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Abstract

Background: The availability of whole genome sequencing data in large studies has enabled
the assessment of coding and non-coding variants across the allele frequency spectrum for their
associations with blood pressure.

Methods: We conducted a multi-ancestry whole genome sequencing analysis of blood pressure
among 51,456 Trans-Omics for Precision Medicine and Centers for Common Disease Genomics
program participants (stage-1). Stage-2 analyses leveraged array data from UK Biobank
(N=383,145), Million Veteran Program (N= 318,891), and Reasons for Geographic and Racial
Differences in Stroke (N=10,643) participants, along with whole exome sequencing data from UK
Biobank (N=199,631) participants.

Results: Two blood pressure signals achieved genome-wide significance in meta-analyses of
stage-1 and stage-2 single variant findings (P<5x10~8). Among them, a rare intergenic variant at
novel locus, LOC100506274, was associated with lower systolic blood pressure in stage-1 [beta
(standard error)=—32.6 (6.0); P=4.99x1078] but not stage 2 analysis (P=0.11). Furthermore, a
novel common variant at the known /ASR locus was suggestively associated with diastolic blood
pressure in stage-1 [beta (standard error)=—0.36 (0.07); P=4.18x10~] and attained genome-wide
significance in stage-2 [beta (standard error)=-0.29 (0.03); P=7.28x10723]. Nineteen additional
signals suggestively associated with blood pressure in meta-analysis of single and aggregate rare
variant findings (P<1x107 and P<1x107%, respectively).

Discussion: We report one promising but unconfirmed rare variant for blood pressure and, more
importantly, contribute insights for future blood pressure sequencing studies. Our findings suggest
promise of aggregate analyses to complement single variant analysis strategies and the need for
larger, diverse samples and family studies to enable robust rare variant identification.
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INTRODUCTION

Hypertension affects nearly one third of adults and has been identified as a leading risk
factor for morbidity and mortality globally.22 In addition to genetic influences, blood
pressure (BP) is a common complex phenotype influenced by lifestyle and behavioral

risk factors.3-> Genetic factors impacting BP have been identified through multiple lines

of investigation. Genome-wide association studies (GWAS) have identified over 1,000

loci influencing BP but have generally been limited to the assessment of common and
low-frequency variants.5-32 Large-scale analyses of rare variants from exome sequencing
and exome chip studies have also identified multiple loci influencing BP.33-36 Rare variant
studies, however, have largely been restricted to coding regions of the genome. GWAS of
common variants have provided empirical evidence of intergenic variants with small BP
associations,5-32 while exome-based studies have identified rare coding variants with large
associations.33-36 Few studies have assessed the role of non-coding rare variants in BP
regulation, 2336 and no large-scale studies of high-depth whole genome sequencing (WGS)
data have been conducted. Through the National Heart, Lung, and Blood Institute (NHLBI)
Trans-Omics for Precision Medicine (TOPMed) and National Human Genome Research
Institute (NHGRI) Center for Common Disease Genomics (CCDG) programs, WGS has
now been conducted in large studies,3” providing opportunity for comprehensive exploration
of common, low-frequency, and rare variants in coding and non-coding regions in relation to

BP phenotypes.

The purpose of the current study was to identify novel BP signals by carrying out a

WGS study of systolic BP (SBP), diastolic BP (DBP), and hypertension among a multi-
ancestry sample of 51,456 participants from the TOPMed and CCDG programs. We
further investigated suggestive single variant findings among up to 383,145 UK Biobank,
318,891 Million Veteran Program (MVP), and 10,643 REasons for Geographic and Racial
Differences in Stroke (REGARDS) participants with genome-wide array-based genotype
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data. Suggestive rare variant signals were further assessed among 199,631 UK Biobank
participants with whole-exome sequencing (WES) data.

METHODS

All data and materials have been made publicly available at the database of Genotypes and
Phenotypes (dbGaP) and can be accessed at phs001974.

Stage-1 Studies

We conducted a multi-stage genomic study of BP phenotypes among up to 764,135
participants (Figure 1). The stage-1 analysis included 51,456 multi-ancestry participants
from 18 TOPMed and CCDG WGS studies.3”-38 BP phenotypes were harmonized across
studies using a strict protocol that included adding 15 mmHg and 10 mmHg to SBP

and DBP values, respectively, if a participant was taking anti-hypertension medication.3°
Hypertension was defined as SBP=140 mmHg, DBP=90 mmHg, or use of anti-hypertension
medication. WGS and BP data were pooled across studies for analyses. Stage-1 studies,
WGS methods, and phenotype harmonization are detailed in the Expanded Methods, Table
1, and Table S1 (please see http://hyper.ahajournals.org).

Stage-1 Analysis
Stage-1 multi-ancestry and ancestry-specific analyses were conducted using the Analysis
Commons cloud-based platform.4? Single nucleotide variants (SNVs) with minor allele
count (MAC) =10 were individually tested for association with BP. Analyses of SBP
and DBP employed a linear mixed model that accounted for familial correlations using
a sparse kinship matrix,*! adjusted for age, sex, body mass index (BMI), study, and
ancestry principal components (PCs), and, for the multi-ancestry analyses only, we fit
separate (heterogeneous) residual variance components for each ancestry group. Single
variant analyses of hypertension employed a logistic mixed model that again accounted
for familial relationships and adjusted for age, sex, BMI, study, and ancestry PCs. Newly
identified SNVs (r2<0.1 with any previously reported BP variant®-36) achieving suggestive
significance (P<1x107%) were moved forward for stage-2 study.

Following functional annotation using WGS Annotator software,? rare variants [minor
allele frequency (MAF)<1% and MAC>2)] were first aggregated using gene-based
strategies, including: 1) Loss-of-function variants only; 2) Loss-of-function variants,
missense variants, and protein altering insertion-deletions with FATHMM-XF scores>0.5;
43 and 3) Variants located in gene enhancers,** promoters,*® and exons with FATHMM-
XF scores>0.5.43 The sliding window approach was then used to aggregate variants with
FATHMM-XF scores>0.5 in 20 KB chromosomal segments across the genome using a 10
KB offset.

We used a variant set mixed model association test that efficiently combines the burden and
sequence kernel association tests (SMMAT-E)*® to examine associations between aggregate
rare variant units and BP phenotypes employing the same generalized linear mixed model
frameworks described for single variant analyses. Gene-based signals achieving suggestive
significance (P<1x10~4) were moved forward for stage-2 study. Leave-one-out analyses

Hypertension. Author manuscript; available in PMC 2023 August 01.


https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001974.v1.p1
http://hyper.ahajournals.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kelly et al.

Page 4

were also conducted to identify signal driving variants among aggregate units achieving
suggestive significance (P<1x1074). Any variants whose removal attenuated the SMMAT-E
p-value by one order of magnitude or more was also moved forward for stage-2 study.

Stage-2 Studies

Suggestive signals from stage-1 single variant or leave-one-out analyses were tested among
up to 383,145 White British UK Biobank participants with BP and genome-wide SNP array
data imputed using the TOPMed freeze 5 reference panel.37:47-49 We also carried out an
in-sifico look-up of individual variants using results from the previous BP GWAS of 318,891
multi-ancestry MVP23 and 10,643 multi-ancestry REGARDS participants, which utilized
array data imputed to the 1KG project phase 3, version 5 and TOPMed freeze 8 reference
panels, respectively. We also leveraged whole exome sequencing data from a multi-ancestry
sample of 199,631 UK Biobank participants to carry-out stage-2 analyses of suggestive gene
signals. Detailed descriptions of stage-2 study genotyping, phenotype harmonization, and
analyses are provided in the Expanded Methods (please see http://hyper.ahajournals.org).
For lead variants that were unavailable in the stage-2 samples, we assessed up to 32 proxies
(r2>0.8 in the stage-1 sample), selecting the variant with the highest r2 if multiple proxies
were available.

Identification and Reporting of Novel BP Signals

RESULTS

Single variant analysis findings with consistent associations (based on association directions
and a conservative heterogeneity P>1x1073) and a permissive inverse variance weighted
fixed effects meta-analysis P<5x1078 across stages-1 and -2 were reported in the current
study. A meta-analysis P<1.88x107% (correcting for 26,628 independent gene tests) was
used as the threshold for determining significance of aggregate gene-based signals. For
variants identified through leave-one-out analyses of gene-based and sliding window units,
consistency in association size and respective meta-analysis P-values of 1.88x1076 and
2.41x1077 (correcting for 26,628 genes and 207,198 sliding windows, respectively) was
employed.

Fine-mapping of the 500 KB regions surrounding genome-wide significant signals was
undertaken, sequentially adding the most significant variant in the region to the null model
until no additional variants achieving P<1x10~* were identified. Additional conditional
analyses were conducted to verify the independence of suggestive signals at known

loci, and expression quantitative trait locus (eQTL) analyses examined whether identified
variants were associated with gene expression (Expanded Methods; please see http://
hyper.ahajournals.org).

Characteristics of the stage-1 (TOPMed-CCDG) and stage-2 (UK Biobank, MVP, and
REGARDS) study participants are shown in Table 1.
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Stage-1 Single Variant Analysis Findings

Stage-1 single variant analyses of the multi-ancestry and ancestry-specific samples identified
258 loci (113 novel plus 145 known loci) that achieved suggestive significance (P<1x1075).
Among the 113 novel loci identified, five achieved genome-wide significance [with
P<5x1078; Figure 2A; and Figure S1, Figure S2, and Tables S2-S7 (please see http://
hyper.ahajournals.org)]. Novel loci were defined as those with lead variants that were neither
in close proximity (>500 KB) nor correlated (r2<0.1) with a previously reported sentinel

BP SNV.6-36 Suggestive associations at 145 loci were in close proximity (<500 KB) to
previously reported sentinel BP SNVs (including 16 at P<5x1078; Figure S1; please see
http://hyper.ahajournals.org). Among them, 122 potentially novel variants (r2<0.1 with any
previously reported sentinel BP SNVs) were identified, including two that attained genome-
wide significance [Figure 2B; and Tables S2-S7 (please see http://hyper.ahajournals.org)].
Rare variants with MAC =10 and MAF <1% comprised 70% of novel BP signals (71% of
signals at novel loci and 69% of signals from novel variants at previously reported loci).
There was limited overlap of BP signals across ancestry-specific analyses (Figures 2A-B).

Stage-1 Aggregate Rare Variant Analysis Findings

Stage-1 aggregate rare variant analyses across the multi-ancestry and ancestry-specific
samples identified 331 aggregate units (69 genes and 262 sliding windows) suggestively
associated (P<1x10~4) with one or more BP phenotype [Figure 2C and 2D; and Tables
S8-513 (please see http://hyper.ahajournals.org)]. Four aggregate signals at two gene loci,
GABRB3(P=4.96x10"") and K/F3B (minimum-P=3.23x1078), were significant in Asian
ancestry participants after Bonferroni correction for the number of aggregate units tested.
Reassuringly, suggestive gene-based signals included biologically relevant BP candidates,
such as: AGTRAPC CACNAZD3! ERBB4,5%2 PDLIMS5, %223 and PROCR.33 In leave-
one-out analyses, removal of 279 unique rare variants attenuated SMMAT-E p-values from
identified aggregate units by at least one order of magnitude [Figure 2E; and Tables S14-
S19 (please see http://hyper.ahajournals.org)]. Fifty-five percent of these signal driving
variants had larger p-values than those of the aggregate units from which they were derived
(Tables S14-S19; please see http://hyper.ahajournals.org). Furthermore, some of the same
signal-driving variants were identified across different design motifs (Figure 2F). Because
aggregate analyses employed less stringent alpha thresholds and identified a high frequency
of variants (38%) that fell below the MAC filtering threshold used in single variant analyses,
there was limited overlap of SNVs derived from these distinct strategies (Figure 2F).

Stage-2 and Meta-Analyses of 235 BP Signals from Stage-1 Single Variant Analyses

One rare SNV (rs1462610506) at the novel LOC100506274 locus and one novel SNV
(rs36136513) from the previously reported /SR locus achieved consistent association
directions in stage-2 analyses and genome-wide significance in our multi-ancestry meta-
analyses (P=1.73x1078 and 2.32x10729, respectively; Table 2 and Figure 3). Twenty carriers
of the rare rs1462610506 A allele had approximately 33 mmHg (95% confidence interval:
21, 44 mmHg) lower mean SBP than non-carriers in meta-analysis. This intergenic SNV
displayed strong linkage disequilibrium (r2>0.8) with variants extending across a large
chromosomal region (267 KB in length) harboring no known genes (Figure 3A). The
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novel intergenic rs36136513 variant at /AVSR also achieved genome-wide significance in
the meta-analysis of stage-1 and stage-2 studies (Figure 3B). Each copy of the common
rs36136513 G allele was associated with a modest 0.30 mmHg decrease in DBP (Table 2).
Six novel rare variant loci and six novel rare variants from previously reported loci were
also suggestively associated with BP in meta-analyses [P<1x1075;: Table S20 (please see
http://hyper.ahajournals.org)].

Stage-2 and Meta-Analyses of 331 BP Signals from Stage-1 Aggregate and Leave-One-Out

Analyses

Although none of the genes identified by aggregate rare variant analyses attained genome-
wide significance in the meta-analysis of stage-1 and stage-2 studies (Tables S8, S10,

and S11), MZT2B, DNAJB13, and NDRGB-TPPP2 were suggestively associated with BP
(P<1x10™%; Table S21). Likewise, no genome-wide significant variants, but four suggestive
variants (at LEXM, ERBB4, LINC01520, and DANDS), were identified in meta-analyses of
variants derived from leave-one-out analyses (P<1x10~4; Figures 4A-D; Table S22): please
see http://hyper.ahajournals.org). Three of the four aggregate units harboring signal driving
rare variants achieved smaller p-values compared with any of the single variants in these
regions (Figures 4A-D).

Conditional Analyses

Sequential conditional analyses did not identify any independent signals at the two
newly identified loci (Figure S3). Furthermore, none of the newly identified signals (with
P<1x1075) from previously reported loci were attenuated after adjusting for previously
reported variants at corresponding loci (Table S23).

DISCUSSION

In this first large-scale, multi-ancestry WGS study of BP, two novel signals achieved
genome-wide significance in meta-analysis of stage-1 and stage-2 results, including one
rare intergenic variant, rs1462610506, at the novel LOC100506274 locus and one new

lead variant, rs36136513, at the previously reported /NSR locus. The rare rs1462610506

A allele appeared to have large SBP lowering association. However, with a lack of true
replication in the stage-2 sample, these findings should be interpreted with caution. As
expected, we noted modest DBP lowering associations of the common rs36136513 G allele.
Our analysis also identified very little overlap of BP signals across ancestries. Most of these
ancestry-specific signals were untestable in other ancestry groups because they were either
monomorphic or exceedingly rare. These data suggest that many rare variant associations
with BP are ancestry specific. Aggregate rare variant analyses complemented our single
variant approach, identifying additional novel signals that suggestively associated with BP.

Our finding of one genome-wide significant and numerous suggestive non-coding rare
variant BP signals in meta-analysis of stage-1 and stage-2 findings supports the hypothesis
that such variants can have large associations with complex BP phenotypes. While previous
studies have suggested that rare genic variants may influence BP,23:34:35 we are among the
first to identify a promising, but unconfirmed, intergenic rare variant with an association
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size similar to protein disrupting mutations found in monogenic BP disorders.23:36 The
rare, intergenic variant at LOC100506274, a long non-coding RNA, lowered SBP by an
average of 33 mmHg (95% confidence interval: 22, 45 mmHg) in carriers compared with
non-carriers. The 13 rare variant carriers from our stage-1 analysis all had Asian ancestry
and included individuals from six separate pedigrees across two TOPMed studies. An
exceedingly rare proxy for this variant showed similar associations in white British UK
Biobank participants (MAF=9.28x107%) and, unsurprisingly, was unobserved in the 28,390
European TOPMed participants. The seven UK Biobank rare allele carriers had average
BP values approximately 60 mmHg lower than that of non-carriers. Although standard
errors were large and findings were non-statistically significant due to the small number
of carriers in UK Biobank, the consistency in the large association sizes across ancestries
and the two-staged analysis provide cautious evidence for this novel rare variant signal.
Still, we cannot rule out the possibility of a false positive finding and recommend further
confirmation of this signal.

Most novel signals identified by the current WGS study were derived from rare variants,
which was expected given the high genome-wide coverage of common and low frequency
variants by GWAS including up to one million study participants.22:23 Still, we identified
one novel common variant at the previously reported /AVSR locus with modest DBP lowering
associations. The lead variant, rs36136513, had an r2<0.1 with previously reported variants
in this region,17:18:35 and its signal was unattenuated when conditioning on these variants.
rs36136513 and its correlated variants were not included in GRCh37 nor were they present
on the 1KG reference panel, which likely explains why this signal was discovered only
through WGS.

In contrast to previous GWAS, we identified minimal overlap of genome-wide significant
and suggestive BP signals across our ancestry-specific analyses.10:1527 Compared with
GWAS, which primarily target common and low frequency SNPs, most variants identified in
the current analyses were rare and demonstrated large associations with BP. Approximately
72% of the identified ancestry-specific variants were either monomorphic or below our
MAC filter in the other ancestral groups. Consistent with these findings, population

genetics suggests that deleterious rare variants are more likely to have arisen recently

in human history and show geographic clustering compared with more neutral variants
typically identified by GWAS. While we cannot rule out the possibility of false positive
findings, this latter phenomenon could also explain the observed lack of overlap across
populations.>354 Only 38% of the rare variants identified in non-European ancestry groups
were available for stage-2 study. Because the most deleterious rare variants tend to be private
to single populations,® ancestry-specific rare variant signals identified here are promising
for verification in future studies providing more comprehensive rare variant coverage in
diverse populations.

Three of four suggestive aggregate rare variant signals for BP attained smaller p-values
than any one of their individual signal driving variants. Likewise, at aggregate unit sites
where suggestive signal driving variants were discovered in the stage-1 study, the identified
aggregate units often outperformed SNVs included in single variant analyses across the
surrounding 1 MB region. These data suggest that aggregate rare variant analyses may
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discover BP loci missed by traditional single variant analyses. In contrast to the unique
information derived from aggregate and single variant analysis strategies, leave-one-out
analyses across certain aggregation design motifs provided similar information. Future WGS
studies may be able to reduce the number of statistical tests conducted by minimizing
designs that provide redundant information.

As the first large-scale WGS analysis of BP phenotypes, the current study has important
strengths. The large and ancestrally diverse stage-1 sample allowed for the identification

of promising, rare variants with large BP associations in the multi-ancestry and ancestry-
specific analyses. In addition, harmonization of BP phenotypes combined with joint calling
of genotypes from WGS across studies allowed for pooling of individual level stage-1 data.
Using one large multi-study dataset, we were able to conduct multi-ancestry and ancestry
specific mega-analyses, which have power advantages for rare variant study compared with
traditional meta-analysis techniques.®® Certain limitations should also be acknowledged.
Although this represents the largest WGS study of BP, our sample size was modest
compared with recent BP GWAS and power was limited. For this reason, we employed

a somewhat permissive p-value (5x1078) for determining statistical significance. In addition,
because the UK Biobank sample was comprised predominantly of white British participants
and many rare variants were unavailable for look-up in the multi-ancestry MVP program and
REGARDS study, we did not have the opportunity to verify 62% of non-European ancestry-
specific signals. In addition, the inclusion of non-functional variants in aggregate analyses
could have also reduced statistical power of these tests, despite filtering on predicted
functional relevance. We were also unable to verify aggregate signals in non-coding regions
since only WES data were available for stage-2 study. Furthermore, while eQTL analyses
were performed, only 838 samples with WGS data were available in the GTEXx database.
Hence, many of rare variant signals were unavailable or had minor allele counts too low

for suitable functional analyses. Future sequencing studies, either in large ancestry-specific
samples or families enriched for the identified rare variants, will be needed to confirm and
infer the function of novel findings discovered in our WGS study.
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CARDIA
CCDG
CFS

CHS
dbGaP
DBP
eQTL
FHS
GeneSTAR
GENOA
GenSalt
GOLDN
GWAS
HCHS-Sol
HTN
HyperGen
JHS

MAC
MAF
MESA
MVP
NHLBI
NHGRI
PCs
REGARDS
Samoan
SBP

SMMAT-E

Coronary Artery Risk Development in Young Adults
Center for Common Disease Genomics

Cleveland Family Study

Cardiovascular Health Study

Database of Genotypes and Phenotypes

Diastolic BP

expression quantitative trait loci

Framingham Heart Study

Genetic Studies of Atherosclerosis Risk

Genetic Epidemiology Network of Arteriopathy
Genetic Epidemiology Network of Salt-Sensitivity
Genetics of Lipid Lowering Drugs and Diet Network
Genome-wide association studies

Hispanic Community Health Study-Study of Latinos
Hypertension

Hypertension Genetic Epidemiology Network
Jackson Heart Study

Minor allele count

Minor allele frequency

Multi-ethnic Study of Atherosclerosis

Million Veteran Program

National Heart, Lung, and Blood Institute

National Human Genome Research Institute

Principal components

Reasons for Geographic and Racial Differences in Stroke

Samoan Study

Systolic BP
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Set mixed model association test that efficiently combines the burden

and sequence kernel association tests
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SNV Single nucleotide variant
THRV Taiwan Study of Hypertension using Rare Variants
TOPMed Trans-Omics for Precision Medicine
WES Whole exome sequencing
WGS Whole genome sequencing
WHI Women’s Health Initiative
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NOVELTY AND RELEVANCE
What is new?

. The stage-1 study represents the first large-scale whole genome sequencing
analysis of blood pressure phenotypes.

. Variants across the allele frequency spectrum were investigated for
associations with blood pressure and replication in large, independent stage-2
samples with imputed array or exome sequencing data.

What is relevant?

. We identified two promising loci for BP, including a rare variant with large
association size.

. Aggregate analyses identified suggestive BP signals.
Clinical/Pathophysiological implications?

. Rare, intergenic variants may have large associations with BP but require
larger, diverse samples or family studies for confirmation.

. Aggregate analyses may complement single variant analyses for rare variant
discovery.
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PERSPECTIVES

Using a large-scale WGS discovery approach, the current study reported two novel
variants for BP and highlighted the potential utility of aggregate analysis techniques

as a complement to traditional single variant analyses for novel rare variant discovery.
Reported signals included one promising but unconfirmed rare variant finding from the
LOC100506274 locus, which achieved genome-wide significance in meta-analysis and
stage-1 analysis but did not replicate at nominal significance in stage-2 analysis, and

one common variant from the previously reported /A/SR locus. Aside from these signals,
our findings were largely null and provide a similar lesson to that of early BP GWAS
studies. Namely, even larger sample sizes will be needed to identify many rare variant
signals for BP. With the forthcoming emergence of WGS data in all 500,000 UK Biobank
participants, comprised predominantly of white British individuals, we speculate that new
rare variant loci for BP will be discovered. WGS studies in much larger non-European
populations will also be needed to identify ancestry-specific rare variants and avoid the
Eurocentric biases long observed in GWAS.
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Figure 1.

Design of the multi-stage genomic study of blood pressure phenotypes.
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Venn diagrams displaying suggestive BP signals across multi-ancestry and ancestry-specific
analyses for: (A.) 113 novel BP loci; (B.) 122 potentially novel variants at previously
reported BP loci; (C.) 69 genes; (D.) 262 sliding windows; and (E.) 279 signal driving
variants from leave-one-out analyses. (F.) This diagram displays the overlap of suggestive
BP signals across 235 SNVs identified by single variant analyses, including 113 from

novel loci and 122 from previously reported loci, and 279 signal driving variants from

leave-one-out analyses of suggestive genes and sliding windows.
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Regional association plots displaying signals at: (A.) LOC100506274; and (B.) INSR.
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Figure 4.
Lachesis plots integrating aggregate and single variant signals at: (A.) LEXM, (B.) ERBB4,

(C.) LINC01520; and (D.) DANDS.

Hypertension. Author manuscript; available in PMC 2023 August 01.



Page 23

Kelly et al.

zL 0ze Am”mw m.%% m%mv 00T 000 000 000 000 €09 Amuww uoIWO feNdia 1927 ueOWES
gse 95y ﬁmumw mw% mm.%mv 00 v yor  zTEl 02 ¥'1g %_mw dewreurp pajewoiny 925 vsaw
0 ves  ©8 L LD g0 00 000 000 00T T SH
178 629 Awmv %.%NNW m.% 000 000 000 000 00T 7'€9 Awuww deureurp pajewioiny 0887  N3OsdAH
T1Z £vE ﬁwmv %%% w%mv 000 0001 000 000 000 029 Am”mw uoIWO feNdiq 066T  TOS-SHOH
611 622 Amm%@v %.%HHHV m..mmwv 000 000 0'00T 000 000 0'€s Amuww dewreurq parewony 26 NQ109
70 v QI 0D L8 g 000 000 00T 000 gLy 0o _ms%mwm:c%ﬁwms% 818'T IESTES)
L1S reg €W €@ 09 40 000 000 000 00T zoL @0 aa%wwﬂ%ﬂ_w%% a VON39
65T ggg @O Lol UH 000 000 855 000  Ttv gos I ey ST HviSewD
6 6.1 m”mw A%%% %W@ 000 000 00T 000 000 T¥S %%mv Jejpwourwneg dopisea 19’ SH
5o e IV OTD LR agg ern 508 ¥00 €8T 79 e 628 SHO
£8e e LID @D U8 g g 687 000 905 geg  (GED  ouowouDds 066 $40
60 17 vo G 09 g0 oog 6vS 000 TSk 15 ) _ms%mwm:c%ﬁwms% 0867  VIQNVO
515 g9 @D D ©D a0 o6 §T2 2T e 29 G2 sewuomLondiId  gere aorg
1z gre GOV LD 09 g o0 806 000 €26 57s (LS ouomonadsare o1V
zs L9t O 1 1 00T 000 000 rev LD asgmﬁwﬁ__wmm\faw TITT ystuiy
seIpnis T-abe1s

% % (prs) (ps) (ps) J8YI0  dluedsiH  uesdoang  UeISY  UBDLIYY o (ps)

[uIpaW - Ny 4d8d 148S (e .Cmrmco>> L20e EmewxMMN,__\,_ dg o_mw_mmm Apms

NLH-uy  § UeoN uean uea % A11sa0Uy UesN

Author Manuscript

‘TalqeL

Author Manuscript

‘syuedionued pue salpnis g-abeis pue T-abels syl Jo uonduasag

Author Manuscript

Author Manuscript

Hypertension. Author manuscript; available in PMC 2023 August 01.



Page 24

Kelly et al.

USHLIE WUM B2 11V,
Alanioadsal ‘©ADD Pue PANGOL Wosy erep SOM Ui siuediofed T19° pue ve6'e sapniou,

“uoledIpal N LH-NUe Jo asn 10 062d9d ‘0rT2dgS se uwccmm_%

‘BHwWwW ut mEmEa:_wﬁ_\,_qNr

"Zwi/By Ut mEmeSwS_\,_,N

's1eak ul aby
*

"AIRIIU UY[eaH S UsWOopN ‘IHA ‘Butouanbas awousB-ajoym ‘SO ‘Butouanbas awoxs-sjoym

‘ST {UIDIP3IA UOISIdBId 10} SIIWO-SUBLL ‘PBINJOL ‘SIuelBA asey Buisn uoisusuadAH Jo ApniS uemie] ‘AYHL ‘UOIBIASP pJepuels “'p's ‘dg J1J01SAS ‘ddS ‘ApniS Ueowes ‘UeowesS {8)041S Ul Saaualayld
|e1oey pue o1ydesBoas) 104 SUOSEaY ‘SAYVYOTY ‘9z1s ajdwes ‘u ‘weibold UeIalsA UoI|IIN ‘dAIN (SIS0JI8]9S0IaUIY 40 APNIS d1uyle-RINIA ‘WS ‘ApniS LieaH uosyoer ‘SHr 4omsN ABojoiwapid3 o1suss)
uoisuapadAH ‘uaiadAH ‘uoisuapadAy ‘NLH ‘ApNIS UOITRIDOSSE APIM-3WIOUSSD) ‘SWYAND SoulteT] Jo ApmS-ApniS yijeaH Alunwiwo) diuedsiH ‘|0S-SHOH S4oMiaN 181@ pue sbnig Buuamo pidi o
S9118UAD ‘NA109 ‘ANANISUSS-1[ES JO 3JomiaN ABojorwapid3 o1aus ‘Iesuss ‘Ayredousuy Jo YiomaN ABojoiwapid3 9118uUsD) “‘YONITO Sy SIS0I8[IS0IaYIY JO SAIPNIS 211BUAD) ‘YW 1S8ua9 ‘Apms
1eaH weybulweld ‘SH4 ‘dg 21j01seIp ‘dga ‘ApmS YieaH Jejnaseaoiped ‘SHD ‘Apms Ajie puejans]d ‘'S4 ‘SIILIOUID) 8seasig UoWWo) J0} SI81UdD ‘9D ‘sHNPpY BunoA ul juswdojanaq sty Aleluy
Aleuolo) ‘v1ayvD ‘ainssaid poolq ‘dg ‘xapul ssew Apog ‘|ING Hueqolg sNoig INd] UL ‘BINOIg ‘SaIUNWIWOD Ul %Sy SIS0I3J2S0IaUlY ‘O1dY ‘Welbold Yyoeasay aseasiq xa|dwoD ysiwy ayl ‘ysiuy

. . (Tom) (eL1) (9°9) . . . . ) . (9°6) JalewouewowhAyds ,
629 169 vy Comt on 00 000 zoT 00  8¢€8 65 oo Dlosuy E90T  SAYVOIY
68y 9'59 Am”w% Aao%% %%mv 97 09 769 080 881 or'8 Aw”mw se01A8p S1dIINA 168'8TE dAN
T2 evg GO WD @Y e oo ge6 057 €90 S 79 uoIwo [enbia TEO'SET  yisan,
ToT oy GO GED UM ggg 000,000 oo0 000 0vs 09 uoIwo fenbiq sorgee v
saipnis z-abers
. . (2'6) (5'87) (1°9) _ . . . ) (8'9) Ja1swouewowbAyds .
8'6E 1's5 o o Yer 000 812 728 8T zel 00T oo reieston 098'0T IHM
L'05 929 Amumv mom% mmmmv 00'0 000 000 00T 000 zes m_%w dewreurp parewoiny 8ET'T AdHL
o (ps) (ps) (ps) (ps)
.mc_o\_oumE . % 480 Jas NG J9Y1O oluedsiH uesdouan3  ueISY  URDILIY % e POUISIA a21S foms
=~ mz._._._ b ¥ 1 ‘USWIOAA * UsWaINSL3|N dg ajdwres
NLH-nuy ueaN uea uesN % K11590UY uesiy

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hypertension. Author manuscript; available in PMC 2023 August 01.



Page 25

Kelly et al.

.Qm.oumc jueqgolg MN 8y} ul 90S0T9Z9YTs! o) Axoud e se pasn sem novmom.ﬁvmm\_x

‘KjaAnoadsal ‘sadAiousyd ainssaid poojq 81810S1Pp pUe SNONUIUOD 8y} 10} 3]9|[e PaP02 Jad O1IeI SPPO By} O WLIEBO| [ednjeu pue BHWW Ul 8Z1S UOIIRID0SSE 8y} 0} SpUOdsa.I0d eleg
*

Uegolg YN ‘GEMN ‘BUIIIP3IN UOISIdaId 10} SIIWO-SUeLL ‘PINIOL ‘de

211015AS 'dgS 8Y041S Ul S30uRIaYIQ [e1oey pue d1ydelBoas) 1oy suosesy ‘SaYVYOTY ‘eousiayel ‘Joy ‘(dg) ainssaid poojq d110IseIp ‘dad ‘BWOSOWOIYD IyD ‘BAITRUIBIE Y|V ‘IUN0D 3]9||B dAITRUIBYE ‘OVY

62-32€C €00  0E€0- sisAjeue-e1a|\
€0-3TT'T LT0 LS°0- 169'8 SAYvoOIY
Zz-avze €00 8Z0-  280'T9E agyn
10-38Tv 100 90—  £65'Gh PaINdOL oN ouahiaul HSNI BN daa -ETGIETIES! §5062EL 6T
80-3€LT 06'G  SZEE- sisAeue-ejo|\
T0-360T 82'.€ 6.65- L ueqoig Mn
80-3667  L6'G  LSTE- €1 PaINdOL v/ ouaBiaul #/290600T007  BINN dgs 4 9050T9CovTS! ¥T2£99. z
anfeAd  3s B1¥E Ovwvy a|dwes (Uvped) sepRlly  (s)uomeoyisse|d  dueD IseaeeN  AJ1Ssouy  JeJ) Pareloossy ais4 (8eyoy9o) uomsod  4Yyd

Author Manuscript

'sBuipuly z-abels pue T-abes Jo sesAjeue-e1aw ul paynuap! (g_0TxG>d) sfeubis Jueoyiubis apim-swouss

‘¢ slqeL

Author Manuscript Author Manuscript

Author Manuscript

Hypertension. Author manuscript; available in PMC 2023 August 01.



	Abstract
	Graphical Abstract
	INTRODUCTION
	METHODS
	Stage-1 Studies
	Stage-1 Analysis
	Stage-2 Studies
	Identification and Reporting of Novel BP Signals

	RESULTS
	Stage-1 Single Variant Analysis Findings
	Stage-1 Aggregate Rare Variant Analysis Findings
	Stage-2 and Meta-Analyses of 235 BP Signals from Stage-1 Single Variant Analyses
	Stage-2 and Meta-Analyses of 331 BP Signals from Stage-1 Aggregate and Leave-One-Out Analyses
	Conditional Analyses

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.



