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Multi-ancestry genome-wide association study
accounting for gene-psychosocial factor interactions
identifies novel loci for blood pressure traits
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Summary

Psychological and social factors are known to influence blood pressure (BP) and risk of hypertension and associated cardiovascular dis-
eases. To identify novel BP loci, we carried out genome-wide association meta-analyses of systolic, diastolic, pulse, and mean arterial BP,
taking into account the interaction effects of genetic variants with three psychosocial factors: depressive symptoms, anxiety symptoms,
and social support. Analyses were performed using a two-stage design in a sample of up to 128,894 adults from five ancestry groups. In
the combined meta-analyses of stages 1 and 2, we identified 59 loci (p value < 5e—8), including nine novel BP loci. The novel associa-
tions were observed mostly with pulse pressure, with fewer observed with mean arterial pressure. Five novel loci were identified in
African ancestry, and all but one showed patterns of interaction with at least one psychosocial factor. Functional annotation of the
novel loci supports a major role for genes implicated in the immune response (PLCL2), synaptic function and neurotransmission
(LIN7A and PFIA2), as well as genes previously implicated in neuropsychiatric or stress-related disorders (FSTL5 and CHODL). These find-
ings underscore the importance of considering psychological and social factors in gene discovery for BP, especially in non-European pop-
ulations.

Introduction of adults with hypertension is predicted to reach over 1.5
billion—approximately 30% of the world adult popula-
High blood pressure (BP), or hypertension (MIM: 145500),  tion." Hypertension also contributes significantly to health
is a leading risk factor for stroke, cardiovascular disease, disparities, with the highest age-adjusted prevalence in the
end-stage renal disease, and mortality. By 2025, the number ~ world attributed to populations of African ancestry.”
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Both genetic and non-genetic influences have been
implicated in the etiology of hypertension. In particular,
genome-wide association studies (GWAS) have identified
over 900 single nucleotide polymorphisms (SNPs) associ-
ated with BP traits, mostly in populations of European
ancestry.” These explain only slightly more than a
quarter of the estimated heritability of BP.> The remain-
ing unexplained heritability may be due in part to
gene-environment interactions (GXE).* Thus, incorpo-
rating GXE effects in GWAS of BP may yield novel loci

(Author list continued on next page)

and reveal new insights about the biology of BP regula-
tion and hypertension pathophysiology. Moreover, the
detection of GxE effects may allow us to more precisely
predict individual disease risk in the context of poten-
tially modifiable environmental, lifestyle, and behavioral
risk factors.

Therole of psychological and social factors in the etiology
of hypertension is supported by several epidemiological in-
vestigations >° and animal model studies.” For example,
anxiety and depressive symptoms have been consistently
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associated with a higher risk of hypertension.*® In a system-
atic review of 15 prospective cohort studies, individuals
with a high burden of psychological symptoms (anxiety,
depression, and anger) had an 8% higher risk of hyperten-
sion compared to those reporting a low burden.’ However,
few studies have investigated potential effect modifications
of genetic factors on BP traits by psychosocial factors.'” To
fill this gap in knowledge, we performed genome-wide asso-
ciation meta-analyses of systolic, diastolic, pulse, and mean
arterial BP in the context of three psychosocial factors—
depressive symptomatology, anxiety symptomatology,
and social support—in a sample of up to 128,894 adults
from five ancestry groups.

Subjects and methods

Study design and participating studies

The study was conducted in the setting of the Gene-Lifestyle In-
teractions Working Group of the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) Consortium.'"
12 Study participants included adult men and women aged 18-
80 years from five self-reported ancestry groups: African (AFR),
Asian (ASN), Brazilian admixed (BRA), European (EUR), and His-

panic (HIS). Genome-wide association analyses accounting for
gene-psychosocial factor interactions were carried out using a
two-stage design (Figure 1). Stage 1 comprised up to 31 cohorts,
including up to 68,450 individuals from the five self-reported
ancestry groups. Stage 2 comprised up to 20 cohorts, including
up to 61,046 individuals from four self-reported ancestry
groups: AFR, ASN, EUR, and HIS. Not all studies or participants
had data on all three psychosocial factors, so the number of
participating studies and sample sizes varies for each exposure
analysis (Figure 1). Details about the participating studies are
provided in the Supplemental subjects and methods. Procedures
were in accordance with the ethical standards of the responsible
committee on human experimentation (institutional and na-
tional). Each study obtained written informed consent from
the participants and approval from the appropriate institutional
review boards.

To detect novel loci with potentially underlying SNP by
psychosocial factor (SNP x Psy) interaction effects, we used two
complementary approaches: (1) both the SNP main effect and
interaction effect on BP levels were jointly assessed using a two-
degrees-of-freedom (2-df) test; (2) the effect of interaction alone
was assessed using a 1-df test. When both the SNP main effect
and interaction effect are present, the 2-df is more powerful'®
and, thus, may help identify BP-associated loci for which the
1-df test is underpowered.
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AFR ASN BRA  EUR HIS

DEPR 14,597 2,592 3,499
ANXT 2,433 747 3,477 12,800 1,406

Stage 1 SOCS 14,923 749

Ancestry-specific analyses & trans-ancestry meta-analysis (3 models)

43,335 4,427 68,450 (N,=10,205)
20,863 (N,=4,149)
24,943 4,425 45,080 (N.=11,332)

Figure 1. Overall study design

For each BP trait, association analyses were
performed taking into account the interac-
tion effects of genetic variants with each of
three psychosocial factors: depressive symp-

toms (DEPR), anxiety (ANXT), and social
support (SOCS). For each ancestry group,

study-specific results were combined to
J perform a 1-degree of freedom (1-df) test

ij

for an interaction effect and a 2-df joint

AFR ASN EUR HIS

DEPR 3,070 3,458 42,700 11,818
ANXT 2,527 21,322 11,810

Stage 2 SOCS 1,484 17,265 3,949

Ancestry-specific analyses & trans-ancestry meta-analysis (model 1 only)

61,046 (N,=10,631)
35,559 (N,=7,913)
22,698 (N,=5,981)

7\  testof SNP main and interaction effects. An-
alyses were carried out separately in five self-
reported ancestry groups: European (EUR),
African (AFR), Asian (ASN), Hispanic (HIS),
J and Brazilian (BRA), and combined in a

trans-ethnic meta-analysis. Sample sizes

DEPR 129,496 (N,=20,836)
ANXT 56,422 (N,=12,062)

Stage 1+ 2
SOCS 67,738 (N,=17,313)

Ancestry-specific & trans-ancestry meta-analysis of Stage 1 + Stage 2 combined samples

for each analysis are shown. N, number of
subjects in the exposed strata (E = 1).

Variants with p < 5x10% & FDR < 0.05 & pHet > 0.05 in either 1-df Interaction or 2-df Joint tests }

Blood pressure traits

Four BP measures were separately modeled: systolic blood pressure
(SBP), diastolic blood pressure (DBP), mean arterial pressure
(MAP), and pulse pressure (PP). SBP and DBP were adjusted for
the BP-lowering effect of antihypertensive medication use by add-
ing 15 and 10 mm Hg, respectively, to the observed BP readings.'*
After adjustment, MAP was calculated as two-thirds of DBP plus
one-third of SBP. PP was calculated as the difference between
SBP and DBP. Winsorizing was performed for each BP value that
was more than six standard deviations away from the mean.
Descriptive statistics for the four BP traits in each stage 1 and stage
2 cohort are shown in Table S1.

Psychosocial exposures

Information on depressive symptomatology, anxiety symptom-
atology, and social support was collected in each participating
study using validated screening questionnaires (Table S2). Each
measure of psychosocial exposure was dichotomized. To harmo-
nize psychosocial exposures assessed using different screening in-
struments, we used recommended standard cut points specific to
the screening instrument to define high depressive symptoms
and high anxiety symptoms, whereas low social support was
defined based on the lowest quartile of the perceived social sup-
port score in each study (all coded as E = 1). Details about the
screening instruments used to measure depressive and anxiety
symptomatology and social support and the cut points used to
define the dichotomous variables in each study are shown in Table
S2. BP readings and psychosocial questionnaires were taken at the
same examination.

Genotype data

All cohorts performed genotyping on Illumina or Affymetrix ar-
rays and imputed to the 1000 Genomes Project reference haplo-
types.'® Most studies used the Phase I Integrated Release Version
3 reference panel (2010-11 data freeze, 2012-03-14 haplotypes),
which contains haplotypes for 1,092 individuals of all ethnic
backgrounds.'® Information on genotype and imputation for
each study is presented in Table S3. Although we refer to the
analyzed variants as SNPs, the imputed data also include indels
(insertions and deletions).

Study-specific statistical analysis
We considered three statistical models to satisfy slightly different
purposes: '

Model 1 is a joint effect model and is our primary model. It rep-
resents the joint analysis of the effects of the SNP, psychosocial
exposure, and their interaction:

E[BP] =g + BsnpSNP + BcE + Bonp.eSNP * E + B.C

where E is the psychosocial variable and C represents all covariates
(including age, sex, cohort-specific variables, and principal com-
ponents [PCs]). PCs were derived from the directly measured geno-
type data and adjusted as appropriate for each study population.
Information on PCs and additional study-specific covariates
included in each analysis is provided in Table S3. Each SNP was
coded under the assumption of an additive model. The model
incorporated a SNP x Psy interaction effect. A 2-df joint test was
used to simultaneously evaluate the significance of SNP and SNP
x Psy effects under the null hypothesis that Bsxp = Bsnp+ = 0.'°
A 1-df test was also used to test for the interaction term alone un-
der the null hypothesis that Bsyp« = O.

Model 2 is a SNP main effect model:

E[BP] =By + BsnpSNP + B.C

which was analyzed among those measured for the relevant psy-
chosocial factor. Model 2 is used to identify SNPs with main effects
only.

Model 3 is a psychosocial context-dependent SNP main effect
model:

E[BP] =8y + BsnpSNP + B:E + 8cC

which estimated the per-allele effect of the SNP on BP adjusting for
an individual psychosocial factor. Model 3 is used to identify SNPs
from the joint model that would be missed when the interaction
term is not used.

Stage 1 cohorts performed ancestry-specific association analyses
using all three models, while stage 2 cohorts performed analyses
using Model 1 only. All association analyses within cohorts were
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performed with various analytical software as described in Table
S3.

Quality control and meta-analyses

Extensive quality control (QC) was performed for both the study-
specific results and the meta-analyses results using EasyQC."” For
each study, SNPs were filtered out if they had a minor allele fre-
quency (MAF) less than 0.01, a low imputation quality (INFO score
less than 0.5), a discrepancy in MAF compared with the 1000 Ge-
nomes reference panel greater than 0.3, or if the product of 2 *
MAF *Neyposea™ imputation quality score was less than 20. SNPs in
the European-ancestry and multi-ancestry analyses had to be pre-
sent in at least three cohorts and 3,000 participants to be reported.
Due to the limited sample sizes, these criteria were relaxed for
other ancestry-specific meta-analysis results, as shown in Table S4.

Inverse-variance weighted fixed-effect meta-analyses were con-
ducted for all 3 models using METAL in stage 1.'® Meta-analyses
of the 2-df joint test and 1-df interaction test in the joint effect
model (model 1) were carried out separately.'® A 1-df Chi-square
test was used to evaluate the 1-df interaction (model 1), SNP
main effect (model 2), and psychosocial factor-adjusted SNP effect
(model 3). A 2-df Wald test was used to jointly test the effects of
both SNP and SNP x Psy interaction. Meta-analyses were conduct-
ed within each ancestry separately, then combined in a trans-
ancestry meta-analysis. Genomic control correction was applied
to the study-specific results and to the ancestry-specific meta-anal-
ysis results.' The quantile-quantile (QQ) plots and the estimated
genomic control inflation factors for both 2-df and 1-df tests in
stage 1 are shown in Figures S1-S6. There was mild to moderate
inflation across most analyses (A ~1.1). Variants with p < le-5
in 1-df or 2-df tests in any meta-analysis and any of the three
models were selected for stage 2 analyses.

In the focused discovery stage 2, only ~20,000 variants were
investigated, and we used the same approaches as in stage 1 to
perform ancestry-specific and trans-ancestry meta-analyses but
without genomic control correction or variant filtering. The
~20,000 variants were examined for association with the 4 BP
traits, in the context of the 3 psychosocial factors and in each of
the 5 ancestry groups using the joint effect model (model 1).

Finally, we performed ancestry-specific and trans-ancestry meta-
analyses of all the cohort-level data from stage 1 and stage 2
together (model 1 only). There was no variant filtering at that
stage, and all available data from stage 1 and stage 2 were used.
We computed false discovery rate (FDR) adjusted p values (q-
values) for the 2-df test using the p.adjust function in R, correcting
for the number of analyses performed in stage 1 (4 BP traits, 3 psy-
chosocial factors, and 5 + 1 ancestry/trans-ancestry groups). SNPs
with p < 5e—8 and q < 0.05 and without any evidence of hetero-
geneity (ppe: > 0.05) in ancestry-specific meta-analyses for either
the 1-df or 2-df test were considered statistically significant.

We defined a locus as the =1 Mbp region surrounding an index
SNP and a novel locus as +1 Mbp away from an index SNP previ-
ously reported in the GWAS catalog and in Evangelou et al.?
Proportion of variance explained
We used the VarExp R package? to estimate the proportion of vari-
ance in each BP trait explained by previously reported BP variants
and newly identified SNPs. The pruning threshold was set at r* =
0.2 to trim off redundant contribution from SNPs in high linkage
disequilibrium (LD). Summary statistics and BP-SNP association
estimates were derived from the meta-analyses of stages 1 and 2.
Bioinformatics and functional annotation
We assessed the functional potential of identified SNPs in the
meta-analyses using multiple tools. We first used HaploReg

v4.1?" and the Functional Mapping and Annotation (FUMA)>*
to annotate the functional features of our novel BP loci. Haploreg
was used to evaluate the effect of the identified SNPs on transcrip-
tion factor binding site motifs and to perform enhancer enrich-
ment analysis. Specifically, we assessed the overlap of our novel
BP-associated SNPs with predicted enhancers using the
ChromHMM 15-state core model and a binomial test of enrich-
ment relative to the background frequencies of all common vari-
antsin 127 cell types. FUMA was used to prioritize candidate genes
at each of the novel BP loci by incorporating three mapping stra-
tegies (positional, expression Quantitative Trait Locus (eQTL), and
chromatin interaction mappings), MAGMA gene-set analyses, and
several other annotation tools, such as the Combined Annotation
Dependent Depletion (CADD) score.”* We also used the Pheno-
Scanner v2** database to evaluate our novel BP-associated SNPs
for association with diseases and traits, metabolites (metabolite
quantitative trait loci, mQTL), gene expression (eQTL), proteins
(protein quantitative trait loci, pQTL), and DNA methylation
(methylation quantitative trait loci, methQTL). Finally, we carried
out protein-protein interaction networks and pathways enrich-
ment analyses using STRING v.11.%

Results

Stage 1 analyses comprised up to 68,450 participants from
five ancestry groups (Figure 1). Descriptive statistics of the
studies participating in stage 1 are shown in Table S1. The
proportion of individuals with psychological symptoms
varied by cohort and ancestry group. On average, 16%
(range: 5%—-41%) of individuals reported depressive symp-
toms and 24% (range: 6%-75%) reported anxiety
symptoms.

In stage 1 genome-wide interaction meta-analyses, we
identified 20,323 unique variants with suggestive evidence
(p < 1e—S5) of any BP trait association with at least one of
the three models tested. These were then evaluated for
BP association in stage 2 in an independent sample of up
to 61,046 individuals from four race/ethnicity groups
(AFR, ASN, EUR, and HIS) (Figure 1).

In meta-analyses combining stage 1 and 2 cohorts, we
identified 1,624 SNPs in 59 loci with genome-wide signifi-
cant BP associations (p < 5e—8) (Table S5). A total of 597
SNPs in 28 loci were associated with SBP, 1,261 SNPs in
26 loci were associated with DBP, 570 SNPs in 26 loci
were associated with MAP, and 150 SNPs in 19 loci were
associated with PP. There were 604 SNPs associated with
more than one BP trait (Figure S7). Almost all (1,614)
SNPs were identified through the 2-df joint test only. Addi-
tionally, six SNPs in four loci were identified through the 1-
df interaction test only, and 4 SNPs in 3 loci were identified
through both. A total of 1,316 SNPs reached genome-wide
significance in more than one association test (Table S5).

Novel BP loci

Among the 59 genome-wide significant loci, 15 SNPs in 9
loci were at least 1 Mbp away from any previously reported
BP locus and therefore considered novel (Table 1; Table S6).
All of them reached genome-wide significance in the 2-df
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Table 1. Novel loci associated with BP traits discovered in the combined analysis of stages 1 and 2

Most significant

Locus Nearest gene rsID CHR: position ~ EA  EAF  MAF AA/EA/HIS/BR/ASN Effect” SE IntEffect® IntSE  P.2 df Q.2 df P.1 df HetPVal®  2-df model n
1 CSF3R 1577010007  1:37049595 C 0.97 0.03/0/0/0/0 1.721  0.672 3.920 1.167 2.34E-08 4.81E-04 7.82E—04 0.338 AA-MAP-DEPR 14,865
CSF3R 1s112421395 1:37056662 A 0.03 0.03/0/0/0/0 -1.864 0.664 -3.712 1.166 2.05E-08 4.24E-04 1.45E-03 0.364 AA-MAP-DEPR 14,865
2 PLCL2 1560884297  3:17115469 A 0.98 0.02/0/0/0/0 —-0.106 0.638 5.125 1.049 1.39E-08 2.96E-04 1.03E-06 0.794 AA-PP-SOCS 16,406
PLCL2 rs111333873 3:17123818 T 0.97 0.03/0/0/0/0 —0.004 0.587 4.970 0.986 3.01E-09 7.16E-05 4.58E-07 0.753 AA-PP-SOCS 16,406
PLCL2 1573153364  3:17135437 T 0.03 0.03/0/0/0/0 —0.005 0.533 —4.720 0941 9.11E-09 1.99E-04 5.26E-07 0.576 AA-PP-SOCS 16,406
3 FSTLS 1s138187213 4:162397256 D 0.90 0.10/0.16/0.26/0.19/0.41 0.105 0.301 3.311 0.652 3.63E-08 7.08E—-04 3.75E-07 0.665 AA-PP-DEPR 14,534
FSTLS 155863461 4:162403550 D 0.89 0.11/0.16/0.26/0.19/0.41 0.074 0.306 3.321 0.646 2.87E-08 S5.78E-04 2.72E-07 0.675 AA-PP-DEPR 14,534
4 CASP8AP2 159342214 6:90593029 A 091 0.01/0.01/0.12/0.05/0.42 0.055  0.234 2.430 0.453 4.72E-09 4.31E-05 7.97E-08 0.000 TRANS-PP-ANXT 23,157
5 ACAS9 rs201673188 11:115004812 D 0.06 0.06/0.25/0.07/0.18/0 0.249  0.440 -3.570 0.708 3.86E—08 7.48E—04 4.53E-07 0.169 AA-PP-DEPR 12,882
6 ACSS3 rs140203359 12:81590456 A 0.99 0.01/0.01/0.11/0/0 0.400 0.578 4.444 0.969 3.23E-09 3.27E-05 4.46E—-06 0.575 EA-PP-SOCS 32,600
7 SNORD38 1s142313940 13:90434805 A  0.02 0.20/0.02/0.06/0.05/0.25 —0.405 0.279 -2.586 0.552 4.01E-09 3.90E-05 2.75E-06 0.792 EA-PP-DEPR 76,812
SNORD38 1s150161168 13:90434806 A  0.02 0.21/0.02/0.06/0.05/0.25 —-0.401 0.279 -2.594 0.551 3.87E—09 3.80E—05 2.55E—-06 0.787 EA-PP-DEPR 76,812
8 78K 1s202048896 18:36191432 D 0.96 0.04/0.04/0/0.02/0 0.926  0.520 4.393 0.936 9.86E—11 2.81E-06 2.67E—06 0.241 AA-MAP-DEPR 14,534
9 CHODL 1s73321585  21:19312167 T 0.96 0.08/0/0.02/0.01/0 0.025  0.289 2.670 0.532 1.19E-08 9.51E-05 S5.17E-07 0.003 TRANS-MAP-DEPR 37,392
CHODL 1s73321586  21:19312525 T 0.04 0.08/0/0.02/0.01/0 0.101 0300 -2.773  0.548 3.67E-08 2.46E—04 4.25E—-07 0.002 TRANSC-MAP-DEPR 34,421

SNPs with p < 5 x 1078 in the 2-df test or 1-df interaction test and at least 1 Mbp away from any previously reported BP locus are shown. EA, effect allele; EAF, effect allele frequency; MAF, minor allele frequency; SE, standard
error; HetPVal, heterogeneity p value, AA, African ancestry; EUR, European ancestry; HIS, Hispanic ancestry; BR, Brazilian ancestry; ASN, Asian ancestry; df, degrees of freedom; P.2df, P value of the joint test of SNP main effect
and interaction effect with 2 df; Q.2df, false discovery rate q value of the joint test with 2 df; P.1 df, P value of the interaction test with 1 df; TRANS, transethnic meta-analysis; DEPR, depressive symptomatology; ANXT, anxiety
symptomatology; SOCS, social support; PP, pulse pressure; MAP, mean arterial pressure; n, total sample size.

2SNP main (Effect) and interaction (IntEffect) effects estimated in the joint model. Effect is in mm Hg.

bp Value for heterogeneity in the stage 1 + 2 in the most significant 2-df model.




test, and all but one showed suggestive evidence of interac-
tion (1-df p < 0.05/59 = 8.5e—4). Indeed, as shown in for-
est plots (Figures S8-512), associations at these novel loci
were predominantly driven by interaction effects. Ten of
the newly identified variants were discovered through
modeling of interaction effects with depressive symptom-
atology, another four with social support, and only one
with anxiety. Except for the two variants in the FSTLS
gene on chromosome 4, the novel variants were of low fre-
quency (MAE 0.01-0.05) in the population in which they
were identified. Nine of the 15 variants were discovered in
analyses of populations of AFR ancestry. The enhanced dis-
covery of novel loci in AFR ancestry may be due to differ-
ences in allele frequencies among ancestry groups. Indeed,
five of the nine variants discovered in analyses of popula-
tions of AFR ancestry were not observed in any other
ancestry. Seven of the 15 novel variants were not observed
in individuals of EUR ancestry. Alternatively, SNP X Psy
interaction effect sizes may be greater in AFR ancestry.
For example, while rs201673188 is more common in
EUR than AFR, the interaction of SNP with depressive
symptomatology was associated with a decrease in PP of
3.57 mm Hg compared to 0.00 mm Hg in EUR (Table S5).
The two low-frequency variants on chromosome 13 iden-
tified in EUR ancestry showed some evidence of BP
association in AFR ancestry, where they were more com-
mon (MAF = 0.20) (2-df p = 3.5e-3; 1-df p = 2.3e-3).
Three novel SNPs were identified in the trans-ancestry
meta-analyses. However, these exhibited significant het-
erogeneity by ancestry (ppet < 0.016), with significance be-
ing driven by results from a single ancestry group
comprising stage 1 cohorts only (Table S7). Further replica-
tion of the association of these 3 SNPs with BP is therefore
warranted.

Known BP loci

The remaining 1,609 SNPs reaching genome-wide signifi-
cance mapped within 1 Mbp of 50 previously reported
BP SNPs. These were mostly identified in European
ancestry samples. Of the 1,609 SNPs, 117 showed nomi-
nally significant interaction effects (1-df p < 0.05), and
these were mostly observed in African ancestry samples
or trans-ancestry meta-analyses (Table S5).

We further assessed gene-psychosocial factor interactions
on BP at previously known loci® in our dataset. Of 983 pre-
viously reported BP loci, 976 were present in our meta-ana-
lyses of stages 1 and 2. After harmonization of risk alleles
against the previously published results, we tested for inter-
action in the 976 index SNPs. A Bonferroni-corrected p
value threshold controlling for the number of SNPs tested
(976), the number of BP traits (4), the number of Psy traits
(3), and the number of ancestry groups (5) was used. There
was evidence of gene-psychosocial interaction for 14 known
independent SNPs (1-df p < 0.05/976 x 4 X 3 x 5§ =
8.5e—7), including 9 SNPs reaching genome-wide signifi-
cance (Table S8). Notably, while these BP loci were identified
from populations of EUR ancestry, the most significant evi-

dence of interaction with psychosocial factors was obtained
in samples of non-EUR ancestry.

Proportion of variance explained

We used ancestry-specific LD-pruned (1* < 0.2) known and
novel BP SNPs to calculate the percent variance explained
by the SNP main effect and the SNP-psychosocial factor
interaction effect. The highest percent variance explained
was 10.4% for DBP among Asian individuals when the
SNP main effect and anxiety symptoms interactive effects
were jointly modeled (Table S9). Notably, except for popu-
lations of EUR ancestry, the percent variance explained by
interaction effects at the identified SNPs was at least equal
to or greater than that explained by the SNP main effects.
This was especially striking in the AFR ancestry group.
Consistently, the percent variance explained by the joint
effects of SNPs and psychosocial factors was 1.3- to 3.7-
fold greater than that of the SNP main effects across the
4 BP traits, with the greatest difference observed for the
joint effect of SNP X depressive symptoms (DEPR) in AFR
ancestry (Table S9).

Functional annotation and gene prioritization

Most newly identified SNPs were annotated as either in-
tronic or intergenic. This suggests evidence of regulatory
mechanisms by which the identified SNPs may influence
BP. Indeed, functional annotation using HaploReg v.4.1°'
and FUMA?* showed evidence of regulatory motif disrup-
tion and overlap with predicted enhancers in major tissue
types for the identified SNPs (Table S10). Enhancer enrich-
ment analysis in HaploReg v.4.1?" showed that the stron-
gest signal was in primary natural Killer cells from periph-
eral blood (p = 0.01), suggesting a possible role of innate
immunity as a mechanism underlying these novel associa-
tions. Functional annotation was also conducted on all
SNPs in moderate LD (r* > 0.6) with the identified novel
SNPs (Table S11). Among the 125 SNPs that encompass
the index SNPs and variants in LD, only two were exonic.
These include a stop-loss variant (rs60111091) in PLCL2 in
high LD with the index variant rs111333873 on chromo-
some 3 (Locus #2). Several SNPs in LD with the novel index
SNPs exhibited high CADD scores, suggesting that they are
likely pathogenic. One SNP with a CADD score of 16.2 and
in complete LD with rs140203359 (Locus #6) was located
in an intron of LIN7A (MIM: 603380). Interestingly,
15140203359 was also identified as an eQTL for LIN7A in
whole blood (Table S12). Two SNPs with similarly high
CADD scores and in moderately high LD with
1s73321585 (Locus #9) were located in an intron of
CHODL. Chromatin interaction mapping showed signifi-
cant evidence of long-range interactions of rs60884297
and nearby SNPs (Locus #2) with the promoter of
ANKRD28 (MIM: 611122), DAZL (MIM: 601486), and
PLCL2 (MIM: 614276) in aortic and left ventricular tissues
(Table S13). These three genes were predicted to be highly
intolerant to a loss-of-function mutation (probability of
loss-of-function intolerance (pLI) score > 0.9).
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Enrichment of the prioritized genes mapped to the novel loci in Differentially Expressed Gene (DEG) sets from GTEx v7

Significantly enriched DEG sets (Bonferroni-corrected p < 0.05) are highlighted in red.

Atotal of 72 genes were prioritized by FUMA based on their
physical position and their potential role in 3D chromatin
interactions (Table S14). Two additional genes were priori-
tized via eQTL analysis using PhenoScanner v2 (Table S12).
The 74 prioritized genes showed gene expression enrich-
ment in brain tissue, notably the hypothalamus (Figure 2),
and enrichment in 12 Gene Ontology terms, including
several related to synaptic function (Table S15). We also
used STRING v.11*° to investigate protein-protein interac-
tion networks and pathway enrichment analyses among
the 74 prioritized genes. There was significant evidence of
protein-protein interaction among the prioritized genes (p
= 2.5e—12). A total of 46 protein-protein interactions were
predicted. These showed enrichment in 4 major Reactome
Pathways, including Neuronal System, Transmission across
Chemical Synapses, Dopamine Neurotransmitter Release,
and Protein-protein Interactions at Synapses (Table S15).

Discussion

This genome-wide association study systematically evalu-
ated the joint effect of SNPs and SNP X Psy interactions

on BP in a large and diverse sample and identified 59
genome-wide significant loci, of which nine were novel.
Most novel loci were identified in non-European ancestry,
and all but one showed patterns of interaction with at least
one psychosocial factor. The enhanced discovery of novel
lociin non-EUR ancestry was due to population differences
in allele frequencies, with multiple novel variants not
observed in EUR, and/or to population differences in SNP
x Psy interaction effect sizes.

PP estimates the pulsatile component of BP and is influ-
enced by the stiffness of large arteries and the pattern of
wave reflections.”® In a recent meta-analysis comprising
5,060 white and 3,225 African American healthy adults
from 11 studies, measures of arterial stiffness and wave
reflection were consistently higher in African Americans
than in whites.?” Intriguingly, the majority of the newly
discovered loci were identified from analyses of African
ancestry, with several of the identified variants not observed
in European ancestry. The burden of hypertension in popu-
lations of African ancestry is among the highest in the
world and is a primary cause of disparities in cardiovascular
health and life expectancy between African Americans and
whites.”® Psychological and social stressors have been
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associated with hypertension and are thought to play a ma-
jor role in racial/ethnic differences in hypertension.”” In
particular, several lines of evidence indicate that psychoso-
cial stressors may uniquely impact heart rate variability
among African Americans.”” The findings reported here un-
derscore the value of including diverse populations in dis-
covery of novel BP loci and may provide clues about
possible biological mechanisms underlying the relation-
ships between genes, psychosocial factors, and BP.

Functional annotation of the newly identified loci pro-
vides support for a major role of genes implicated in synap-
tic function, neurotransmission, and innate immunity.
One of the newly identified loci for PP mapped to the
PLCL2 gene region on chromosome 3p24. Three variants
in moderately high LD and polymorphic in samples of Af-
rican ancestry only were associated at the genome-wide
significance level with PP in the context of social support
and at nominal significance level (p < 0.05) with SBP
and MAP in the context of social support and anxiety.
These variants are in strong LD with a rare stop-loss variant
in the PLCL2 gene and map to a region of long-range chro-
matin interaction with the PLCL2 promoter in aortic and
left ventricular tissues. PLCL2 encodes a phospholipase
C-like protein that lacks phospholipase catalytic activ-
ity.”” PLCL2 is expressed in hematopoietic cells, including
B cells and T cells, and is a negative regulator of B cell recep-
tor signaling and immune responses.®' Genetic variants in
the PLCL2 gene have been associated with several auto-im-
mune disorders®*”** and myocardial infarction®® in GWAS.
The newly identified associations are consistent with the
well-documented role of inflammation and the immune
system in hypertension.>®*’

Another newly identified association for PP mapped to
aregion on chromosome 1221 that harbors several genes
involved in synaptic function and plasticity. Lin-7 homo-
log A (LIN7A) is part of a family of scaffolding proteins
that function as part of a tripartite complex and play a
major role in synaptic function.’® This evolutionarily
conserved complex couples synaptic vesicle exocytosis
to cell adhesion in the brain® and participates in
NMDA receptor-containing vesicle transport.”’ PPFIA2
(MIM: 603143) encodes liprin a2, which organizes pre-
synaptic ultrastructure and controls synaptic output by
regulating synaptic vesicle release.*’ SYTI1 (MIM:
185605) encodes synaptotagmin 1. The synaptotagmins
are integral membrane proteins of synaptic vesicles
thought to serve as calcium sensors in the process of vesic-
ular trafficking and exocytosis.*”

The newly identified locus on chromosome 4 associated
with PP through depressive symptomatology mapped to
an intronic region of the follistatin-like 5 (FSTLS) gene.
This gene encodes a secretory glycoprotein with calcium-
binding function. Gene expression analysis of mouse brain
tissue shows that Fstl5 is expressed in the olfactory system,
hippocampal CA3 area, and granular cell layer of the cere-
bellum.** Variants in or near this gene have been associ-
ated with alcohol-related life events,** schizophrenia,*®

and the clustering of bipolar disorder, major depression,
and schizophrenia.*®

The locus on chromosome 21 mapped to an intronic re-
gion of the CHODL gene (MIM: 607247), which encodes a
membrane-bound C-type lectin expressed in heart and
skeletal muscle and is involved in muscle organ develop-
ment. Rare copy number variants in this gene have been
implicated in stress cardiomyopathy, also known as
“broken heart syndrome,” a sporadic condition precipi-
tated by psychological or physical stress.*”

Strengths of our study include a large sample of commu-
nity-based cohorts with diverse ancestral backgrounds.
Several limitations must also be acknowledged. First, while
sample size was relatively balanced in the two analysis
stages for populations of European and Asian ancestry,
this was not the case for the other populations. Moreover,
Asian and Brazilian populations were underrepresented in
the overall sample. A more balanced population representa-
tion across stages 1 and 2 and a more diverse sample may
have identified additional loci. Second, not all studies
used the same validated instrument to capture depressive
symptomatology, anxiety symptoms, and social support.
This may have introduced some degree of heterogeneity
and thus reduced power of our study. Finally, numerous
studies show that psychological and social stressors are asso-
ciated with poor health behaviors, such as cigarette smok-
ing, excess alcohol consumption, low physical activity,
and poor diet.***° Thus, it is possible that the associations
identified here were mediated at least in part by these fac-
tors. Indeed, although none of the nine novel loci identified
here overlap with loci reported in previous GWAS of gene-
by-alcohol or gene-by-smoking interaction on BP,>!°?
several known loci show such an overlap (Table S16).

In conclusion, we identified nine novel loci associated
with BP traits, which harbor genes implicated in the
neuronal system, synaptic function, and the immune
response. Associations of these loci with BP were driven
by interaction effects with at least one of three psychosocial
factors. Moreover, our data highlight the potential for psy-
chosocial factors to modify genetic associations of BP traits
at previously reported loci. These findings underscore the
importance of considering psychological and social factors
in gene discovery for BP, especially in African ancestry.

Data and code availability

The summary statistics of the meta-analyses generated in
this project are available at the CHARGE Consortium Sum-
mary Results at the database of Genotypes and Phenotypes
(dbGaP) under accession number dbGaP: phs000930 or
directly from the authors upon request.

Supplemental Information

Supplemental Information can be found online at https://doi.org/
10.1016/j.xhgg.2020.100013.

Human Genetics and Genomics Advances 2, 100013, January 14, 2021 9


https://doi.org/10.1016/j.xhgg.2020.100013
https://doi.org/10.1016/j.xhgg.2020.100013

Acknowledgments

We thank all study participants for contributing to this work. This
project was largely supported by grant RO1HL118305 from the US
National Heart, Lung, and Blood Institute (NHLBI) of the National
Institutes of Health, with additional support from RO1HL105756.
A full set of study-specific funding sources and acknowledgments
is provided in the Supplemental subjects and methods.

Declaration of Interests

The authors declare no competing interests.

Received: October 9, 2020
Accepted: October 20, 2020

Web resources

OMIM, https://www.omim.org/

FUMA GWAS, https://tuma.ctglab.nl/

HaploReg v4.1, https://pubs.broadinstitute.org/mammals/haploreg/
haploreg.php

PhenoScnner V2, http://www.phenoscanner.medschl.cam.ac.uk/

STRING V11, https://string-db.org/

dbGaP, https://www.ncbi.nlm.nih.gov/gap/

References

1. Kearney, PM., Whelton, M., Reynolds, K., Muntner, P., Whel-
ton, P.X., and He, J. (2005). Global burden of hypertension:
analysis of worldwide data. Lancet 365, 217-223.

2. Benjamin, E.J., Blaha, M.J., Chiuve, S.E., Cushman, M., Das,
S.R., Deo, R., de Ferranti, S.D., Floyd, J., Fornage, M., Gillespie,
C., et al.; American Heart Association Statistics Committee
and Stroke Statistics Subcommittee (2017). Heart Disease
and Stroke Statistics-2017 Update: A Report From the Amer-
ican Heart Association. Circulation 135, e146-e603.

3. Evangelou, E., Warren, H.R., Mosen-Ansorena, D., Mifsud, B.,
Pazoki, R., Gao, H., Ntritsos, G., Dimou, N., Cabrera, C.P,,
Karaman, I., et al.; Million Veteran Program (2018). Genetic
analysis of over 1 million people identifies 535 new loci
associated with blood pressure traits. Nat. Genet. 50, 1412-
1425.

4. Thomas, D. (2010). Gene-environment-wide association
studies: emerging approaches. Nat. Rev. Genet. 11, 259-272.

5. Cuffee, Y., Ogedegbe, C., Williams, N.J., Ogedegbe, G., and
Schoenthaler, A. (2014). Psychosocial risk factors for hyper-
tension: an update of the literature. Curr. Hypertens. Rep.
16, 483.

6. Liu, M.Y., Li, N., Li, W.A., and Khan, H. (2017). Association be-
tween psychosocial stress and hypertension: a systematic re-
view and meta-analysis. Neurol. Res. 39, 573-580.

7. Redina, O.E., and Markel, A.L. (2018). Stress, Genes, and Hy-
pertension. Contribution of the ISIAH Rat Strain Study. Curr.
Hypertens. Rep. 20, 66.

8. Trudel-Fitzgerald, C., Gilsanz, P., Mittleman, M.A., and Kub-
zansky, L.D. (2015). Dysregulated Blood Pressure: Can Regu-
lating Emotions Help? Curr. Hypertens. Rep. 17, 92.

9. Rutledge, T., and Hogan, B.E. (2002). A quantitative review of
prospective evidence linking psychological factors with hy-
pertension development. Psychosom. Med. 64, 758-766.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Smith, J.A., Zhao, W., Yasutake, K., August, C., Ratliff, S.M.,
Faul, ].D., Boerwinkle, E., Chakravarti, A., Diez Roux, A.V.,
Gao, Y., et al. (2017). Gene-by-Psychosocial Factor Interac-
tions Influence Diastolic Blood Pressure in European and Afri-
can Ancestry Populations: Meta-Analysis of Four Cohort
Studies. Int. J. Environ. Res. Public Health 14, 1596.

Psaty, B.M., O’Donnell, C.J., Gudnason, V., Lunetta, K.L.,
Folsom, A.R., Rotter, J.I., Uitterlinden, A.G., Harris, T.B., Witte-
man, J.C., Boerwinkle, E.; and CHARGE Consortium (2009).
Cohorts for Heart and Aging Research in Genomic Epidemi-
ology (CHARGE) Consortium: Design of prospective meta-an-
alyses of genome-wide association studies from 5 cohorts.
Circ. Cardiovasc. Genet. 2, 73-80.

Rao, D.C,, Sung, Y.J., Winkler, T.W., Schwander, K., Borecki, L.,
Cupples, L.A., Gauderman, W.J., Rice, K., Munroe, P.B., Psaty,
B.M.; and CHARGE Gene-Lifestyle Interactions Working
Group* (2017). Multiancestry Study of Gene-Lifestyle Interac-
tions for Cardiovascular Traits in 610 475 Individuals From
124 Cohorts: Design and Rationale. Circ. Cardiovasc. Genet.
10, e001649.

Manning, A.K., LaValley, M., Liu, C.T., Rice, K., An, P, Liu, Y.,
Miljkovic, I., Rasmussen-Torvik, L., Harris, T.B., Province,
M.A., et al. (2011). Meta-analysis of gene-environment inter-
action: joint estimation of SNP and SNP X environment
regression coefficients. Genet. Epidemiol. 35, 11-18.

Tobin, M.D., Sheehan, N.A., Scurrah, K.J., and Burton, P.R.
(2005). Adjusting for treatment effects in studies of quantita-
tive traits: antihypertensive therapy and systolic blood pres-
sure. Stat. Med. 24, 2911-2935.

1000 Genomes Project Consortium, Auton, A., Brooks, L.D.,
Durbin, R.M., Garrison, E.P.,, Kang, H.M., Korbel, J.O., March-
ini, J.L., McCarthy, S., McVean, G.A., et al. (2015). A global
reference for human genetic variation. Nature 526, 68-74.
Kraft, P, Yen, Y.C., Stram, D.O., Morrison, J., and Gauderman,
W.J. (2007). Exploiting gene-environment interaction to
detect genetic associations. Hum. Hered. 63, 111-119.
Winkler, T.W., Day, FR., Croteau-Chonka, D.C., Wood, A.R.,
Locke, A.E., Mdgi, R., Ferreira, T., Fall, T., Graff, M., Justice,
AE., et al,; Genetic Investigation of Anthropometric Traits
(GIANT) Consortium (2014). Quality control and conduct of
genome-wide association meta-analyses. Nat. Protoc. 9,
1192-1212.

Willer, C.J., Li, Y., and Abecasis, G.R. (2010). METAL: fast and
efficient meta-analysis of genomewide association scans. Bio-
informatics 26, 2190-2191.

Devlin, B., and Roeder, K. (1999). Genomic control for associ-
ation studies. Biometrics 55, 997-1004.

Laville, V., Bentley, A.R., Privé, E, Zhu, X., Gauderman, J.,
Winkler, T.W., Province, M., Rao, D.C., and Aschard, H.
(2018). VarExp: estimating variance explained by genome-
wide GXE summary statistics. Bioinformatics 34, 3412-3414.
Ward, L.D., and Kellis, M. (2012). HaploReg: a resource for
exploring chromatin states, conservation, and regulatory
motif alterations within sets of genetically linked variants. Nu-
cleic Acids Res. 40, D930-D934.

Watanabe, K., Taskesen, E., van Bochoven, A., and Posthuma,
D. (2017). Functional mapping and annotation of genetic as-
sociations with FUMA. Nat. Commun. 8, 1826.

Rentzsch, P., Witten, D., Cooper, G.M., Shendure, J., and
Kircher, M. (2019). CADD: predicting the deleteriousness of
variants throughout the human genome. Nucleic Acids Res.
47 (D1), D886-D894.

10

Human Genetics and Genomics Advances 2, 100013, January 14, 2021


https://www.omim.org/
https://fuma.ctglab.nl/
https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php
https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php
http://www.phenoscanner.medschl.cam.ac.uk/
https://string-db.org/
https://www.ncbi.nlm.nih.gov/gap/
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref1
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref1
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref1
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref2
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref2
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref2
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref2
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref2
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref2
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref3
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref3
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref3
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref3
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref3
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref3
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref4
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref4
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref5
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref5
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref5
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref5
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref6
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref6
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref6
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref7
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref7
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref7
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref8
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref8
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref8
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref9
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref9
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref9
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref10
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref10
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref10
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref10
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref10
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref10
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref11
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref11
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref11
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref11
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref11
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref11
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref11
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref12
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref12
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref12
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref12
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref12
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref12
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref12
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref13
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref13
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref13
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref13
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref13
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref13
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref14
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref14
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref14
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref14
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref15
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref15
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref15
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref15
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref16
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref16
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref16
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref17
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref17
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref17
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref17
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref17
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref17
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref18
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref18
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref18
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref19
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref19
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref20
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref20
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref20
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref20
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref21
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref21
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref21
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref21
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref22
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref22
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref22
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref23
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref23
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref23
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

335.

Staley, J.R., Blackshaw, J., Kamat, M.A,, Ellis, S., Surendran, P.,
Sun, B.B., Paul, D.S., Freitag, D., Burgess, S., Danesh, J., et al.
(2016). PhenoScanner: a database of human genotype-pheno-
type associations. Bioinformatics 32, 3207-3209.

Szklarczyk, D., Gable, A.L., Lyon, D., Junge, A., Wyder, S.,
Huerta-Cepas, J., Simonovic, M., Doncheva, N.T., Morris,
J.H., Bork, P, et al. (2019). STRING v11: protein-protein asso-
ciation networks with increased coverage, supporting func-
tional discovery in genome-wide experimental datasets. Nu-
cleic Acids Res. 47 (D1), D607-D613.

Safar, M.E., and Boudier, H.S. (2005). Vascular development,
pulse pressure, and the mechanisms of hypertension. Hyper-
tension 46, 205-209.

Buie, ].N.J., Stanley, A., Nietert, PJ., Logan, A., Adams, R.J., and
Magwood, G.S. (2019). Racial Disparities in Arterial Stiffness
Between Healthy Whites and African Americans in the United
States: A Meta-analysis. J. Natl. Med. Assoc. 111, 7-17.
Carnethon, M.R., Pu, J., Howard, G., Albert, M.A., Anderson,
C.A.M., Bertoni, A.G., Mujahid, M.S., Palaniappan, L., Taylor,
H.A., Jr, Willis, M., Yancy, C.W.; and American Heart
Association Council on Epidemiology and Prevention;
Council on Cardiovascular Disease in the Young; Council on
Cardiovascular and Stroke Nursing; Council on Clinical
Cardiology; Council on Functional Genomics and
Translational Biology; and Stroke Council (2017). Cardiovas-
cular Health in African Americans: A Scientific Statement
From the American Heart Association. Circulation 136,
e393-e423.

Hill, L.K., and Thayer, J.F. (2019). The Autonomic Nervous Sys-
tem and Hypertension: Ethnic Differences and Psychosocial
Factors. Curr. Cardiol. Rep. 21, 15.

Otsuki, M., Fukami, K., Kohno, T., Yokota, J., and Takenawa, T.
(1999). Identification and characterization of a new phospho-
lipase C-like protein, PLC-L(2). Biochem. Biophys. Res. Com-
mun. 266, 97-103.

Takenaka, K., Fukami, K., Otsuki, M., Nakamura, Y., Kataoka,
Y., Wada, M., Tsuji, K., Nishikawa, S., Yoshida, N., and Taken-
awa, T. (2003). Role of phospholipase C-L2, a novel phospho-
lipase C-like protein that lacks lipase activity, in B-cell receptor
signaling. Mol. Cell. Biol. 23, 7329-7338.

Bowes, J., Ho, P, Flynn, E., Ali, F, Marzo-Ortega, H., Coates,
L.C., Warren, R.B., McManus, R., Ryan, A.W.,, Kane, D., et al.
(2012). Comprehensive assessment of rheumatoid arthritis
susceptibility loci in a large psoriatic arthritis cohort. Ann.
Rheum. Dis. 71, 1350-1354.

Tsoi, L.C., Spain, S.L., Ellinghaus, E., Stuart, P.E., Capon, E,
Knight, J., Tejasvi, T., Kang, H.M., Allen, M.H., Lambert, S.,
et al. (2015). Enhanced meta-analysis and replication studies
identify five new psoriasis susceptibility loci. Nat. Commun.
6, 7001.

Arismendi, M., Giraud, M., Ruzehaji, N., Dieudé¢, P., Koumakis,
E., Ruiz, B., Airo, P, Cusi, D., Matucci-Cerinic, M., Salvi, E.,
etal. (2015). Identification of NF-kB and PLCL2 as new suscep-
tibility genes and highlights on a potential role of IRF8
through interferon signature modulation in systemic scle-
rosis. Arthritis Res. Ther. 17, 71.

Hirokawa, M., Morita, H., Tajima, T., Takahashi, A., Ashikawa,
K., Miya, E, Shigemizu, D., Ozaki, K., Sakata, Y., Nakatani, D.,
et al. (2015). A genome-wide association study identifies
PLCL2 and AP3D1-DOT1L-SF3A2 as new susceptibility loci
for myocardial infarction in Japanese. Eur. J. Hum. Genet.
23, 374-380.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Caillon, A., Paradis, P., and Schiffrin, E.L. (2019). Role of im-
mune cells in hypertension. Br. J. Pharmacol. 176, 1818-1828.
Lopez Gelston, C.A., and Mitchell, B.M. (2017). Recent Ad-
vances in Immunity and Hypertension. Am. J. Hypertens.
30, 643-652.

Jo, K., Derin, R., Li, M., and Bredt, D.S. (1999). Characteriza-
tion of MALS/Velis-1, -2, and -3: a family of mammalian
LIN-7 homologs enriched at brain synapses in association
with the postsynaptic density-95/NMDA receptor postsyn-
aptic complex. J. Neurosci. 19, 4189-4199.

Butz, S., Okamoto, M., and Siidhof, T.C. (1998). A tripartite
protein complex with the potential to couple synaptic vesicle
exocytosis to cell adhesion in brain. Cell 94, 773-782.

Setou, M., Nakagawa, T., Seog, D.H., and Hirokawa, N. (2000).
Kinesin superfamily motor protein KIF17 and mLin-10 in
NMDA receptor-containing vesicle transport. Science 288,
1796-1802.

Spangler, S.A., Schmitz, S.K., Kevenaar, ].T., de Graaff, E., de
Wit, H., Demmers, J., Toonen, R.F, and Hoogenraad, C.C.
(2013). Liprin-a2 promotes the presynaptic recruitment and
turnover of RIM1/CASK to facilitate synaptic transmission.
J. Cell Biol. 201, 915-928.

Fernandez-Chacén, R., Konigstorfer, A., Gerber, S.H., Garcia,
J., Matos, M.E, Stevens, C.F, Brose, N., Rizo, J., Rose-
nmund, C., and Siidhof, T.C. (2001). Synaptotagmin I func-
tions as a calcium regulator of release probability. Nature
410, 41-49.

Masuda, T., Sakuma, C., Nagaoka, A., Yamagishi, T., Ueda, S.,
Nagase, T., and Yaginuma, H. (2014). Follistatin-like 5 is ex-
pressed in restricted areas of the adult mouse brain: Implica-
tions for its function in the olfactory system. Congenit.
Anom. (Kyoto) 54, 63-66.

Peng, Q., Bizon, C., Gizer, L.R., Wilhelmsen, K.C., and Ehlers,
C.L. (2019). Genetic loci for alcohol-related life events and
substance-induced affective symptoms: indexing the “dark
side” of addiction. Transl. Psychiatry 9, 71.

Gardella, R., Sacchetti, E., Legati, A., Magri, C., Traversa, M.,
and Gennarelli, M. (2017). Compound heterozygosity for a
hemizygous rare missense variant (rs141999351) and a large
CNV deletion affecting the FSTLS gene in a patient with
schizophrenia. Psychiatry Res. 258, 598-599.

Tang, J., Chen, X., Cai, B., and Chen, G. (2019). A logical rela-
tionship for schizophrenia, bipolar, and major depressive dis-
order. Part 4: Evidence from chromosome 4 high-density asso-
ciation screen. J. Comp. Neurol. 527, 392-405.

Lacey, C.J., Doudney, K., Bridgman, P.G., George, PM.,
Mulder, R.T., Zarifeh, ].J., Kimber, B., Cadzow, M.]., Black,
M.A., Merriman, T.R,, et al. (2018). Copy number variants
implicate cardiac function and development pathways in
earthquake-induced stress cardiomyopathy. Sci. Rep. 8,
7548.

Cohen, B.E., Edmondson, D., and Kronish, .M. (2015). State
of the Art Review: Depression, Stress, Anxiety, and Cardiovas-
cular Disease. Am. J. Hypertens. 28, 1295-1302.

Hasin, D.S., and Grant, B.F. (2015). The National Epidemio-
logic Survey on Alcohol and Related Conditions (NESARC)
Waves 1 and 2: review and summary of findings. Soc. Psychi-
atry Psychiatr. Epidemiol. 50, 1609-1640.

Hasin, D.S., Stinson, ES., Ogburn, E., and Grant, B.E
(2007). Prevalence, correlates, disability, and comorbidity
of DSM-IV alcohol abuse and dependence in the United
States: results from the National Epidemiologic Survey on

Human Genetics and Genomics Advances 2, 100013, January 14, 2021 11


http://refhub.elsevier.com/S2666-2477(20)30013-0/sref24
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref24
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref24
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref24
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref25
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref25
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref25
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref25
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref25
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref25
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref26
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref26
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref26
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref27
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref27
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref27
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref27
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref28
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref29
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref29
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref29
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref30
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref30
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref30
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref30
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref31
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref31
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref31
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref31
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref31
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref32
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref32
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref32
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref32
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref32
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref33
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref33
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref33
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref33
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref33
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref34
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref34
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref34
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref34
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref34
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref34
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref35
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref35
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref35
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref35
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref35
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref35
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref36
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref36
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref37
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref37
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref37
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref38
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref38
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref38
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref38
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref38
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref39
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref39
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref39
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref40
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref40
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref40
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref40
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref41
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref41
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref41
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref41
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref41
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref42
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref42
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref42
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref42
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref42
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref43
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref43
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref43
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref43
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref43
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref44
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref44
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref44
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref44
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref44
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref44
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref45
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref45
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref45
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref45
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref45
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref46
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref46
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref46
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref46
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref47
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref47
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref47
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref47
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref47
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref47
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref48
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref48
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref48
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref49
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref49
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref49
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref49
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref50
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref50
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref50
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref50

Alcohol and Related Conditions. Arch. Gen. Psychiatry 64,
830-842.

51. Feitosa, M.E, Kraja, A.T., Chasman, D.I., Sung, Y.J., Winkler,
T.W., Ntalla, I., Guo, X., Franceschini, N., Cheng, C.Y., Sim,
X., et al,; InterAct Consortium (2018). Novel genetic associa-
tions for blood pressure identified via gene-alcohol interaction

in up to 570K individuals across multiple ancestries. PLoS
ONE 13, e0198166.

52. Sung, YJ., Winkler, T.W., de Las Fuentes, L., Bentley, A.R.,

Brown, M.R,, Kraja, A.T., Schwander, K., Ntalla, I., Guo, X.,
Franceschini, N., et al.; CHARGE Neurology Working Group;
COGENT-Kidney Consortium; GIANT Consortium; and Life-
lines Cohort Study (2018). A Large-Scale Multi-ancestry
Genome-wide Study Accounting for Smoking Behavior Iden-
tifies Multiple Significant Loci for Blood Pressure. Am. J.
Hum. Genet. 102, 375-400.

12 Human Genetics and Genomics Advances 2, 100013, January 14, 2021


http://refhub.elsevier.com/S2666-2477(20)30013-0/sref50
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref50
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref51
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref51
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref51
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref51
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref51
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref51
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52
http://refhub.elsevier.com/S2666-2477(20)30013-0/sref52

	Multi-ancestry genome-wide association study accounting for gene-psychosocial factor interactions identifies novel loci for ...
	Introduction
	Subjects and methods
	Study design and participating studies
	Blood pressure traits
	Psychosocial exposures
	Genotype data
	Study-specific statistical analysis
	Quality control and meta-analyses
	Proportion of variance explained
	Bioinformatics and functional annotation


	Results
	Novel BP loci
	Known BP loci
	Proportion of variance explained
	Functional annotation and gene prioritization

	Discussion
	Data and code availability
	Supplemental Information
	Acknowledgments
	Declaration of Interests
	Web resources
	References


