Q-Q) plots were generated with

andwithout the HLA region. Next, the results of the logistic regres-

sion were meta-analyzed by means of the inverse variance

method. A fixed-effects model was applied for those SNPs without

evidence of heterogeneity, more than 90% of all SNPs (Cochran’s

Q test p value [Q]> 0.1 and heterogeneity index [I2]< 50%), and a

random-effects model was applied for SNPs displaying heterogene-

ity of effects between studies (Q % 0.1 and I2 R 50%). Genome-
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wide significance was established at a p value % 5 3 10�8, and a

threshold of p value% 53 10�5 was set for suggestive associations.

To identify independent associations in the HLA region, we con-

ducted dependency analyses by using a stepwise strategy at the

population level followed by inverse variance meta-analysis. First,

we used themost associated variant identified in themeta-analysis

within the HLA region as covariate to perform the conditional lo-

gistic regressions in each population separately. The results from

the conditional logistic regressions were then meta-analyzed by

the inverse variance method, and the SNP showing the most sig-

nificant association was considered as an independent association

and used as covariate in the second round of conditional logistic

regressions in each of the populations andmeta-analysis. This pro-

cess was repeated until no variant reached a GWAS level of signif-

icance (p value < 53 10�8). In addition, using a similar approach,

we also carried out pairwise conditional analysis among the inde-

pendent SNPs identified and the classical HLA alleles found associ-

ated with Takayasu arteritis (p value < 5 3 10�8). We used PLINK

v.1.913 for the analyses and qqman R package to generate theMan-

hattan and Q-Q plots.
Functional annotation
To evaluate the potential causality of the identified associated var-

iants, we performed a detailed functional annotation by using a

combination of in silico tools and public datasets. We used Hap-

loReg v.4.1 to perform epigenomic annotation.20 To explore

expression quantitative trait loci (eQTLs) across different human

tissues, we used several public databases: the Genotype-Tissue

Expression (GTEx) project,21 Blood NESDA NTR Conditional

eQTL Catalog,22 Blood eQTL,23 and RegulomeDB.24 In addition,

we checked the GTEx project to identify genetic variants regu-

lating gene structure, named splicing QTLs (sQLTs). Finally, chro-

matin interactions between SNPs and gene promoter regions were

evaluated via the webtool Capture Hi-C plotter (CHiCP; see Web

Resources).25
Enrichment analyses
We performed a functional epigenomic enrichment analysis to

assess whether disease-associated non-HLA SNPs were over- or un-

der-represented among regulatory elements in the genome. Ge-

nomeRunner software26 was used to examine the SNP list (5 3

10�8 p value cutoff was used) within a regulatory context. Briefly,

127 reference epigenomes and seven epigenetic marks obtained

from the Encyclopedia of DNA Elements (ENCODE) and the Road-

map Epigenomics Consortium projects were analyzed. H3K4me3

and H3K27me3 mark active and silenced promoters, respectively.

H3K4me1 is associatedwith enhancers and regions downstreamof

transcription factor (TF) binding sites, and H3K4me2 has been

related with both promoters and enhancers. H3K9me3 has been

associated with repressive heterochromatic states. Finally, acetyla-

tion in H3K9 and H3K27 has been associated with transcriptional

initiation and open chromatin structure. The processed gapped

peak annotation panels were selected for these analyses.27,28 To

control for functional enrichments occurring by chance, we

used all common SNPs from dbSNP v.142 as background. The

enrichment p values shown were corrected for multiple testing

via a false discovery rate (FDR) calculation (FDR p values < 0.05

were considered significant).

The identification of key pathways was performed by Gene

Ontology (GO) enrichment analysis with Metascape.29 Disease-

associated genetic variants (p value < 5 3 10�5) located within
021



50 kb of a gene were annotated, and those genes were used for this

analysis. The Biological Process ontology branch was selected and

only terms with p value < 1 3 10�3 and at least three genes were

considered. Bonferroni corrected p values (q values) are also

shown. Because GO terms often overlap, we categorized the results

with a cluster-based approach based on GO similarities to provide

better interpretation.
Cumulative genetic risk score
We investigated whether a cumulative genetic risk score (GRS) for

Takayasu arteritis varies across populations. We examined the

GRSs of a total of 2,504 individuals from the five major popula-

tions included in the 1000 Genomes Project phase 3 release: Afri-

can, n ¼ 661; Admixed American, n ¼ 347; East Asian, n ¼ 504;

European, n ¼ 503; South Asian, n ¼ 489.12 The GRS calculation

was carried out following the method described by Hughes

et al.30 Briefly, the GRS of each individual is calculated by the

sum of the number of risk alleles (0, 1, or 2) from each SNP multi-

plied by the natural logarithm of its odds ratio (OR). The SNPs and

the OR values used are listed in Table S2.We included themost sig-

nificant genetic variant in each locus identified with a suggestive

level of significance (p value < 5 3 10�5) in our meta-analysis,

plus the variant rs12524487, which tags HLA-B*52, the most

robust genetic association in Takayasu arteritis confirmed in every

population studied.7 We analyzed a total of 70 genetic variants

(two loci were excluded because of the lack of the associated

variant information in the 1000 Genomes Project data). ORs

used were those obtained in the meta-analysis. To determine

whether the cumulative GRS was different across populations,

we performed one-way ANOVA followed by Tukey’s multiple com-

parison test by using GraphPad Prism v.8.1.1 (GraphPad Software,

La Jolla, CA, USA). ANOVA p values < 0.05 and Tukey’s adjusted p

values < 0.05 were considered significant.
Takayasu arteritis’ genetic relationship with other

immune-mediated diseases
We projected Takayasu arteritis into a previously constructed

lower-dimensional representation of immune-mediated disease

(IMD) genetics, an ‘‘IMD basis,’’ by using the project_sparse func-

tion from the cupcake R package. To represent all the ancestral

groups included in this study, we used the summary statistic of

the meta-analysis for these analyses. Projection requires knowl-

edge of the linkage disequilibrium (LD) between variants, and

we used an LD matrix estimated from our GWAS samples to allow

for the different ancestries included.

Takayasu arteritis was compared to (1) IMD GWASs; (2) UK Bio-

bank self-reported disease traits ‘‘round 2’’ version, which contains

the most complete coverage of self-reported IMD but is restricted

to the white European subset of participants; (3) UK Biobank

ICD code traits from GeneAtlas,31 which does not restrict by

ancestry, although most genotyped participants included in the

UK Biobank were also white European;32 and (4) GWAS summary

data from FinnGen, and it was restricted to traits starting with the

codes D-S because we considered this subset to represent non-in-

fectious, non-cancer diseases.

Classes 1–3 were available in supplementary tables of Burren

et al.,33 while GWAS summary data from FinnGen was accessed

from its website. We used classes 1–2 to generate the hierarchical

clustering, whereas we used classes 3–4 for comparisons based

on Mahalanobis distance. Mahalanobis distance was calculated

as (P j – P TAK)
0 S�1 (P j � P TAK) where P j and P TAK represent the
The Am
projected vectors of trait j and TAK respectively and S represents

the correlation between components calculated from the Euro-

pean LD reference matrix. We confirmed that results were visually

indistinguishable if we used the LD matrix calculated from the

samples in this study.
Results

Multi-ancestral meta-analysis

We report a cross-ancestry meta-analysis comprised of in-

dividuals from five different populations: Turkish, North-

ern European descendant, Han Chinese, South Asian,

and Italian. From the original 6,670 individuals (1,226

affected individuals), a total of 6,221 individuals (1,091

affected individuals) and around 4 million variants were

maintained after stringent QC filtering (a summary of sam-

ple/variant QC is shown in Table S3). First, we performed

logistic regression analyses in each population indepen-

dently (Figure S2) followed by a meta-analysis including

all cohorts. Results of genomic control analysis showed

no evidence of population stratification for any cohort

(Figure S3 and Table S3). The results of the meta-analysis

are illustrated in Figure 1. As expected, the most robust as-

sociation signal was observed within the HLA region.

To further evaluate the HLA association with Takayasu

arteritis, we first conducted a stepwise conditional analysis

of more than 60,000 SNPs located in the extended HLA re-

gion (chr6: 20 to 40 Mb). As shown in Figure 2, five SNPs

were identified as independent associations with Takayasu

arteritis (p value < 5 3 10�8). The strongest effect corre-

sponds with several polymorphisms in complete LD

located 50 of MUC21 (index SNP: rs2844678, p value ¼
5.70 3 10�47; OR ¼ 2.71). In addition, two intergenic

SNPs located between HLA-B and MICA (rs12524487,

p value ¼ 5.72 3 10�38, OR ¼ 3.12; rs17193507,

p value ¼ 7.08 3 10�30, OR ¼ 3.28), the SNP rs12526858

within HLA-B (p value ¼ 1.55 3 10�10, OR ¼ 2.70) and

the SNP rs28749167 located in the non-classical HLA-G

gene (p value ¼ 1.90 3 10�9, OR ¼ 1.43), were identified

as independent risk factors. Detailed results are displayed

in Table 1.

Next, we imputed the HLA classical alleles to determine

their association with Takayasu arteritis. Consistent with

the previous knowledge, the HLA-B*52:01 (p value ¼
4.163 10�36, OR ¼ 4.37) showed the strongest association

among all markers. The results of the conditional logistic

regressions detected independent associations surpassing

the genome-wide level of significance of other class I and

class II HLA alleles are as follows: HLA-B*13:02, p value ¼
2.96 3 10�25, OR ¼ 3.21; HLA-B*15:01, p value ¼ 1.09 3

10�15, OR ¼ 3.07; HLA-DQB1*05:02, p value ¼ 3.88 3

10�8, OR ¼ 1.90. To determine the relationship between

the HLA variants and the classical alleles, we performed

conditional regression analysis (Table S4). We can observe

that some signals, even though they remained significant,

showed an attenuated effect after adjusting for

other markers, as is the case of HLA-B*5201-rs12524487,
erican Journal of Human Genetics 108, 84–99, January 7, 2021 87



Figure 1. Manhattan plot showing the results of the meta-analysis among the five populations included in this study
The �log10 p value for the genetic variants analyzed are plotted against their physical chromosomal position. The red and blue lines
represent the genome-wide level of significance (p value < 5 3 10�8) and the suggestive level of significance (p value < 5 3 10�5),
respectively.
HLA-B*15:01-rs12524487, and HLA-B*15:01-rs28479167.

These results suggest that we cannot rule out an indepen-

dent effect for these markers in Takayasu arteritis. In

contrast, the association of rs12526858 was completely

abrogated by conditioning on HLA-B*15:01, which indi-

cates that the association of this variant relies on the asso-

ciation of the classical allele.

Finally, we also evaluated each population indepen-

dently (Table S5). Interestingly, some SNPs located

in other non-classical HLA genes were identified associ-

ated at a genome-wide level of significance in specific

populations. These include a variant located in

PSORS1C1 in the Turkish population (rs61444472,

p value ¼ 2.37 3 10�17), a polymorphism within

HLA-V in the Northern European descendant popula-

tion (rs45479291, p value ¼ 1.92 3 10�16), and

rs1264697 (p value ¼ 1.33 3 10�8) located near

TRIM31 in the Chinese population.

Outside of the HLA, 41 SNPs shared between at least

two independent populations surpassed the genome-

wide level of significance (p value < 5 3 10�8), showing

no OR heterogeneity among populations (Table S6).

These variants were located within seven genomic

regions, four of which corresponded with previously un-

reported Takayasu arteritis-associated loci. The most sig-

nificant variants within each genomic region are shown

in Table 2.

We detected evidence of association with a genetic

variant located upstream of SVEP1 (sushi Von Willebrand

factor type A, EGF And pentraxin domain containing 1)

(rs7038415, p value ¼ 4.90 3 10�8, OR ¼ 1.45) and a

variant upstream of CFL2 (cofilin 2) (rs76457959, p value

¼ 2.84 3 10�9, OR ¼ 1.62). Notably, these genes have

been associated with coronary disease and atrial fibrilla-
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tion, respectively.34–37 We also identified a genetic associa-

tion within VPS8 (rs58693904, p value ¼ 3.73 3 10�9, OR

¼ 1.51), which encodes the VPS8 subunit of the CORVET

complex and is involved in vesicle-mediated protein traf-

ficking.38 In addition, we identified a genetic association

with an intergenic variant located in chr13q21

(rs9540128, p value ¼ 1.89 3 10�8, OR ¼ 2.02). None of

these variants showed high LD with any other genotyped

or imputed SNPs (Figure S4).

Along with the previously unreported identified genetic

susceptibility loci for Takayasu arteritis, our findings also

reinforced the association of three previously reported

loci. The strongest effect after the HLA region corre-

sponded with chr21q22 (rs4817983, p value ¼ 1.92 3

10�12, OR ¼ 0.64). This intergenic region was first

described in Turkish and European-American populations

and was replicated later in the Japanese population.6,9

We confirmed and extended this genetic association to Ta-

kayasu arteritis in Han Chinese and Italian cohorts (p value

¼ 8.323 10�3, OR¼ 0.47 and p value¼ 2.983 10�4, OR¼
0.33, respectively). Although the results for the South

Asian cohort were not statistically significant, a consistent

OR direction was detected. Furthermore, our results vali-

dated the association of IL12B (interleukin 12B)

(rs4379175, p value ¼ 3.13 3 10�9, OR ¼ 1.36) and

PTK2B (protein tyrosine kinase 2 beta) (rs28834970, p

value ¼ 1.40 3 10�9, OR ¼ 0.71) with homogeneity across

all five cohorts. A nominal association was observed in

Han Chinese population for both genes. These results

further establish the association of these loci with Ta-

kayasu arteritis and provide evidence of a common genetic

background among different ancestral groups. Finally, the

high LD structure among the identified GWAS-level SNPs

restrained the localization to a single genetic variant in
021



Figure 2. Manhattan plots showing the
results of stepwise conditional analysis of
the HLA region
(A) Unconditioned.
(B) Conditioning on rs2844678.
(C) Conditioning on rs2844678 þ
rs12524487.
(D) Conditioning on rs2844678 þ
rs12524487 þ rs17193507.
(E) Conditioning on rs2844678 þ
rs12524487 þ rs17193507 þ rs12526858.
The �log10 p value for the genetic variants
analyzed are plotted against their physical
chromosomal position. The red line repre-
sents the genome-wide level of significance
(p value < 5 3 10�8).
any of these three genomic regions (regional plots are

shown in Figure S4).

In addition, 308 SNPs corresponding to 66 genomic re-

gions (including PTK2B and chr21q22 loci) showed sugges-

tive evidence of association with Takayasu arteritis (p value

% 5 X 10�5) (Table S7). It should be noted that some of

these loci have been related to other IMDs, such as

PLCG2 (phospholipase C gamma 2) with inflammatory

bowel disease, RBPJ (recombination signal-binding protein

for immunoglobulin kappa J region) with rheumatoid

arthritis, or ZMIZ1 (zinc finger MIZ-type containing 1)

with Crohn disease, among others.39–41 Interestingly, a

cross-phenotype analysis of systemic vasculitis suggested

ZMIZ1 as a shared risk factor.42 Other promising candidate

genes are CCR7 (C-C motif chemokine receptor 7) and

RGS6 (regulator of G protein signaling 6).

Finally, we checked the known GWAS-level variants

associated with Takayasu arteritis in our meta-analysis.
The American Journal of Huma
Detailed data are shown in Table S8.

Briefly, the variants identified in

KLHL33 and LILRB3 were not included

in our meta-analysis because of

inability to impute or low-quality

imputation, respectively. The results

of our meta-analysis showed signifi-

cant associations in a FCGR2A/

FCGR3A variant (rs10919543, p value

¼ 2.68 3 10�3, OR ¼ 1.45) and a

DUSP22 variant (rs17133698, p value

¼ 4.89 3 10�3, OR ¼ 0.64), consistent

with previous studies. It should be

noted that the variant in FCGR2A/

FCGR3Awas not evaluated in the Turk-

ish and Northern European descen-

dant populations in this study and,

similarly, the SNP in DUSP22 was

filtered out (MAF < 1%) in our North-

ern European descendant and Italian

populations. We detected an associa-

tion in the SNP reported in IL6

(rs2069837, p value ¼ 2.05 3 10�2,
OR ¼ 0.84), but interestingly, we find that ORs directions

in this locus are different across populations. Finally, the

variant rs103294, which is located in LILRA3 and was re-

ported previously in a Japanese cohort, showed no ten-

dency of association in the meta-analysis (this variant

only passed the QC in Turkish and Italian populations)

but was found to be associated in our Turkish cohort (p

value ¼ 9.36 3 10�9, OR ¼ 1.66).

Functional annotations and epigenetic enrichment

analysis of genome-wide associated SNPs

In line with most of the genetic susceptibility loci detected

in IMDs, Takayasu arteritis-associated genetic variants

reside in non-coding regions, suggesting that they might

influence the disease by disrupting regulatory elements.

To assign biological significance to those variants, we car-

ried out a comprehensive functional annotation by using

in silico approaches.
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Table 1. Stepwise conditional analysis of the HLA variants and the imputed classical HLA alleles to detect independent associations with
Takayasu arteritis

Covariates Risk factor p value OR Position (HG19) Locus

SNPs

none rs2844678 5.70E�47 2.71 30950050 50 MUC21

rs2844678 rs12524487 5.72E�38 3.12 31354238 HLA-B/MICA

rs2844678 þ rs12524487 rs17193507 7.08E�30 3.28 31351054 HLA-B/MICA

rs2844678 þ rs12524487 þ rs17193507 rs12526858 1.55E�10 2.70 31323721 HLA-B

rs2844678 þ rs12524487 þ rs17193507 þ
rs12526858

rs28749167 1.90E�9 1.43 29921034 HLA-G

Classical alleles

none HLA-B*5201 4.16E�36 4.37 N/A N/A

HLA-B*5201 HLA-B*1302 2.96E�25 3.21 N/A N/A

HLA-B*5201 þ HLA-B*1302 HLA-B*1501 1.09E�15 3.07 N/A N/A

HLA-B*5201 þ HLA-B*1302 þ HLA-B*1501 HLA-DQB1*0502 3.88E�8 1.90 N/A N/A

Abbreviations are as follows: SNP, single nucleotide polymorphism; OR, odds ratio.
First, we evaluated the regulatory potential of disease-

associated variants reported with a GWAS level of signifi-

cance in our study (p value < 5 3 10�8). Epigenetic anno-

tation indicates that most of these variants co-localize with

epigenetic marks and, therefore, most likely contribute to

chromatin states across multiple primary tissues and cells

(Table S9). We found that 85% of variants may alter regula-

tory motifs and, therefore, might disrupt TF binding.

DNase hypersensitivity sites were also observed in 44% of

the variants analyzed. Finally, protein binding was identi-

fied in some of these variants. For example, in lymphoblas-

toid cell lines, a Takayasu arteritis-associated genetic

variant in PTK2B, rs755951, is located in a binding site

for CTCF, and binding of PU.1 was detected in at least

two disease-associated variants in chr21q22.

Because most of the associated variants co-localize with

epigenetic features, we performed a regulatory enrichment

analysis to evaluate whether the presence of epigenetic

marks at these loci was more frequent than expected by

chance and to determine the specific cell subsets that are

more likely to be affected by these genetic variants. We

analyzed seven different histone marks (H3K4me1,

H3K4me2, H3K4me3, H3K9ac, H3K27ac, H3K27me3,

and H3K9me3) across 127 reference epigenomes. Of 889

combinations of regulatory features and tissues examined,

we found 170 associated enrichments in 86 cell types/tis-

sues (Table S10). Most epigenetic mark enrichment pat-

terns were observed in blood cells, which include a wide

repertoire of immune cells. In agreement with our current

understanding of the immunopathology of Takayasu

arteritis, the most significant enrichments were observed

in monocytes (Figure 3). Our results showed enrichment

of H3K27ac (p value ¼ 2.58 3 10�51), H3K4me1 (p value

¼ 5.43 3 10�37), H3K9ac (p value ¼ 3.80 3 10�21),

H3Kme2 (p value ¼ 2.22 3 10�26), and H3K4me3 (p value

¼ 1.03 3 10�32) in primary human monocytes. Three
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specific B cell lines presented strong enrichments as

well, including primary B cells from cord blood

(H3K4me1, p value ¼ 5.43 3 10�37; H3K4me3, p value ¼
1.20 3 10�32), primary B cells from peripheral blood

(H3K27ac, p value ¼ 5.22 3 10�15; H3K4me1, p value ¼
3.02 3 10�17), and GM12878 lymphoblastoid cells

(H3K27ac, p value ¼ 2.59 3 10�6; H3K9ac, p value ¼
7.61 3 10�6; H3K9me3, p value ¼ 2.02 3 10�7;

H3K4me2, p value ¼ 6.68 3 10�6; H3K4me1, p value ¼
3.22 3 10�12; H3K4me3, p value ¼ 4.89 3 10�2). Other

robust epigenetic mark co-localizations were also detected

in other immune cells, such as neutrophils, natural killer

cells, and T cell subsets, and in other tissues, such as the

heart and digestive tissues.

Given that epigenetic marks may correlate with gene

expression changes, we examined several public repositories

of eQTLs to explore the relationship between gene expres-

sion and genetic variants associated with Takayasu arteritis.

We found that 78% of variants detected with a GWAS level

of significance in our study have been linked to altered

expression of at least one gene in multiple tissues and/or

cell types (Table S11). Takayasu arteritis-associated variants

in PTK2B are associated with expression changes of several

genes inwhole blood, lymphoblastoid cell lines,monocytes,

and left ventricular heart tissue, among others. Notably, the

disease risk alleles in PTK2B are associated with reduced

expression of PTK2B. Furthermore, these polymorphisms

also alter the expression levels of PTK2B isoforms, acting as

splicing QTLs. In addition, Takayasu arteritis susceptibility

variants in PTK2B are associated with altered expression

levels of other genes, such as DPYSL2 (dihydropyrimidi-

nase-like 2) in lymphoblastoid cell lines, EPHX2 (epoxide

hydrolase 2) in tibial artery tissue, andCHRNA2 (cholinergic

receptor nicotinic alpha 2 subunit) and TRIM35 (tripartite

motif-containing35) inwholeblood.Takayasuarteritis-asso-

ciated variants upstream of IL12B change the expression of
021



Table 2. Meta-analysis results showing the most significant genetic variant in each locus associated with Takayasu arteritis at a genome-
wide level of significance (p value < 5E�8)

Locus Chr Position (HG19) SNP Location Minor allele p value OR Q statistic p value

VPS8a 3 184612321 rs58693904 intronic T 3.73E�9 1.51 0.550

IL12B 5 158804928 rs4379175 upstream T 3.13E�9 1.36 0.173

PTK2B 8 27195121 rs28834970 intronic C 1.40E�9 0.71 0.957

SVEP1a 9 113117183 rs7038415 upstream A 4.90E�8 1.45 0.174

chr13q21a 13 65078467 rs9540128 intergenic T 1.89E�8 2.02 0.793

CFL2a 14 35189914 rs76457959 upstream T 2.84E�9 1.62 0.682

chr21q22 21 40464924 rs4817983 intergenic C 1.92E�12 0.64 0.125

Abbreviations are as follows: Chr, chromosome; SNP, single nucleotide polymorphism; OR, odds ratio.
aNovel previously unreported genetic loci in Takayasu arteritis.
UBLCP1 (ubiquitin-like domain-containing CTD phospha-

tase 1) in whole blood, and those in the intergenic region

chr21q22 alter the expression of several genes, including

ETS2 (ETS proto-oncogene 2, transcription factor) and

LCA5L (lebercilin LCA5 like).

Under the assumption that chromatin architecture

might influence transcriptional regulation, we used the

CHiCP webtool to detect and visualize physical chromatin

interactions between Takayasu arteritis-associated variants

and gene promoter regions across multiple cell types.25

The vast majority of examined variants showed multiple

interactions in different cell types, and several of them

interact with the promoters of genes whose expression

levels were affected (Table S11 and Figure S5). It is worth

highlighting the physical interaction between variants in

the chr21q22 locus and ETS2 promoter in multiple im-

mune cells, such as monocytes, macrophages, and neutro-

phils. The functional relevance of this interaction is

supported by the above mentioned eQTL results. Alto-

gether, these findings pinpointed ETS2 as a potential target

gene for Takayasu arteritis influenced by the disease sus-

ceptibility locus in chr21q22 (Figure 4).
Pathway analysis

To highlight biological processes that might be relevant in

the pathogenesis of Takayasu arteritis, we performed a GO

term enrichment analysis by using all genes annotated to

genetic variants with at least a suggestive level of associa-

tion with Takayasu arteritis in our study (p value < 5 3

10�5). Given that ontologies are often redundant, the re-

sults from these analyses commonly reveal related and

even overlapping terms. To simplify their interpretation,

we clustered GO terms by their similarities, revealing seven

different clusters: lymphocyte differentiation (p value ¼
3.23 3 10�6), blood vessel morphogenesis (p value ¼
2.80 3 10�5), heart morphogenesis (p value ¼ 1.07 3

10�4), regulation of ion transmembrane transport (p value

¼ 2.30 3 10�4), cell recognition (p value ¼ 6.38 3 10�4),

peptidyl-tyrosine phosphorylation (p value ¼ 4.29 3

10�3), and regulation of cysteine-type endopeptidase activ-

ity involved in apoptotic process (p value ¼ 7.05 3 10�3)
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(Figure 5). A detailed list of all GO terms showing included

genes is displayed in Table S12.

Cumulative GRS

To investigate if the diversity of Takayasu arteritis preva-

lence among ancestries may have genetic bases, we assessed

the cumulative GRS of more than 2,500 individuals from

the five major populations included in the 1000 Genomes

project and tested whether mean GRS differences across

populations exist. The GRS values are illustrated in Figure 6.

There was a significant difference between the GRSs among

populations (ANOVA p value < 0.0001). The highest GRSs

were observed in African and East Asian populations,

whereas European and South Asian populations showed

the lowest values. The multiple comparison test on mean

GRS between each pair of populations revealed statistically

significant differences for all pairs except African versus

East Asian and European versus South Asian (Tukey’s

adjusted p value ¼ 0.924 and 0.457, respectively).

Takayasu arteritis genetic relationship with multiple

IMDs

Relating different diseases through their GWAS summary

statistics has been used to reveal etiological relationships

between diseases. We chose to compare Takayasu arteritis

to other IMDs through projecting it into a previously

constructed lower-dimensional representation of IMD ge-

netics, an ‘‘IMD basis.’’33 This representation uses 13 com-

ponents to summarize axes of risk shared between

different combinations of diseases. We found Takayasu

arteritis differed significantly (FDR < 1%) from controls

on eight of the 13 components, five of which were also

associated with Crohn disease and/or ulcerative colitis.

In the original report of the IMD basis, relationships be-

tween different IMD GWASs and self-reported disease

traits in European UK Biobank subjects were inferred

from hierarchical clustering of their projections, and we

reclustered the same set of traits here together with Ta-

kayasu arteritis to examine with which IMDs it shared ge-

netic risk components. We found that Takayasu arteritis

clustered with Crohn disease, ulcerative colitis, and
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Figure 3. Column bar plot representing
the results from histone marks enrichment
analysis among genetic susceptibility loci
identified with a GWAS level of significance
(p value < 53 10�8) in Takayasu arteritis in
this study
The y axis corresponds with the �log10 cor-
rected p value of H3K27ac, H3K4me1, and
H3K4me3 enrichments in different blood
cell types. These data were derived via
ENCODE and Roadmap Epigenomics Con-
sortium projects. PBMCs, peripheral blood
mononuclear cells; HSCs, hematopoietic
stem cells.
ankylosing spondylitis (Figure S6). However, clustering

across multiple dimensions can be sensitive to choices

of algorithm, and although the method appears robust

to different ancestries (because it is based on summary

ORs that have been calculated with appropriate ancestry

adjustment), we also wanted to confirm this was not an

effect of comparing to European subjects. We therefore

also compared Takayasu arteritis to projections of all dis-

eases in two large cohorts (FinnGen and all UK Biobank

subjects including non-Europeans) by using a one-dimen-

sional summary, the Mahalanobis distance (see Subjects

and methods). This found that in both cohorts, Crohn

disease was the closest genetically to Takayasu arteritis,

followed by ulcerative colitis, out of the hundreds of traits

considered (Figure S7).
Discussion

We report the results of a large genetic association study in

Takayasu arteritis using affected individuals and control

individuals from five diverse populations. In addition to

the well-known HLA-B*52 association, we detected several

independent signals within the HLA region and character-

ized four non-HLA loci that confer genetic susceptibility in

Takayasu arteritis with a GWAS level of significance

(SVEP1, CFL2, VPS8, and chr13q21). Further, we identified

>60 genetic loci with a suggestive level of association with

the disease.

Consistent with our current knowledge of the disease, the

strongest association signals were observed within the HLA

region. Multiples studies have previously analyzed the asso-

ciation of this region with Takayasu arteritis, confirming

HLA-B*52:01 as a robust genetic factor in several ancestries.

Other HLA classical alleles (class I and class II) and variants
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along the extended HLA region have

also been identified in specific popula-

tions. However, the complex LD struc-

ture of this region and the low statistical

power of most of these studies have

limited the localization of the specific

effects and the identification of

new susceptibility loci at a GWAS
level of significance.4 Here, we report five variants

showing independent associations with the disease;

three are located near the well-known susceptibility

locus HLA-B (rs12524487-HLA-B/MICA, rs17193507-HLA-

B/MICA, and rs12526858-HLA-B), and the other two vari-

ants (rs2844678-MUC21 and rs28749167-HLA-G) might

indicate previously unreported risk loci for Takayasu arter-

itis. In addition, four independent HLA classical alleles

were identified as susceptibility factors for Takayasu arteritis

(HLA-B*52:01, HLA-B*13:02, HLA-B*15:01, and HLA-

DQB1*05:02). Conditional regression analysis revealed

that the association in rs12526858 is dependent on HLA-

B*15:01. Our results also suggested a genetic relationship

among the HLA-B variants and the HLA-B classical alleles,

but independent effect on the disease etiology cannot be dis-

carded. Although our data strongly suggest additional effects

exist beyond HLA-B*52:01 in Takayasu arteritis, further

studies areneeded to functionally characterize these complex

effects.

Of interest, giant cell arteritis, which is another large

vessel vasculitis that can present with clinical and angio-

graphic findings that are sometimes similar to Takayasu

arteritis, appears to be associated with a distinctly different

genetic susceptibility within the HLA region. Unlike

Takayasu arteritis, the most robust genetic association in

giant cell arteritis is within the HLA class II region.43

The strongest association outside the HLA region corre-

sponds with SVEP1, which encodes a cell-adhesion mole-

cule also known as Polydom.44 This protein acts as a ligand

for integrin a9b1, which has been recently described to

play an important role in the development of autoimmune

diseases, including rheumatoid arthritis and multiple scle-

rosis.45,46 In this context, Polydom is necessary for

lymphatic vessel remodeling, a process that is involved

in immune cell trafficking and surveillance.47 In addition,



Figure 4. Functional annotation results point to ETS2 as a causal gene for the chr21q22 association
(A) Summary of the epigenetic marks found at rs2836882 in chr21q22.
(B) Circular view of the chromatic interaction between rs2836882 in chr21q22 and the ETS2 promoter obtained fromCapture Hi-C data.
This interaction is observed in several cell types: endothelial precursors, megakaryocytes, monocytes, M0 macrophages, M1 macro-
phages, M2 macrophages, neutrophils, and CD34þ cells. The red color of the line indicates a strong confidence for this interaction.
(C) Violin plot representing the difference in expression levels of ETS2 depending on rs2836882 genotypes obtained fromGTEx project.
silencing SVEP1 in endothelial cell lines was associated

with increased expression of key molecules involved in

endothelial cell-leukocyte adhesion, including inter-

leukin-8 (IL-8), growth-regulated oncogene-a (GRO-a),

monocyte chemoattractant protein 1 (MCP-1), and mono-

cyte chemoattractant protein 3 (MCP-3).48 Furthermore,

SVEP1 polymorphisms have been also associated with car-

diovascular conditions such as increased risk of coronary

disease and blood pressure.35–37,49

Cofilin 2 (CFL2) encodes an actin-binding protein that is

a key regulator of actin dynamics.50 It has been shown that

the actin cytoskeleton and its regulators play an important

role in T cell-B cell interaction.51 A related gene family

member, cofilin, is involved in the clustering of T cell re-

ceptors during T cell activation through actin reorganiza-

tion.52 In addition, previous studies reported associations

between CFL2 and atrial fibrillation, and mutations in

this gene have been described in individuals with congen-

ital myopathy.34,53,54

In contrast, VPS8 and chr13q21 loci have not been pre-

viously associated with any related disease. VPS8 encodes a

vacuolar protein involved in vesicular-mediated protein

trafficking. A protein-protein interaction analysis with

the STRING webtool55 revealed other related vacuolar

proteins that have been associated with cardiovascular dis-

ease. For example, polymorphisms in VPS33B are associ-

ated with hypertension and myocardial infarction in Japa-

nese individuals.56

With regard to the four ‘‘novel’’ genetic association

signals we identified in Takayasu arteritis, it should be

noted that no additional variants in strong LD (r2 >

0.6) with any of the associated variants were identified

in our study and that we did not detect clear functional

implications of the identified polymorphisms on the

pathophysiology of the disease. These variants might

disrupt regulatory elements in a cell type-specific

context or might tag unidentified genetic variants that

could be responsible for the causality of these associa-

tions. Replication and fine-mapping studies in indepen-

dent populations followed by functional studies should
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be conducted to confirm and characterize the functional

consequences of these novel genetic susceptibility loci

in Takayasu arteritis.

The results of our multi-ancestral approach also

extended the genetic associations of PTK2B, IL12B, and a

locus on chr21q22 to other populations. Of interest, these

genetic associations are examples of shared risk loci among

different IMDs. The rs17057051 polymorphism in PTK2B

has been previously reported as a genetic susceptibility fac-

tor in inflammatory bowel disease.57 The genetic effect in

this SNP, which is in strong LD (r2 > 0.8) with the lead

PTK2B variant associated with Takayasu arteritis in our

study, is in the same direction in both disease conditions.

The polymorphisms rs6556412 and rs4379175, upstream

of IL12B, have been associated with inflammatory bowel

disease and psoriasis, respectively.57–59 Interestingly, while

the direction of the genetic effect in this locus is similar in

Takayasu arteritis and inflammatory bowel disease, it ap-

pears that the risk allele in rs4379175-IL12B in Takayasu

arteritis is protective against psoriasis. Finally, the genetic

region chr21q22 has also been reported to be associated

with ankylosing spondylitis and inflammatory bowel dis-

ease57,60,61 and with a genetic effect in the same direction

as we report in Takayasu arteritis.

PTK2B encodes a tyrosine kinase, PYK2, which is ex-

pressed in multiple cell types, including immune cells.

Indeed, experiments in mice showed that deficiency in

Pyk-2 leads to abnormal function of marginal zone B

cells.62 In agreement with results published in a Japanese

cohort,9 we observed that the minor alleles of disease-asso-

ciated SNPs in PTK2B are protective and are associated with

increased expression of PTK2B in different tissues. Further-

more, these SNPs are linked with the expression of

different isoforms of PTK2B. One causal variant,

rs2322599, was proposed in the Japanese study, however,

a total of ten SNPs (including rs2322599) surpassed the

GWAS level of significance in our meta-analysis. No single

variant could be identified as causal given the high LD in

this region and the broad epigenetic enrichment patterns

involving these variants. Importantly, disease-associated
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Figure 5. Takayasu arteritis genetic susceptibility loci identified and the main Gene Ontology terms represented
(A) Schematic illustration depicting the susceptibility loci identified in this study. Loci surpassing the genome-wide level of significance
(p value < 5 3 10�8) are highlighted in red.
(B) Gene Ontology (GO) enrichment analysis. Biological Process GO clusters revealed with genes annotated to genetic susceptibility loci
identified in this study (p value < 5 3 10�5). Only clusters detected with a p value < 1 3 10�3 and that included at least three genes are
shown. Each node corresponds with a GO term, and edges represent connections between GO terms. Each GO cluster is defined by a
different color and the most-associated Biological Process within each cluster is highlighted.
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Figure 6. Dot plot representing the cumulative genetic risk
score (GRS) for Takayasu arteritis across the five major popula-
tions included in the 1000 Genomes Project
Each dot illustrates the GRS value of an individual, and the black
lines represent the means and ranges. Data were used from the
1000 Genomes Project phase 3 release. African, n ¼ 661; Admixed
American, n ¼ 347; East Asian, n ¼ 504; European, n ¼ 503; South
Asian, n ¼ 489. There was a significant difference between the
GRSs among populations (ANOVA p value< 0.0001). Themultiple
comparison test on mean GRS between each pair of populations
revealed statistically significant differences for all pairs (p value
< 0.0001) except African versus East Asian and European versus
South Asian (Tukey’s adjusted p value ¼ 0.924 and 0.457,
respectively).
variants in PTK2B are also associated with gene expression

changes involving other genes in this locus, such as

DPYSL2, EPHX2, CHRNA2, and TRIM35. In this context,

we cannot rule out that these other genes might also

play a role in Takayasu arteritis. Indeed, chromatin interac-

tion was revealed between disease-associated variants in

PTK2B and promoter regions of EPHX2 and CHRNA2.

Interestingly, the PTK2B variant rs755951 is located in a

CTCF binding site, suggesting the involvement of this Ta-

kayasu arteritis risk variant in long-range chromatin

interactions.

Epigenomic annotation, chromatin interaction maps,

and eQTL analysis also revealed the possible regulatory

mechanisms underlying the genetic association between

Takayasu arteritis and IL12B. Our data identified UBLCP1

as a possible target gene affected by this genetic associa-

tion. In whole blood, almost all Takayasu arteritis-associ-

ated variants in IL12B alter UBLCP1 mRNA expression.

Interestingly, UBLCP1 has been found to be associated

with increased genetic risk in psoriasis.63

Among findings from functional annotation analyses in

the genetic risk locus in the chr21q22 region, it should be

highlighted that PU.1 protein binding was detected in this

locus in ENCODE ChIP-seq experiments. PU.1 is a TF

member of the Ets family and is required for hematopoietic

development.64 Mice deficient in Pu.1 showed a lack of

mature B cells and macrophages.65 Our eQTL analysis of

Takayasu arteritis risk variants in this locus revealed higher

expression of ETS2 in whole blood, and Hi-C data showed

chromatin interaction between these variants and ETS2
The Am
promoters in monocytes and macrophages, among other

immune cell types. ETS2 also encodes a member of the

Ets family with a key role in macrophage development.

Recently, experimental data confirmed the functional syn-

ergy between Ets2 and PU.1 to activate the transcription of

bcl-x, which encodes Bcl-xL, a necessary protein for macro-

phage survival.66 Interestingly, another member of the Ets

family, ETS1, has been identified as a susceptibility risk lo-

cus for other IMDs, such as lupus and inflammatory bowel

disease.67,68

The finding of enrichment in active chromatin epige-

netic marks among the identified Takayasu arteritis risk

loci was consistent with our understanding of the disease,

reflecting a robust immunological signature. Specifically,

monocytes and B cells presented the highest enrichment

patterns. Monocytes and macrophages are thought to

play a crucial role in the pathophysiology of large vessel

vasculitis, including Takayasu arteritis.69 Although the

role of B cells in Takayasu arteritis is less clear, a seemingly

successful response to rituximab treatment in some

affected individuals, the presence of tissue infiltrating B

cells in affected arteries, higher frequency of circulating

plasmablasts, and the presence of anti-endothelial cell an-

tibodies in individuals diagnosed with Takayasu arteritis

point to a possible role for B cells in this disease.70,71 Our

analysis also identified other important immune cell types

implicated in the pathophysiology of this form of vascu-

litis, including T cell subsets and NK cells, the latter of

which is consistent with results from enrichment analysis

in a recent report.9 We also revealed enrichment patterns

across non-immune-related tissues. In agreement with

the pathophysiology of Takayasu arteritis, several heart-

related tissue types were detected. The enrichments found

in digestive tissues could be explained by a plausible

genetic overlap between Takayasu arteritis and inflamma-

tory bowel disease and an observed higher prevalence of

inflammatory bowel disease in individuals diagnosed

with Takayasu arteritis.72,73 This is also supported by

our data projecting the genetic component of multiple

IMDs in which Takayasu arteritis was found to cluster

with Crohn disease, ulcerative colitis, and ankylosing

spondylitis.

The most significant biological process identified among

genetic risk loci detected in our study was lymphocyte dif-

ferentiation, which includes key specific pathways such as

leukocyte differentiation, T cell activation, inflammatory

response to antigenic stimulus, and cytokine production,

among others. Along with the disease-associated loci in

IL12B and PTK2B, other genetic loci with suggestive associ-

ation, such as CCR7, RBPJ, PLCG2, RORA, ZMIZ1, CD44,

LMO1, and CARD9, are included in these pathways.

Among these genes, PLCG2 has been associated with in-

flammatory bowel disease, RBPJ has been associated with

rheumatoid arthritis, and ZMIZ1 has been associated

with Crohn disease.39–41 Genes in blood vessel and heart

morphogenesis pathways were also observed. These

include CFL2 and SVEP1 and several genes with a
erican Journal of Human Genetics 108, 84–99, January 7, 2021 95



suggestive level of association, such as EPHB4 and

PRDM16, which are risk loci for inflammatory bowel dis-

ease and rheumatoid arthritis, respectively.57,74

The cumulative GRSs, which is a simple and intuitive

approach to convert genetic data into a predictive measure

of disease susceptibility, suggest that the differences in Ta-

kayasu arteritis prevalence have genetic bases. Although

the GRS value of the African population was higher than

expected, the data were in line with Takayasu prevalence

described to date, being the highest in East Asia, Mexico,

and South East Asia.3 Epidemiological data of Takayasu

arteritis in African populations are scarce. However, a

recent review analyzing the current state of systemic vascu-

litis in Africa concluded that these pathologies might be

under-diagnosed.75 Another plausible explanation for

these results might be the existence of unidentified protec-

tive genetic effects against Takayasu arteritis in African

populations. It should be noted that these results should

be interpreted as estimates based on our current knowledge

of the genetic component of Takayasu arteritis. The accu-

racy of our estimations could be limited given that the

ORs of the associated signals might vary among popula-

tions. Further, additional genetic loci involved in Takayasu

arteritis remain to be identified in currently studied and

additional populations.

Finally, genetic studies have been successful in proposing

new molecular targets for drug discovery.76 In this regard,

the potential of IL12B as a drug target for Takayasu arteritis

hasbeenrevealedbygenetic studies. Furthermore, it isworth

mentioning that PYK2, EST2, and the SVEP1-integrin inter-

action might represent promising drug targets for Takayasu

arteritis. Indeed, natalizumab, an anti-a4 integrin antibody,

has already shown beneficial therapeutic effects in multiple

sclerosis and Crohn disease.77,78 Leflunomide, which is a

PYK2 antagonist used to treat rheumatoid arthritis,79 has

also been investigated in other large vessel vasculitides,

including Takayasu arteritis and giant cell arteritis.80–82

In summary, we performed a large multi-ancestral GWAS

in Takayasu arteritis. We revealed risk factors within the

HLA region and four non-HLA genetic associations with

a GWAS level of significance, extended the genetic associ-

ation of previously reported risk loci to other populations,

and uncovered over 60 additional candidate genetic sus-

ceptibility loci for the disease. Using functional and epige-

netic enrichment characterization, we identified path-

ways, biological processes, and target genes affected by

these genetic risk loci. Our results also suggest a close ge-

netic relationship between Takayasu arteritis and inflam-

matory bowel diseases. Finally, the results of this work

highlight immune cell types that are crucial in mediating

genetic risk in Takayasu arteritis.
Data and Code Availability

Summary statistics of the meta-analysis are available and can be

provided upon reasonable request. The code to reproduce the com-

parison figures of the genetic relationship among immune-medi-
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ated diseases analyses is available from https://github.com/

chr1swallace/tak-basis. The rest of the data/code used in this study

are included in themainmanuscript or its supplementarymaterial.
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1016/j.ajhg.2020.11.014.
Acknowledgments

This work was supported by the National Institute of Arthritis and

Musculoskeletal and Skin Diseases of the National Institutes of

Health grant R01 AR070148 to A.H.S. The Vasculitis Clinical

Research Consortium has received support from the National

Institute of Arthritis and Musculoskeletal and Skin Diseases (U54

AR057319 and U01 AR51874 04), the National Center for

Research Resources (U54 RR019497), and the Office of Rare Dis-

eases Research of the National Center for Advancing Translational

Sciences. J.C.M., A.P.K., and R.M.M. acknowledge support from

the Imperial College, National Institute for Health Research,

Biomedical Research Centre. C.W. and G.R. acknowledge support

from The Wellcome Trust (WT107881) and the Medical Research

Council (MC_UU_00002/4). This work was supported by the use

of study data downloaded from the dbGaP website, under dbGaP:

phs000272.v1.p1, phs000431.v2.p1, phs000583.v1.p1, and

phs000444.v1.p1.
Declaration of interests

The authors declare no competing interests

Received: August 13, 2020

Accepted: November 17, 2020

Published: December 11, 2020
Web resources

Capture Hi-C plotter (CHiCP), https://www.chicp.org/chicp/

Cupcake R package, https://github.com/ollyburren/cupcake

ENCODE, https://www.encodeproject.org/

FinnGen, https://www.finngen.fi/fi

HLA*IMP:03 v.0.1.0, http://imp.science.unimelb.edu.au/hla/

instructions

Roadmap Epigenomics Consortium, http://www.roadmapepigeno

mics.org/

UK Biobank, http://www.nealelab.is/uk-biobank/
References

1. Jennette, J.C., Falk, R.J., Bacon, P.A., Basu, N., Cid, M.C., Fer-

rario, F., Flores-Suarez, L.F., Gross, W.L., Guillevin, L., Hagen,

E.C., et al. (2013). 2012 revised International Chapel Hill

Consensus Conference Nomenclature of Vasculitides.

Arthritis Rheum. 65, 1–11.

2. de Souza, A.W., and de Carvalho, J.F. (2014). Diagnostic and

classification criteria of Takayasu arteritis. J. Autoimmun. 48-

49, 79–83.

3. Johnston, S.L., Lock, R.J., and Gompels, M.M. (2002). Ta-

kayasu arteritis: a review. J. Clin. Pathol. 55, 481–486.
021

https://github.com/chr1swallace/tak-basis
https://github.com/chr1swallace/tak-basis
https://doi.org/10.1016/j.ajhg.2020.11.014
https://doi.org/10.1016/j.ajhg.2020.11.014
https://www.chicp.org/chicp/
https://github.com/ollyburren/cupcake
https://www.encodeproject.org/
https://www.finngen.fi/fi
http://imp.science.unimelb.edu.au/hla/instructions
http://imp.science.unimelb.edu.au/hla/instructions
http://www.roadmapepigenomics.org/
http://www.roadmapepigenomics.org/
http://www.nealelab.is/uk-biobank/
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref1
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref1
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref1
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref1
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref1
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref2
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref2
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref2
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref3
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref3


4. Renauer, P., and Sawalha, A.H. (2017). The genetics of Ta-

kayasu arteritis. Presse Med. 46, e179–e187.

5. Hirsch, M.S., Aikat, B.K., and Basu, A.K. (1964). Takayasu’s

Arteritis. Report of Five Cases with Immunologic Studies.

Bull. Johns Hopkins Hosp. 115, 29–64.

6. Renauer, P.A., Saruhan-Direskeneli, G., Coit, P., Adler, A., Aksu,

K., Keser, G., Alibaz-Oner, F., Aydin, S.Z., Kamali, S., Inanc, M.,

et al. (2015). Identification of Susceptibility Loci in IL6, RPS9/

LILRB3, and an Intergenic Locus on Chromosome 21q22 in

Takayasu Arteritis in a Genome-Wide Association Study.

Arthritis Rheumatol. 67, 1361–1368.

7. Saruhan-Direskeneli, G., Hughes, T., Aksu, K., Keser, G., Coit,

P., Aydin, S.Z., Alibaz-Oner, F., Kamalı, S., Inanc, M., Carette,

S., et al. (2013). Identification of multiple genetic susceptibil-

ity loci in Takayasu arteritis. Am. J. Hum. Genet. 93, 298–305.

8. Terao, C., Yoshifuji, H., Kimura, A., Matsumura, T., Ohmura,

K., Takahashi, M., Shimizu, M., Kawaguchi, T., Chen, Z., Nar-

use, T.K., et al. (2013). Two susceptibility loci to Takayasu arter-

itis reveal a synergistic role of the IL12B and HLA-B regions in

a Japanese population. Am. J. Hum. Genet. 93, 289–297.

9. Terao, C., Yoshifuji, H., Matsumura, T., Naruse, T.K., Ishii, T.,

Nakaoka, Y., Kirino, Y., Matsuo, K., Origuchi, T., Shimizu,

M., et al. (2018). Genetic determinants and an epistasis of

LILRA3 and HLA-B*52 in Takayasu arteritis. Proc. Natl. Acad.

Sci. USA 115, 13045–13050.

10. Arend, W.P., Michel, B.A., Bloch, D.A., Hunder, G.G., Calabr-

ese, L.H., Edworthy, S.M., Fauci, A.S., Leavitt, R.Y., Lie, J.T.,

Lightfoot, R.W., Jr., et al. (1990). The American College of

Rheumatology 1990 criteria for the classification of Takayasu

arteritis. Arthritis Rheum. 33, 1129–1134.

11. Tryka, K.A., Hao, L., Sturcke, A., Jin, Y.,Wang, Z.Y., Ziyabari, L.,

Lee, M., Popova, N., Sharopova, N., Kimura, M., and Feolo, M.

(2014). NCBI’s Database of Genotypes and Phenotypes:

dbGaP. Nucleic Acids Res. 42, D975–D979.

12. Auton, A., Brooks, L.D., Durbin, R.M., Garrison, E.P., Kang,

H.M., Korbel, J.O., Marchini, J.L., McCarthy, S., McVean,

G.A., Abecasis, G.R.; and 1000 Genomes Project Consortium

(2015). A global reference for human genetic variation. Nature

526, 68–74.

13. Chang, C.C., Chow, C.C., Tellier, L.C., Vattikuti, S., Purcell,

S.M., and Lee, J.J. (2015). Second-generation PLINK:

rising to the challenge of larger and richer datasets. Giga-

science 4, 7.

14. Das, S., Forer, L., Schönherr, S., Sidore, C., Locke, A.E., Kwong,

A., Vrieze, S.I., Chew, E.Y., Levy, S., McGue, M., et al. (2016).

Next-generation genotype imputation service and methods.

Nat. Genet. 48, 1284–1287.

15. McCarthy, S., Das, S., Kretzschmar, W., Delaneau, O., Wood,

A.R., Teumer, A., Kang, H.M., Fuchsberger, C., Danecek, P.,

Sharp, K., et al.; Haplotype Reference Consortium (2016). A

reference panel of 64,976 haplotypes for genotype imputa-

tion. Nat. Genet. 48, 1279–1283.

16. Delaneau, O., Zagury, J.F., and Marchini, J. (2013). Improved

whole-chromosome phasing for disease and population ge-

netic studies. Nat. Methods 10, 5–6.

17. Price, A.L., Patterson, N.J., Plenge, R.M., Weinblatt, M.E.,

Shadick, N.A., and Reich, D. (2006). Principal components

analysis corrects for stratification in genome-wide association

studies. Nat. Genet. 38, 904–909.

18. R Development Core Team (2019). R: A language and environ-

ment for statistical computing (Vienna, Austria: R Foundation

for Statistical Computing).
The Am
19. Motyer, A., Vukcevic, D., Dilthey, A., Donnelly, P., McVean,

G., and Leslie, S. (2016). Practical Use of Methods for Imputa-

tion of HLA Alleles from SNP Genotype Data. bioRxiv. https://

doi.org/10.1101/091009.

20. Ward, L.D., and Kellis, M. (2012). HaploReg: a resource for

exploring chromatin states, conservation, and regulatory

motif alterationswithin sets of genetically linked variants. Nu-

cleic Acids Res. 40, D930–D934.

21. Consortium, G.T.; and GTEx Consortium (2015). Human ge-

nomics. The Genotype-Tissue Expression (GTEx) pilot anal-

ysis: multitissue gene regulation in humans. Science 348,

648–660.

22. Jansen, R., Hottenga, J.J., Nivard, M.G., Abdellaoui, A., Laport,

B., de Geus, E.J., Wright, F.A., Penninx, B.W.J.H., and

Boomsma, D.I. (2017). Conditional eQTL analysis reveals

allelic heterogeneity of gene expression. Hum. Mol. Genet.

26, 1444–1451.

23. Westra, H.J., Peters, M.J., Esko, T., Yaghootkar, H., Schurmann,

C., Kettunen, J., Christiansen, M.W., Fairfax, B.P., Schramm,

K., Powell, J.E., et al. (2013). Systematic identification of trans

eQTLs as putative drivers of known disease associations. Nat.

Genet. 45, 1238–1243.

24. Boyle, A.P., Hong, E.L., Hariharan, M., Cheng, Y., Schaub,

M.A., Kasowski, M., Karczewski, K.J., Park, J., Hitz, B.C.,

Weng, S., et al. (2012). Annotation of functional variation in

personal genomes using RegulomeDB. Genome Res. 22,

1790–1797.

25. Schofield, E.C., Carver, T., Achuthan, P., Freire-Pritchett, P.,

Spivakov, M., Todd, J.A., and Burren, O.S. (2016). CHiCP: a

web-based tool for the integrative and interactive visualiza-

tion of promoter capture Hi-C datasets. Bioinformatics 32,

2511–2513.

26. Dozmorov, M.G., Cara, L.R., Giles, C.B., and Wren, J.D.

(2016). GenomeRunner web server: regulatory similarity and

differences define the functional impact of SNP sets. Bioinfor-

matics 32, 2256–2263.

27. Kundaje, A., Meuleman,W., Ernst, J., Bilenky, M., Yen, A., Her-

avi-Moussavi, A., Kheradpour, P., Zhang, Z., Wang, J., Ziller,

M.J., et al.; Roadmap Epigenomics Consortium (2015). Inte-

grative analysis of 111 reference human epigenomes. Nature

518, 317–330.

28. Consortium, E.P.; and ENCODE Project Consortium (2012).

An integrated encyclopedia of DNA elements in the human

genome. Nature 489, 57–74.

29. Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A.H.,

Tanaseichuk, O., Benner, C., and Chanda, S.K. (2019). Meta-

scape provides a biologist-oriented resource for the analysis

of systems-level datasets. Nat. Commun. 10, 1523.

30. Hughes, T., Adler, A., Merrill, J.T., Kelly, J.A., Kaufman, K.M.,

Williams, A., Langefeld, C.D., Gilkeson, G.S., Sanchez, E., Mar-

tin, J., et al.; BIOLUPUS Network (2012). Analysis of

autosomal genes reveals gene-sex interactions and higher to-

tal genetic risk in men with systemic lupus erythematosus.

Ann. Rheum. Dis. 71, 694–699.

31. Canela-Xandri, O., Rawlik, K., and Tenesa, A. (2018). An atlas of

genetic associations inUKBiobank. Nat. Genet. 50, 1593–1599.

32. Bycroft, C., Freeman, C., Petkova, D., Band, G., Elliott, L.T.,

Sharp, K., Motyer, A., Vukcevic, D., Delaneau, O., O’Connell,

J., et al. (2018). The UK Biobank resource with deep phenotyp-

ing and genomic data. Nature 562, 203–209.

33. Burren, O.S., Reales, G., Wong, L., Bowes, J., Lee, J.C., Barton,

A., Lyons, P.A., Smith, K.G.C., Thomson, W., Kirk, P.D.W.,
erican Journal of Human Genetics 108, 84–99, January 7, 2021 97

http://refhub.elsevier.com/S0002-9297(20)30411-0/sref4
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref4
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref5
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref5
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref5
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref16
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref16
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref16
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref17
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref17
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref17
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref17
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref18
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref18
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref18
https://doi.org/10.1101/091009
https://doi.org/10.1101/091009
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref28
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref28
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref28
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref31
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref31
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref32
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref32
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref32
http://refhub.elsevier.com/S0002-9297(20)30411-0/sref32


et al. (2020). Informed dimension reduction of clinically-

related genome-wide association summary data characterises

cross-trait axes of genetic risk. bioRxiv. https://doi.org/10.

1101/2020.01.14.905869.

34. Roselli, C., Chaffin,M.D.,Weng, L.C., Aeschbacher, S., Ahlberg,

G., Albert, C.M., Almgren, P., Alonso, A., Anderson, C.D., Ara-

gam, K.G., et al. (2018). Multi-ethnic genome-wide association

study for atrial fibrillation. Nat. Genet. 50, 1225–1233.

35. Stitziel, N.O., Stirrups, K.E., Masca, N.G., Erdmann, J., Ferrario,

P.G., König, I.R., Weeke, P.E., Webb, T.R., Auer, P.L., Schick,

U.M., et al.; Myocardial Infarction Genetics and CARDIo-

GRAM Exome Consortia Investigators (2016). Coding Varia-

tion in ANGPTL4, LPL, and SVEP1 and the Risk of Coronary

Disease. N. Engl. J. Med. 374, 1134–1144.

36. van der Harst, P., and Verweij, N. (2018). Identification of 64

Novel Genetic Loci Provides an Expanded View on the Ge-

netic Architecture of Coronary Artery Disease. Circ. Res. 122,

433–443.

37. Kichaev, G., Bhatia, G., Loh, P.R., Gazal, S., Burch, K., Freund,

M.K., Schoech, A., Pasaniuc, B., and Price, A.L. (2019).

Leveraging Polygenic Functional Enrichment to Improve

GWAS Power. Am. J. Hum. Genet. 104, 65–75.

38. Jonker, C.T.H., Galmes, R., Veenendaal, T., Ten Brink, C., van

der Welle, R.E.N., Liv, N., de Rooij, J., Peden, A.A., van der

Sluijs, P., Margadant, C., and Klumperman, J. (2018). Vps3

and Vps8 control integrin trafficking from early to recycling

endosomes and regulate integrin-dependent functions. Nat.

Commun. 9, 792.

39. Banerjee, S., Biehl, A., Gadina, M., Hasni, S., and Schwartz,

D.M. (2017). JAK-STAT Signaling as a Target for Inflammatory

and Autoimmune Diseases: Current and Future Prospects.

Drugs 77, 521–546.

40. Stahl, E.A., Raychaudhuri, S., Remmers, E.F., Xie, G., Eyre, S.,

Thomson, B.P., Li, Y., Kurreeman, F.A., Zhernakova, A., Hinks,

A., et al.; BIRAC Consortium; and YEAR Consortium (2010).

Genome-wide association study meta-analysis identifies

seven new rheumatoid arthritis risk loci. Nat. Genet. 42,

508–514.

41. Ellinghaus, D., Ellinghaus, E., Nair, R.P., Stuart, P.E., Esko, T.,

Metspalu, A., Debrus, S., Raelson, J.V., Tejasvi, T., Belouchi,

M., et al. (2012). Combined analysis of genome-wide associa-

tion studies for Crohn disease and psoriasis identifies seven

shared susceptibility loci. Am. J. Hum. Genet. 90, 636–647.

42. Ortiz-Fernández, L., Carmona, F.D., López-Mejı́as, R., Gonzá-

lez-Escribano, M.F., Lyons, P.A., Morgan, A.W., Sawalha,

A.H., Merkel, P.A., Smith, K.G.C., González-Gay, M.A., Martı́n,
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Figure S1. Principal component (PC) analysis illustrating PC1 and PC2 in each individual population: 
Turkish (a), Northern European descendant (b), Han Chinese (c), South Asian (d) and Italian (e). Cases and 
controls are shown as grey squares and black circles, respectively.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Manhattan plot representation of the GWAS results of each individual population: Turkish (a), 

Northern European descendant (b), Han Chinese (c), South Asian (d) and Italian (e). The -log10 p value for each 

genetic variant analyzed are plotted against their physical chromosomal position. The red and blue lines 

represent the genome-wide level of significance (p value 5 x 10-8) and the suggestive level of significance (p 

value 5x 10-5), respectively. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Quantile–quantile plots for the p values of each individual population: Turkish (a), Northern 
European descendant (b), Han Chinese (c), South Asian (d) and Italian (e). The x-axis indicates the expected 
distribution of - log10 (p values) and the y-axis indicates the observed distribution of -log10 (p values). Genomic 
inflation of the observed distribution is indicated by λ.  



 



 



 



  

Figure S4. Manhattan-regional plots of the 7 GWAS-associated loci showing the results of the logistic 
regression analysis in each population. The -log10 p value for the genetic variants analyzed are plotted 

against their physical chromosomal position. Color represents the linkage disequilibrium (LD) with the index SNP 

(the most significant variant within each genomic region). The index variant and the ones in complete LD (r2 =1) 

are represented by a blue diamond. The rest of the variants are colored according to the following code: White: 

r2<0.4; Yellow: 0.4≤ r2<0.6; Orange: 0.6≤ r2<0.8; Red: r2≥0.8.  

 

 

 



 

Figure S5.  Circular view of the chromatic interaction between the most significant variants within IL12B 
(a) and PTK2B (b) and genes promoter in GM12878 cells obtained from Capture Hi-C plotter webtool. The 

color of the lines represents the confidence for the interactions with a range from blue to red. Grey represents 

those interactions that are below statistical threshold. Genes which have been also described as eQTLs are 

highlighted.  

 

 

 

 

 

 



 

Figure S6. Hierarchical clustering of Takayasu arteritis with other immune-mediated diseases GWAS 
and self-reported disease traits in UK Biobank considered significantly different from control, shows 
that Takayasu arteritis clusters with inflammatory bowel disease and ankylosing spondylitis. Colored 

labels are used to distinguish, our Takayasu arteritis data (red), UKBB (grey) and other GWAS (green) 

datasets. Roman numerals indicate clusters. Heatmaps indicate delta values for each disease on each 

component PC1-PC13, with grey indicating 0 (no difference from control), and darker shades of blue or 

magenta showing departure from controls in one direction or the other. An overlaid * indicates delta was 

significantly non-zero (FDR < 0.01). Abbreviations: PsA, Psoriatic arthritis; EGPA, Eosinophilic granulomatosis 

with polyangiitis; ANCA,  anti-neutrophil cytoplasmic antibody negative; MPO+, myeloperoxidase positive; Ank. 

Spond, ankylosing spondylitis; JIA, juvenile idiopathic arthritis; PO, persistent oligo; EO, extended oligo; RF+/-, 

rheumatoid factor positive/negative; NMO IgGPos, neuromyelitis optica IgG positive. 

 



 

 

Figure S7. The Mahalanobis distances between Takayasu arteritis and 846 disease traits in FinnGen 
and 467 ICD codes in UK Biobank. Bars are shaded to highlight traits that were significantly different from 

control in the lower dimensional representation and are predominantly from the immune-mediated disease 

subsets of these broad collections of disease traits. The significant traits with the shortest distance to Takayasu 

arteritis are labelled by their trait name.  K11_CROHN, K11_IBD, K11_ULCER and K11_ENERCOLNONINF 

represent, respectively, Crohn’s disease, inflammatory bowel disease, ulcerative colitis and "Noninfective 

enteritis and colitis".   
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