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BACKGROUND: Hypertension imposes substantial health and economic burden worldwide. Primary aldosteronism (PA) is one of
the most common causes of secondary hypertension, causing cardiovascular events at higher risk compared with essential
hypertension. However, the germline genetic contribution to the susceptibility of PA has not been well elucidated.

METHOD: We conducted a genome-wide association analysis of PA in the Japanese population and a cross-ancestry
meta-analysis combined with UK Biobank and FinnGen cohorts (816 PA cases and 425239 controls) to identify
genetic variants that contribute to PA susceptibility. We also performed a comparative analysis for the risk of 42
previously established blood pressure—associated variants between PA and hypertension with the adjustment of
blood pressure.

RESULTS: In the Japanese genome-wide association study, we identified 10 loci that presented suggestive evidence for the
association with the PA risk (F<1.0x1079). In the meta-analysis, we identified 5 genome-wide significant loci (1p13, 7p15,
11p15, 12924, and 13q12; A<5.0x1078), including 3 of the suggested loci in the Japanese genome-wide association
study. The strongest association was observed at rs3790604 (1p13), an intronic variant of WNT2B (odds ratio, 1.50 [95%
Cl, 1.33—1.69]; P=5.2x10"""). We further identified 1 nearly genome-wide significant locus (8924, CYP11B2), which
presented a significant association in the gene-based test (P=7.2x107"). Of interest, all of these loci were known to be
associated with blood pressure in previous studies, presumably because of the prevalence of PA among individuals with
hypertension. This assumption was supported by the observation that they had a significantly higher risk effect on PA than
on hypertension. We also revealed that 66.7% of the previously established blood pressure—associated variants had a
higher risk effect for PA than for hypertension.

CONCLUSIONS: This study demonstrates the genome-wide evidence for a genetic predisposition to PA susceptibility in the
cross-ancestry cohorts and its significant contribution to the genetic background of hypertension. The strongest association
with the WINTZ2B variants reinforces the implication of the Wnt/3-catenin pathway in the PA pathogenesis.
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Clinical Perspective

What Is New?

* We revealed the evidence for a genetic predis-
position to the risk of primary aldosteronism (PA)
through the cross-ancestry genome-wide asso-
ciation study for PA, distinct from other causes of
hypertension.

e Comparative analysis for the risk effects between
PA and hypertension suggested that some of the
previously established blood pressure—associated
loci might also be derived from their primary effect
on the PA risk.

What Are the Clinical Implications?

* The elucidation of genetic loci associated with the
risk of PA enhances our understanding of the patho-
genesis of PA, which will lead to the development
of novel treatment approaches and early detection
methods.

* The strongest association of the WNTZ2B locus rein-
forces previous hypotheses for the implication of the
Wt/B-catenin pathway in the pathogenesis of PA.

* Future studies scrutinizing genetic risks stratified by
the subtypes of PA or somatic mutations in APA will
contribute to further delineating the genetic basis
behind the pathogenesis of PA.

Nonstandard Abbreviations and Acronyms

APA aldosterone-producing adenoma
BAH bilateral adrenal hyperplasia
BBJ BioBank Japan

BP blood pressure

GWAS genome-wide association study
MAF minor allele frequency

OR odds ratio

PA primary aldosteronism

Qc quality control

RNA-seq RNA-sequencing

UKB UK Biobank

ypertension affected ~1.28 billion adults ages
H 30 to 79 years in 2019, imposing a substan-

tial health and economic burden worldwide.
Primary aldosteronism (PA), characterized by inappro-
priately elevated aldosterone concentrations despite
suppressed renin activity, is one of the major causes
of secondary hypertension. Approximately 5% to 10%
of all patients with hypertension and 15% to 20% of
patients with resistant hypertension are estimated to
have PA.23 Traditionally, PA has been categorized into
2 main forms: (1) unilateral PA caused by aldosterone-
producing adenoma (APA) and (2) bilateral adrenal
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hyperplasia (BAH), also known as idiopathic hyperal-
dosteronism. Previous studies have shown the higher
cardiovascular risk among patients with PA, either APA
or BAH, compared with those with essential hyperten-
sion.* Moreover, elevated aldosterone concentrations
impose cardiovascular burden beyond increasing
blood pressure (BP).° Therefore, it is imperative to
further delineate the pathogenesis of PA, leading to
the development of early detection methods and novel
treatment approaches.

During the past decade, the advent of next-generation
sequencing has led to the discovery of somatic muta-
tions of several genes in APA, such as KCNJ5, ATP1AT,
ATP2B3, CACNA1D, CACNATH, CLCN2, and CTNNB1.°
In particular, the KCNJ5 mutation is the most frequently
detected in Asians and Europeans, which encodes potas-
sium inwardly rectifying channel. Moreover, patients with
KCNJ5-mutated APAs are likely to present a clinically pro-
nounced phenotype of PA with increased adverse health
outcomes.”™ On the other hand, the role of germline genetic
variants in the pathogenesis of PA remains elusive. Famil-
ial forms of PA have been recognized as represented by
familial hyperaldosteronism type |, which is caused by an
abnormal crossing over CYP11B1 and CYP11B2° How-
ever, the association of germline genetic variants with the
pathogenesis of sporadic PA, which constitutes the major-
ity of PA cases, have not been well elucidated. Previous
attempts have mainly focused on candidate gene asso-
ciation analyses.'® A previous genome-wide association
study (GWAS) of APA in Swedish individuals identified
only 1 suggestive susceptible locus in X-chromosome.'
Furthermore, relationships to the genetics of hypertension
have not been well explained.

To elucidate the genetic risk of PA, we performed a
GWAS of PA for a Japanese cohort, in which PA was
strictly diagnosed in this study. In addition, by using 2
publicly available European biobanks with health regis-
tries, UK Biobank (UKB) and FinnGen, we conducted
a cross-ancestry meta-analysis (816 PA cases versus
4959239 controls).

METHODS

To minimize the possibility of unintentionally sharing informa-
tion that can be used to reidentify private information, a subset
of the data generated for this study is available. The data for
controls of the Japanese cohort are deposited at the National
Bioscience Database Center Human Database (research ID:
hum0311). The UKB data are available at https://www.ukbio-
bank.ac.uk/. The GWAS summary statistics of FinnGen release
5 is available at https://www.finngen.fi/fi.

Japanese Cohort

Data on patients with PA were collected from Hiroshima
University Hospital. PA was defined on the basis of the Japan
Endocrine Society guidelines for the diagnosis and treat-
ment of PA. Briefly, after screening of plasma aldosterone
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concentrations (>12 ng/dL) or the aldosterone to renin ratio
(>20), PA was diagnosed when patients were positive for 2 of
the 3 confirmatory tests (e, the captopril challenge test, furo-
semide upright test, and saline infusion test) according to the
clinical guidelines of the Japan Endocrine Society.'? We iden-
tified the location of the tumor by computed tomography or
magnetic resonance imaging. Adrenal venous sampling was
conducted to identify the laterality of aldosterone secretion in
all patients with PA. Familial hyperaldosteronism types | to IV
and adrenocortical carcinoma were excluded from this study.
The presence of CYP11B2 by immunohistochemistry was con-
firmed in all APA tissues. Genomic DNA was extracted from
peripheral blood using the QlAamp DNA Blood Mini QlAcube
Kit (Qiagen, Hilden, Germany).

We used individuals enrolled in the BioBank Japan (BBJ)
for controls for the PA GWAS and cases and controls for the
association test for hypertension. The BBJ is a multi-institu-
tional hospital-based registry composed of DNA, serum, and
clinical information of Japanese ancestry with a diagnosis of
at least 1 of 47 diseases.'® We included the BBJ individuals
who are genotyped and processed using the same manner as
individuals with PA.

For the PA GWAS, we used individuals with no history of
hypertension as the controls to increase the statistical power
considering the nonnegligible prevalence of PA among indi-
viduals with hypertension.?® The history of hypertension was
defined as having a diagnosis record of essential hypertension,
a history of antihypertensive medication or systolic BP >140
mmHg or diastolic BP >90 mmHg. For the association test
for hypertension, we used the same controls as those for the
PA GWAS. The consistency in association analysis controls
between PA and hypertension also helps directly use the anal-
ysis results for the estimation of genetic correlation and the
comparison of risk effects between PA and hypertension. After
the quality control (QC) we subsequently describe, we included
392 PA cases (positive for captopril challenge test, furosemide
upright test, and saline infusion test were observed among 308
of 380 [81.1%)], 320 of 355 [90.1%], and 278 of 366 [76.0%)]
patients, respectively), 34 375 hypertension cases, and 33802
controls in this study.

All Japanese individuals provided written informed consent,
as approved by the institutional review board of each institution.
This study was approved by the ethical committee of Hiroshima
University and Osaka University Graduate School of Medicine.

Genotyping, QC, and Whole-Genome

Imputation in the Japanese Cohort
We genotyped the Japanese patients with PA and BBJ cohort
using Infinium Asian Screening Array (lllumina, San Diego, CA).
We included only the individuals estimated as belonging to the
Japan Honshu cluster on the basis of principal components.'*
We performed genome-wide genotype imputation to esti-
mate untyped variants computationally. We used the combined
reference panel of 1000 Genomes (1KG) Project Phase 3
version 5 genotype (n=2504) and Japanese whole-genome
sequencing data (n=1037)'%'® as a haplotype reference for
genotype imputation. Variants imputed with R-squared >0.7
and a minor allele frequency (MAF) >0.56% were used for sub-
sequent analyses. More detailed procedures for genotyping,
QC, and whole genome imputation are provided in Method S1.
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UK Biobank

The UKB is composed of health-related information from
~500000 individuals aged between 40 and 69 years recruited
from across the United Kingdom from 2006 to 2010.'® The
patient registration process and GWAS data are described else-
where.'® Briefly, we used the genomic data based on genotyp-
ing either by the Applied Biosystems UK BILEVE Axiom Array
or by the Applied Biosystems UK Biobank Axiom Array and
imputation using a combination of the Haplotype Reference
Consortium, UK10K, and 1KG Phase 3 reference panels.!”
Variants imputed with Rsq >0.7 and a MAF >0.5% were used
for the analysis. We included only individuals of British ancestry
who passed QC (Method S2).

The definition of cases for PA was based on the International
Classification of Diseases, Tenth Revision code of E26.0 (pri-
mary hyperaldosteronism). The cases for hypertension and
controls were defined similarly to those in the Japanese cohort
(Method S2). Eventually, we included 84 PA cases, 195922
hypertension cases, and 180314 controls in this study.

FinnGen

FinnGen is a large public-private genome research project that
collects and analyses genome and health data from Finnish
biobanks and digital health record data from Finnish health
registries, with its original phenotype definition (mainly using
International Classification of Diseases and Anatomical Chemical
Therapeutic classification codes).”® We used the GWAS sum-
mary statistics of E4_HYPERALDO (based on International
Classification of Diseases, Tenth Revision code of E26) for PA
(340 PA cases and 211123 controls) and I9_HYPERTENS
(based on International Classification of Diseases, Tenth Revision
code of 110-13, 15,1674) for hypertension (55917 hypertension
cases and 162837 controls) of FinnGen release b, for which
association tests were conducted using SAIGE. Because of the
inaccessibility of the individual data, individuals with hyperten-
sion were not excluded from the control group in the PA GWAS.

GWAS and Meta-Analysis

We conducted GWAS based on a generalized mixed model of
the imputed dosages of each of the variants on case-control
status using SAIGE software version 0.44.5."° SAIGE can
control for case-control imbalance that can cause biased esti-
mation of associations. We included age, sex, and the top 10
principal components as covariates in the regression model.
For the UKB cohort, we also included the assessment center
and genotyping batch as covariates.

We conducted meta-analysis of the GWAS results of the
Japanese cohort, UKB, and FinnGen. We only included biallelic
variants with MAF >0.005 that were available for all 3 cohorts.
The association results for each variant across the studies were
combined in a fixed effects inverse variance weighted method
using METAL software.?® Heterogeneity in the associations of
each variant was assessed using Cochran’s Q statistics and
index.2' The genome-wide significance threshold was set at the
level of P=b.0x 1078, We assessed the inflation of test statistics
based on the genomic control factor A

To test for secondary independent signals in each
genome-wide significant region, conditional analysis on its
lead variant in the meta-analysis was performed for each
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cohort, and then the results were meta-analyzed under a
fixed effects model. For the FinnGen data, we performed
conditional and joint analysis?? using 1KG Phase 3 data as
a reference. Variants with P<1.0x10~* were considered as
independent of the lead variant.

In addition, we performed an analysis to evaluate the risk
of PA with hypertension as a control (ie, case-case associa-
tion analysis between PA and hypertension) for the identified
PA risk-associated variants using SAIGE. In this analysis, we
adjusted for BP to minimize the potential bias caused by reverse
causality: ie, patients with elevated BP are more likely to be
diagnosed as PA although elevated BP is generally introduced
by hyperaldosteronism. We included systolic and diastolic BPs
and a history of antihypertensive medication (binarized) in the
model as covariates.

Gene-Based Analysis

Gene-based association analysis was performed using Multi-
Marker Analysis of GenoMic Annotation®® implemented in
FUMA (https://fuma.ctglab.nl/) with its default setting. The
analysis was performed for each population separately, and the
results were meta-analyzed (Method S3).* The significance
threshold was based on the Bonferroni correction for the num-
ber of genes tested (P=0.05/19364=2.6x107). MAGMA
gene-set enrichment analysis for tissue expression was also
performed using tissue expression profiles based on the GTEx
V8 RNA-sequencing (RNA-seq) data.®

Functional Evaluation of Risk-Associated Loci
on the Basis of the GTEx Data

We searched for expression and splicing quantitative trait loci
(eQTL and sQTL) effects of the lead variant (or a proxy variant
when the lead variant was unavailable) of each risk-associated
locus using the genotype-tissue expression (GTEx) Portal V8
(https://gtexportal.org/home/).?> When significant effects in
the adrenal gland were identified, the colocalization between PA
association signals and the molecular quantitative trait loci (QTL)
effects was also evaluated using Coloc,2° with a prior probability of
colocalization of 107° (a default value). Because of the insufficient
sample size for non-European GTEx data, colocalization analysis
was performed only for the European GWAS meta-analysis.

RNA-Seq and Molecular QTL Analysis in the

Tissue of APA

Among the APA individuals included in this study, we reanalyzed
RNA-seq data of the APA tissues obtained at adrenalectomy
that were used in our previous study (n=19).2” The procedure
for RNA extraction was previously described.?®

For the alignment and quantification of transcripts, we
followed the pipeline provided by the GTEx project (https://
github.com/broadinstitute/gtex-pipeline)®®  with ~ minimal
changes. Remapping of reads based on the variant informa-
tion was applied to the CYPT11B1 and CYP11B2 regions to
deal with the sequence homology. More detailed procedures for
RNA-seq mapping and quantification of gene expression and
splicing events are provided in Method S4.

For cis-eQTL and sQTL analysis, associations were evalu-
ated using fastQTL v2.0,° based on the additive effect model
of the imputed dosage of each variant on the gene expression
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and splicing event, respectively. We included only age and sex as
covariates because of the limited sample size. Variant-gene pairs
located within 500 kb of the lead variant of each risk-associated
locus were analyzed. Significance thresholds were Bonferroni cor-
rected on the basis of the number of tests (P=0.05/85=b59x10~*
and 0.05/129=39x10 for cis-eQTL and sQTL, respectively).

Estimation of Genetic Correlation Between PA

and Hypertension

We performed cross-trait linkage disequilibrium score regres-
sion to assess the genetic correlation between PA and hyper-
tension.®® We performed QC for the GWAS summary statistics
before the analyses and merged with common HapMap3 single
nucleotide polymorphisms excluding the major histocompat-
ibility complex region according to general practice for linkage
disequilibrium score regression.?® This analysis was not applied
to the UKB and FinnGen cohorts because the estimated heri-
tability of PA was converged to negative values or around zero
with high SEs even after the meta-analysis of both cohorts,
probably because of the insufficient sample sizes.

Evaluation of the Effects of BP-Associated

Variants on the Risk of PA and Hypertension

We investigated the genetic risks of variants reported to be
associated with BP for PA and hypertension risk. We selected
the lead variants associated with BP from the previous inde-
pendent GWAS results for the Japanese®' to avoid a potentially
biased selection of variants caused by the overlaps between
the discovery and target samples. We selected variants that
were significantly associated with either systolic or diastolic
BP (<5.0x1078). The variant with the lower P value was
selected when the lead variants for the same locus were dif-
ferent between systolic and diastolic BP. We only included vari-
ants with MAF >0.005. We obtained 43 loci and lead variants.
We excluded only 1 variant that did not even have available
proxy variants (7 of linkage disequilibrium coefficient >0.5)
from this analysis. Last, we investigated 42 variants (Excel File
S1). The odds ratios (ORs) for hypertension were determined
in the same process as the PA GWAS using SAIGE. To esti-
mate the expected proportion of variants having higher ORs for
independent traits than for hypertension in the same sample
size as the PA GWAS, we performed 1,000 times simulations
evaluating the OR of each variant for randomly assigned traits
(ie, case-control status was randomly shuffled). In addition, we
performed case-case association tests between PA and hyper-
tension including the BP traits as covariates. This analysis was
applied only to the Japanese cohort because of the availability
of a sufficient number of individual genotype data.

RESULTS

GWAS of PA in the Japanese Cohort

For the Japanese cohort, we performed GWAS for 392
PA cases and 33802 controls who passed the stringent
QC. The demographic characteristics are provided in
Table 1. We targeted 8 105052 autosomal and 223 809
X-chromosome variants that satisfied stringent post-
imputation QC: MAF >0.5% and R-squared >0.7. The
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Table 1. Demographic Characteristics of the Study
Participants

Sample | Age Female
Cohort Phenotype size (mean £ SD) | (%)
Japanese | Case PA 392 52,7+ 11.8 48.2
APA 145 51.1 £12.1 34.5
BAH 247 53.6+t115 56.3

Hypertension | 33561 688+11.0 | 39.0

Control 33802 61.7 £ 14.7 52.7
UK Bio- | Case PA 84 58.7 £ 6.9 45.2
bank Hypertension | 195922 | 59.3+8.0 | 48.2
Control 180314 | 54.4£8.0 59.7
FinnGen | Case PA 340 NA NA
Hypertension | 55917 NA NA
Control | For PA 211123 | NA NA
For Hyperten- | 162837 | NA NA

sion

APA indicates aldosterone-producing adenoma; BAH, bilateral adrenal hy-
perplasia; NA, not applicable; and PA, primary aldosteronism.

principal components were uniformly distributed across
the cases and controls (Figure S1B).

In the GWAS, we identified 1 variant (rs9354826) that
was significantly associated with the risk of PA at 6q12,
which is in the intronic region of ADGRB3 (OR, 1.53
[95% ClI, 1.32—1.79]; P=3.8x107%, risk allele frequency,
0.55; Figure 1A; Figure S2). In addition, 9 loci presented
suggestive evidence for the associations (R<1.0x1075;
Figure 1A; Table S1).

Cross-Ancestry GWAS Meta-Analysis of PA

We conducted a cross-ancestry meta-analysis combin-
ing the Japanese, UKB, and FinnGen GWASs (816 PA
cases versus 425 239 controls) for 5378 110 autosomal
and 129917 X-chromosome variants using the inverse
variance weighted method. The quantile-quantile plot of
observed versus expected P values for variants showed
small inflation of the test statistic (XGC=1 .04 in the meta-
analysis; Figure S3).

In the cross-ancestry meta-analysis, we identified
genome-wide significant association signals at 5 loci
(1p13, 7p15, 11p15, 12924, and 13q12), for which the
genes nearest to the lead variants were WNT2B, HOT-
TIP, LSP1, TBX3, and RXFP2, respectively (F<5.0x1078;
Figures 1B and 2; Table 2; Figure S4). Of the 5 loci, 3
were among those with suggestive associations in the
Japanese GWAS (1p13, 7p15, and 12q24). There was
no apparent heterogeneity in effects of these loci among
studies (£, >0.33 and F<11). The strongest associa-
tion was observed at rs3790604 (OR, 1.50 [95% ClI,
1.33—1.69]; P=5.2x107""; risk allele frequency, 0.28,
0.071, and 0.17 in the Japanese, UKB, and FinnGen
cohorts, respectively), which maps to the intronic region
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of WNT2B locus (1p13). In addition, there were nearly
genome-wide significant association signals in 8q24 for
which the gene nearest to the lead variant was GML, which
overlaps with CYP11B1 and CYP11B2 in the genomic
position (P=8.8x107%; Figures 1B and 2; Table 2; Fig-
ure S4). We performed a conditional analysis on the lead
variant at each locus; however, no additional independent
association signals were found (P>1.0x107* Figure Sb).
All the lead variants were located in noncoding regions
(Figure S4), and coding variants tagged with them were
shown in Table S2. Although there was no apparent inter-
cohort heterogeneity in the effects of the lead variants
in the meta-analysis (F, >0.33 and F<11), the cohort-
specific lead variants were different (Figure S4; Table
S3).In particular, the FinnGen-specific lead variant for the
RFXPZ2 locus, rs1671966, was genome-wide significant
in itself (P=4.6x1078). The association of rs9354826
(6912), which was observed in the Japanese GWAS, was
not replicated in the UKB and FinnGen cohorts (P>0.05).

To complement the single marker-based GWAS, we
also performed a gene-based association test using
MAGMA, which integrated associations of coding and
noncoding variants located within each gene.?® Among
19364 genes, we confirmed significant gene-based
associations for WNT2B/ST7L and LSP1,for which single
marker-based associations were identified (F<2.6x10°¢;
Figure S6; Table S4). In addition, we identified significant
associations for the genes CYP11B2/GML (P=72x107"
and 5.3x 107, respectively). In MAGMA gene-set enrich-
ment analysis for tissue expression, the strongest enrich-
ment was identified in the adrenal gland in the Japanese
GWAS (P=0.016; Figure S7).

All these risk-associated loci identified in the meta-
analysis were reported to be associated with elevated BP
in previous large-scale GWASs.3'"3 This finding is reason-
able, given the potential prevalence of PA among hyper-
tensive individuals.?® In general, common BP-associated
loci based on different mechanisms from PA (eg, essen-
tial hypertension or other secondary hypertension) should
basically not be associated with PA status. Nevertheless,
these PA risk-associated loci had higher risk effects for
PA than for hypertension (Figure S8; Table Sb). In addi-
tion, to demonstrate the robustness of our findings, we
performed a case-case association analysis between PA
and hypertension for these variants with the adjustment
for BR. We applied this analysis only to the Japanese and
UKB cohorts, in which individual genotype and BP infor-
mation was available, and meta-analyzed their results.
All the variants presented significant positive effects on
PA against hypertension in the meta-analysis (F<0.01;
Table S6). In addition, we evaluated how the exclusion of
hypertensive individuals from the control groups, which
was performed for the Japanese and UKB cohorts in the
main analysis, had an effect on the association of PA risk
variants. When the individuals with hypertension were
not excluded, the effect sizes weakened, but the effect
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Figure 1. Manhattan plot for the genome-wide association analysis of primary aldosteronism.

Manhattan plots showing —log, (P value) of the genome-wide association study of primary aldosteronism (PA) in the Japanese cohort (A)
and meta-analysis (B). The red horizontal line indicates the genome-wide significance threshold (P=5.0x107%). We also display a suggestive
significance threshold (P=1.0x107) as the blue horizontal line in the Japanese genome-wide association study.

directions remained in each cohort, and 4 of the b vari-
ants still showed a genome-wide significant association
in the meta-analysis (Table S7).

Stratified Analysis Reveals Distinctive Genetic
Features for Each Subtype of PA

We performed stratified GWAS separately for the APA
(n=145) and BAH cases (n=247) in the Japanese cohort
to investigate whether these subtypes differ in genetic
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background. In the GWAS of BAH, we identified one lo-
cus significantly associated with the risk with a lead vari-
ant rs78785501 (2q14), located in the intronic region
of DPP10 (OR=3.35, 95% CI=2.21-5.08, P=1.2x 1078,
risk allele frequency, 0.069; Figures S9 through S11;
Table S8). This variant was not associated with the risk of
APA (P=0.35; Figures S9 and S11). We could not inves-
tigate its association with PA in the European cohorts be-
cause of its rarity (MAF<0.005). No significant subtype
differences in the risk effects of the PA risk-associated
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Figure 2. Forest plots showing the odds ratios of lead variants for genome-wide and nearly genome-wide association loci for

PA risk in each cohort.

Forest plots for the odds ratios (ORs) of rs3790604 (A), rs2023843 (B), rs145725189 (C), rs4980379 (D), rs35486 (E), and rs35442752

(F) on the risk of primary aldosteronism (PA). Each forest plot shows the estimated ORs and 95% Cls from the cohort-specific genome-wide
association study results. The variant name, chromosome position, and risk alleles and nonrisk alleles are shown above each plot. The size of the
square representing the OR is proportional to the effective sample size of each cohort. RAF indicates risk allele frequency; and UKB, UK Biobank.

variants identified in this study were detected in case-
case association tests (P>0.05; Figure S11; Table S8). A
previous GWAS of APA in Swedish individuals reported
a suggestive locus in the X-chromosome with the lead
single nucleotide polymorphism rs2224095;'" however,
neither this Japanese GWAS stratified for APA nor the
GWAS meta-analysis of PA could not replicate its asso-
ciations (P>0.05; Table S9).

Functional Evaluation of PA Risk-Associated
Variants Based on Molecular QTL Analyses

We explored the effects of the PA risk-associated
variants by evaluating eQTL and sQTL effects us-
ing the GTEx Portal V8 (Table S10). The risk allele at
rs35442752 (13q12) was significantly associated with
increased expression of RXFP2 in the adrenal gland
(P=2.9%x107"%). rs145725189 (8g24) had significant
sQTL effects for CYP11B1 and CYP11B2in the adrenal

Circulation. 2023;147:1097-1109. DOI: 10.1161/CIRCULATIONAHA.122.062349

gland (P=b5.3x10"*" and 4.0x107%, respectively). A
proxy single nucleotide polymorphism for rs4980379
(rs686729) also had a sQTL effect for LSP7 in the ad-
renal gland (P=1.8x107%). The colocalization analysis
revealed that the PA association signals strongly colocal-
ized with the RXFP2 eQTL effects (posterior probability,
87.9%; Figure S12).

In addition, we performed cis-eQTL and sQTL analy-
sis for each lead variant using RNA-seq data of the
APA tissues obtained at adrenalectomy (n=19).2" The
GTEX results suggested that rs145725189 was asso-
ciated with a splicing event that excises the region
between CYP11B1 exon 2 and CYP11B2 exon 1
(ie, trans-splicing; Figure S13). The same intron exci-
sion was observed in our analysis. However, more
detailed remapping of reads using the variant informa-
tion revealed that this was most likely a result of mis-
mapping caused by the sequence homology between
CYP11B1 and CYP11B2 (Figure S13). On the other
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Table 2. Lead Variants for Genome-Wide Significant Loci Associated With PA Risk in the Cross-Ancestry Meta-Analysis

Chromo- | Position Al- Risk RAF
Variant some (GRCh 37) Band Gene leles | allele | Study Case | Control | OR (95% CI) P value
rs3790604 1 113046879 | 1p13 WNT2B C/A A Japanese 0.37 0.28 1.49 (1.28—1.74) 4.1x1077
UK Biobank 0.10 0.071 1.63 (0.89—2.95) 0.11
FinnGen 0.23 0.17 1.50 (1.22—1.84) 1.1x10™
Meta-analysis 1.50 (1.33—1.69) | 5.2x107"
rs2023843 7 27243221 7p15 HOTTIP (o72) T Japanese 0.66 0.58 1.40 (1.21—1.61) 3.9x10°°
UK Biobank 0.96 0.92 1.66 (0.94—2.92) 0.080
FinnGen 0.93 0.90 1.41 (1.08-1.82) 0.010
Meta-analysis | ... 1.41 (1.25—1.59) 3.1x107®
rs145725189* | 8 143982676 | 8q24 CYP11B1, | TMG- | T Japanese 0.29 0.23 1.42 (1.20—1.69) 5.8x107°
CYPT1B2 | GAA UK Biobank 0.61 0.55 1.29 (0.95—1.76) 0.097
FinnGen 0.55 0.49 1.29 (1.10—1.50) 0.0012
Meta-analysis 1.34 (1.20—1.49) 8.6x107®
rs4980379 11 1888614 11p15 | LSP1 (o72) T Japanese 0.70 0.61 1.41 (1.22—1.63) 4.5%x107°
UK Biobank 0.42 0.36 1.32 (0.96—1.82) 0.085
FinnGen 0.47 0.41 1.32 (1.13—1.54) 4.6x107*
Meta-analysis 1.36 (1.23—1.50) 2.1x107°
rs35486 12 115526562 | 12924 TBX3 G/C G Japanese 0.78 0.69 1.51 (1.29—1.76) 1.2x1077
UK Biobank 0.30 0.25 1.34 (0.94—1.90) 0.11
FinnGen 0.32 0.27 1.27 (1.07—1.50) 0.0059
Meta-analysis | ... 1.39 (1.25—1.55) 2.0x107°
rs35442752 13 32179502 13912 | RXFP2 C/CA | CA Japanese 0.11 0.080 1.41 (1.10-1.82) 0.0074
UK Biobank 0.58 0.51 1.36 (1.00—1.84) 0.049
FinnGen 0.49 0.39 1.45 (1.24—1.69) 3.0x10°°
Meta-analysis 1.42 (1.26—1.61) 1.0x10°®

OR indicates odds ratio; PA, primary aldosteronism; and RAF, risk allele frequency.
*Although rs145725189 did not strictly satisfy the genome-wide significance threshold, it is displayed here because of its significance in the gene-based test and

the biological plausibility of the genes to which it maps.

hand, the CYP11B1 sQTL effect of rs145725189 that
excises CYP11B intron 6 was replicated (P=0.010).
The current analysis could not replicate the other
effects (P>0.05) or identify additional cis-eQTL or
sQTL effects (Padj>0.05; Figure S14).

Significant Genetic Contribution of PA to
Hypertension

We evaluated the shared heritability between PA and
hypertension in the Japanese cohort using linkage dis-
equilibrium score regression.®® We observed a significant
genetic correlation (rg, 0.59, SE, 0.15; P=1.0x107%).
Furthermore, on the basis of the results of the PA
GWAS, we hypothesized that some other variants
known to be associated with BP might also derive from
their primary effects on the risk of PA. Thus, we com-
pared the risk effects of such BP-associated variants
between PA and hypertension. We investigated 42 BP-
associated variants that have been established in pre-
vious independent Japanese GWAS (Excel File S1).5!

1104 April 4, 2023

The directions of its genetic risk effects for hyperten-
sion should be consistent with those of elevated BP.
Expectedly, all but 1 variant presented positive risk
effects on hypertension in our cohort (Figure 3A). On
the other hand, the common BP-associated loci based
on pathways unrelated to PA should basically not be
associated with the PA risk although individuals with
PA have elevated BP. However, 66.7% (28 of 42) of
the BP-associated variants presented higher ORs for
the PA risk than for the hypertension risk (Figure 3A;
Excel File S1). The simulation analysis estimated that
the expected proportion of BP-associated variants
having higher ORs for independent traits than for
hypertension was only 25.6% (95% CI, 12.56—38.6).
In addition, we performed the case-case association
analysis between PA and hypertension with the adjust-
ment of BP to strictly compare the effects of these
variants on the PA and hypertension risk. Of all the vari-
ants, 61.9% (26 of 42) showed a higher effect on PA
than on hypertension, and its proportion increased to
80.0% (8 of 10) when limited to those with nominally

Circulation. 2023;147:1097-1109. DOI: 10.1161/CIRCULATIONAHA.122.062349
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Figure 3. Comparison of the genetic risk of blood pressure-associated variants for primary aldosteronism and hypertension.
A, The plot represents the OR of BP-associated variants for hypertension (horizontal axis) and PA (vertical axis) in the Japanese cohort.

B, The plot represents —log, (P value) of the case-case association analysis between PA and hypertension with the adjustment for BP in
the Japanese cohort. The vertical axis shows —log, (P value), with the higher risk effects on PA and hypertension shown at the above and
below the horizontal axis, respectively. The dots representing individual variants are displayed in the descending order from higher positive
association with PA to higher positive association with hypertension. In both panels, the color of dots corresponds to the legend: risk-
associated loci for PA identified in this GWAS meta-analysis (red), genes in which somatic mutations are reported to be associated with
aldosterone-producing adenoma or aldosterone- and cortisol-cosecreting adrenal tumors (orange), and others (blue). The effect alleles are
based on alleles that are reported to increase BP. BP indicates blood pressure; GWAS, genome-wide association study; HTN, hypertension;

OR, odds ratio; and PA, primary aldosteronism.

significant differences in effects between PA and
hypertension (Figure 3B; Excel File S1).

DISCUSSION

Here we presented the evidence for a genetic predispo-
sition to the risk of PA through the initial cross-ancestry
meta-analysis of GWASs. We identified 5 genome-wide
association loci in the GWAS meta-analysis and 1 nearly
genome-wide significant locus, which presented a sig-
nificant association in the gene-based test. The strongest
association was observed at 1p13, in which WNT2B'is lo-
cated. All the loci identified here have been reported to be
associated with BP®'=% |f a BP-associated variant increas-
es BP through the pathways unrelated to PA, it should have
basically no association with the PA risk, much less a high-
er risk effect on PA than on hypertension. Nevertheless, all
the PA risk-associated loci identified in this study showed
significantly positive effects on PA against hypertension in
the case-case association test between PA and hyperten-
sion even after adjustment for 1-time measurement of BP.
The present case-case association analysis would present
strict and conservative evaluation because around 15%
of individuals with hypertension could have PA2% In addi-
tion, because elevated BP in individuals with PA essen-
tially derives from its specific condition of inappropriately
elevated aldosterone concentrations, the top risk loci in the
GWAS for elevated BP (eg, ALDH2 and ATP2BT) were

Circulation. 2023;147:1097-1109. DOI: 10.1161/CIRCULATIONAHA.122.062349

not preferentially detected in our PA GWAS. Therefore, the
overlap of the PA-risk loci with reported BP-associated loci
is presumed to be a result of the prevalence of PA among
individuals with hypertension, rather increasing the reliabil-
ity of the results of our GWAS.

WNTZ2B, a member of the Wnt protein family, is involved
in organogenesis and tumorigenesis.®* The Wnt/f3-catenin
signaling pathway has been shown to be a key factor in
the development of normal adrenal cortex, more specifi-
cally the zona glomerulosa, and production of aldoste-
rone®® A previous study showed that mouse model of
constitutive (-catenin activation in the adrenal cortex
developed adrenal hyperplasia and hyperaldosteronism.®
In addition, the association of aberrant activation of the
Whnt/pB-catenin pathway with the pathogenesis of APA
has been established, and Wnt/B-catenin signaling was
actually activated in 70% of APAS" Our study presented
the first evidence that genetic variations in WNTZB are
associated with the risk of PA. Given a recent pathologi-
cal study reporting a larger activation of Wnt/3-catenin
signaling among non-KCNJ5 mutant APA compared with
KCNJ5 mutant APA?® future investigations are needed to
assess whether WNTZ2B variants are associated with the
risk of APA across somatic mutations including KCNJ5.

Recently, Le Floch et al published a GWAS of PA in a
European cohort®® They reported the robust association
of 2 loci mapped to RXFP2 (13q12) and CASZ1 (1p36)
and also suggested the association of 2 loci mapped to
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NDP (Xp11) and LSP1 (11p15) in discovery analysis
and meta-analysis, respectively. RXFP2 and LSP1 were
overlapped with the loci identified in this study, which
enhances the reliability of their association with PA.
The lead variants reported in their study were in linkage
disequilibrium but different from those identified in our
study (%,=0.42 and 1%, =0.018 between rs1535532
and rs35442752 for RXFP2, rQEUR=O.'75 and %, =094
between rs2137320 and rs4980389 for LSP1), which
might reflect interpopulation differences in genetic struc-
tures associated with PA. CASZT was one of the previ-
ously established BP-associated loci that had a higher
effect on PA than on hypertension in our study. RXFP2
encodes a G protein—coupled 7-transmembrane recep-
tor for a relaxin family peptide. Le Floch et al revealed that
RXFP2 and CASZ1 expressed in the adrenal gland and
their overexpression in adrenocortical cells could mod-
ify the basal and stimulated mineralocorticoid output.®®
Considering our findings that the PA association signals
strongly colocalized with the RXFP2 eQTL effects in the
adrenal gland, this would support the hypothesis that its
risk variant might have a causative effect on PA through
the overexpression of RXFP2. Although they reported
the stronger association of the RFEXPZ locus with BAH
than with APA, there was no apparent heterogeneity
between the subtypes in our study.

The roles of the other risk-associated loci might be
explained in line with the function or development of
the adrenal gland. CYP11B2 is one of the key enzymes
for steroidogenesis that is responsible for the cataly-
sis of aldosterone synthesis in the zona glomerulosa of
the adrenal cortex.*® The variants in this region might
associate with altered splicing. However, more reliable
sequencing approaches (eg, long-read sequencing)
would be required to determine their functional effects
because of the sequence homology between CYP11B1
and CYP11B2. TBX3 is a transcription factor sharing
a common DNA-binding domain, T-box, and expresses
in the adrenal gland.*' TBX3 acted as a tissue-specific
member of B-catenin transcriptional complex.*> HOTTIP
is presumed to regulate the expression of HOXA genes,
and its dysregulation has been implicated in various
tumors.** HOX genes are expressed in the developing
and adult adrenal glands** and are suggested to promote
cell proliferation in adrenocortical tumors.** DPP10regu-
lates the expression of voltage-gated potassium chan-
nels by binding them, and its expression was reported in
the adrenal gland as well as neural tissues.*® Although
its functional role might be explained in the context of
potassium channels in the adrenal gland, the reason for
heterogeneity in the risk effects between APA and BAH
remains to be elucidated.

One of the next challenges is to determine how
genetic factors are involved in the pathogenesis of PA.
The lead variants identified in this study were all located
in the noncoding region; however, they might be in

1106 April 4, 2023
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linkage disequilibrium with causative coding variants.
Given the heterogeneity in linkage disequilibrium struc-
ture by ancestry and our results suggesting the inter-
cohort differences in lead variants, multiancestry GWAS
from larger cohorts should be warranted. Particularly,
this study was limited to common and low-frequency
variants, and rare variant analysis using exome or whole
genome sequencing would help to perform fine-mapping
of each PA risk-associated locus and further delineate
the genetic determinants of PA. Furthermore, functional
genomics data would also be helpful in elucidating
the mechanisms by which risk-associated variants are
involved in the pathogenesis of PA through an effect on
the expression or function of genes in the adrenal gland.
Specifically, investigation of cell type—specific molecular
QTL effects using single-cell sequencing will provide fur-
ther insights beyond our current findings obtained from
the GTEx bulk RNA-seq data.

Previous GWASs of BP have suggested the implication
of aldosterone-related biology in the genetics of hyperten-
sion through the enrichment of the regulatory or functional
information of BP-associated loci in the adrenal gland
tissue.334" Here we revealed that some previously estab-
lished BP-associated variants had higher risk effects for
PA than for hypertension. This result would suggest that
part of their associations with BP might derive from their
primary effects on PA risk or related biological mecha-
nisms through the renin-angiotensin-aldosterone system.
It is interesting that some loci in which somatic mutations
are causative of the development of APA, such as CAC-
NATD'® and GNAS* were among this group, indicating
their germline genetic contributions to the pathogenesis of
PA. These findings motivate us to conduct a GWAS with
larger sample sizes as a next step to establish stronger
evidence for the role of these genes in PA, distinct from
other causes of hypertension. We note the possibility that
the 42 BP-associated loci investigated in this study were
more likely to be enriched with the PA-related mechanisms
because loci with a higher effect on BP would be preferen-
tially detected in the previous BP GWAS. This implies that
the current results did not simply indicate that PA explains
more than half of the heritability of BF, and its quantitative
evaluation should be addressed in future studies.

There are several limitations and future advances in
this study. First, the PA risk-associated loci identified in
the current study did not satisfy the genome-wide signifi-
cance threshold in a single cohort, except for the RXFP2
locus. Second, we note the different definitions and
guideline of the phenotypes (including confirmatory tests
for PA) between cohorts, which might introduce biased
estimates in our meta-analysis. In particular, for UKB and
FinnGen, the diagnosis was based on health records from
registries; thus, not all the individuals were screened for
the diagnosis of PA. This might lead to misclassification of
PA cases as controls, potentially reducing the statistical
power of GWAS. In addition, given the heterogeneity in
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the sensitivity and specificity for PA confirmatory tests
reported in previous studies (captopril challenge test,
sensitivity, 70%—100%, specificity, 68%—95%; furo-
semide upright test, undetermined; saline infusion test,
sensitivity, 66%—92%, specificity, 71%—97%),%° we can-
not rule out the possibility of misclassification of PA in
our cohort. Third, because of the inaccessibility of indi-
vidual genotype data from FinnGen, we could not exclude
hypertensive individuals from the control and perform the
PA-hypertension association analysis. The former would
lead to the underestimation of the effects and bias in the
meta-analysis and comparison of effects between PA
and hypertension. Fourth, although APA was confirmed
by adrenal tissue, BAH was generally diagnosed from
computed tomography imaging and the results of adrenal
venous sampling. Thus, some patients labeled as BAH
might have bilateral microAPA or aldosterone-producing
cell clusters, which might introduce misclassification. Fifth,
we had data on PA subtypes only in the Japanese cohort,
which did not allow us to conduct a meta-analysis specific
to APA and BAH, leading to a lack of statistical power
to robustly identify subtype-specific risk-associated vari-
ants. Moreover, given that APAs have different histopath-
ological features and regional frequencies according to
somatic mutations,®' further insights could be obtained by
scrutinizing the genetic risk of APA on the basis of each
somatic mutation. Last, the findings obtained in this study
were based on the retrospective data and should be vali-
dated in prospective cohorts.

In summary, our meta-analysis of GWAS revealed the
genome-wide evidence for a genetic predisposition to
the susceptibility to PA in the cross-ancestry cohorts.
The strongest association with WNTZ2B variants rein-
forces the implication of the Wnt/B-catenin pathway in
the pathogenesis of PA. Given the pathological hetero-
geneity among PA phenotypes, stratified analysis with
larger sample sizes will provide a more detailed descrip-
tion of the genetic features associated with PA.
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