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Abstract

Preeclampsia and gestational hypertension are common pregnancy complications associated with 

adverse maternal and child outcomes. Current tools for prediction, prevention and treatment are 

limited. Here we tested the association of maternal DNA sequence variants with preeclampsia in 

20,064 cases and 703,117 control individuals and with gestational hypertension in 11,027 cases 

and 412,788 control individuals across discovery and follow-up cohorts using multi-ancestry meta-

analysis. Altogether, we identified 18 independent loci associated with preeclampsia/eclampsia 

and/or gestational hypertension, 12 of which are new (for example, MTHFR–CLCN6, WNT3A, 

NPR3, PGR and RGL3), including two loci (PLCE1 and FURIN) identified in the multitrait 

analysis. Identified loci highlight the role of natriuretic peptide signaling, angiogenesis, renal 

glomerular function, trophoblast development and immune dysregulation. We derived genome-

wide polygenic risk scores that predicted preeclampsia/eclampsia and gestational hypertension 

in external cohorts, independent of clinical risk factors, and reclassified eligibility for low-dose 

aspirin to prevent preeclampsia. Collectively, these findings provide mechanistic insights into 

the hypertensive disorders of pregnancy and have the potential to advance pregnancy risk 

stratification.

The hypertensive disorders of pregnancy (HDPs) represent a leading cause of maternal and 

neonatal morbidity and mortality and account for ~14% of maternal deaths worldwide1,2. 

Up to 15% of child-bearing women experience an HDP in at least one pregnancy3. The 

HDPs include preeclampsia, defined as new-onset hypertension or worsening hypertension 

after 20-week gestation plus proteinuria or other evidence of end-organ dysfunction; 

gestational hypertension, defined as new-onset hypertension without accompanying features 

of preeclampsia and eclampsia, defined as progression of preeclampsia to maternal 

seizures4,5. In addition to short-term risks of end-organ failure and death in the absence 

of prompt recognition and treatment, individuals who develop HDPs have a roughly 

twofold long-term risk of cardiovascular disease compared with those who experience only 

normotensive pregnancies for reasons that remain incompletely understood6.

The pathophysiology of the HDPs is increasingly recognized to be heterogeneous 

with maternal and fetal contributions. In the contemporary model of preeclampsia 

pathophysiology, defective trophoblast invasion in early placental development and 

incomplete remodeling of the maternal spiral arteries lead to placental ischemia later 

in gestation1,7. The distressed placenta secretes an excess of circulating anti-angiogenic 

proteins (for example, soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin) 

that induce the systemic maternal endothelial dysfunction and vasoconstriction that drive 

the clinical manifestations of preeclampsia (hypertension and proteinuria)8. In addition, 

maternal cardiometabolic risk factors (for example, prepregnancy chronic hypertension, 

diabetes and obesity) and prepregnancy kidney and autoimmune disease strongly predict 

preeclampsia1,9 and influence early placentation as well as maternal vascular adaptation to 

pregnancy7.

Genetic analysis may yield new mechanistic insights into the pathophysiology of HDPs. An 

estimated 31–35% of preeclampsia predisposition has been attributed to maternal genetics 

using familial aggregation-based approaches10,11. However, few genetic loci linked to 
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preeclampsia have been identified and robustly validated to date. Several fetal variants near 

the FLT1 gene, which encodes placenta-derived sFlt-1, have been reported to associate with 

preeclampsia12,13. Recently, in a study discussed in ref. 13, the largest maternal GWAS of 

preeclampsia to date identified associations near FTO (the first reported obesity-associated 

locus), ZNF831 and several other blood pressure (BP)-associated genes (MECOM, FGF5 
and SH2B3) in a combined meta-analysis of 12,150 cases and 164,098 controls. In addition, 

increased maternal hypertension polygenic risk is associated with the risk of HDPs13–17.

In this work, we performed an expanded multi-ancestry GWAS meta-analysis for 

preeclampsia/eclampsia and separately performed GWAS for gestational hypertension. We 

then used these results to train and test polygenic risk scores (PRS) for each outcome in 

independent datasets (Extended Data Fig. 1).

Results

Associations with preeclampsia and gestational hypertension

We tested the association of common variants (minor allele frequency (MAF) ≥1%) 

with preeclampsia/eclampsia among 17,150 cases and 451,241 control individuals in 

discovery analysis (78.0% European, 21.2% Asian, 0.5% admixed American and 0.3% 

African ancestry; Supplementary Table 1) using multi-ancestry fixed-effects meta-analysis 

in METAL18. Female individuals with preeclampsia were identified principally using 

International Classification of Diseases (ICD) codes and phecodes corresponding to 

preeclampsia and, where available, eclampsia (Supplementary Tables 1–3); control 

individuals were generally either those with exclusively normotensive pregnancies or 

all female participants without codes corresponding to hypertension in pregnancy13. In 

discovery analysis, we identified 12 independent loci at the commonly used statistical 

significance threshold of P < 5 × 10−8, including six previously nominated in ref. 13 in 

maternal or fetal GWAS (MECOM (3q26), FGF5 (4q21), SH2B3 (12q22), FLT1 (13q12), 

FTO (16q12) and ZNF831 (20q13)) and six additional loci (MTHFR–CLCN6 (1p36), 

WNT3A (1q42), MICA (6p21), LINC00484 (9q22), PGR (11q22), and RGL3 (19p13); 

Table 1; Extended Data Fig. 2a and Supplementary Table 4).

We pursued replication of these GWAS results in four follow-up cohorts that collectively 

included 2,914 female individuals with preeclampsia/eclampsia and 251,876 female controls 

(96.7% European, 3.1% African and 0.3% admixed American ancestry). We replicated 

7 of 12 associations from discovery analysis with P < 0.05 and consistent direction of 

effect, including the new associations at MTHFR–CLCN6, PGR and RGL3 (Table 1). Ten 

associations had a consistent direction of effect in follow-up cohorts, and 11 of 12 associated 

loci retained genome-wide significance in a combined meta-analysis of preeclampsia/

eclampsia discovery and follow-up cohorts. In a combined meta-analysis, two additional 

loci attained genome-wide significance (FGL1 (8p22) and UPB1 (22q11)), yielding a total 

of 13 loci associated with preeclampsia/eclampsia with genome-wide significance (Fig. 

1a). We did not observe inflation in test statistics (lambda genomic inflation factor, 1.038; 

Supplementary Fig. 1a). There was no discernible heterogeneity of these associations across 

ancestries (Supplementary Table 5). Conditional analysis in genome-wide complex trait 

analysis (GCTA)-conditional and joint analysis (COJO)19 identified a second independent 
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association on chromosome 20 near ZBTB46 (lead variant rs4809370; odds ratio (OR), 1.08; 

P = 1.4 × 10−8).

We next tested the association of common variants with gestational hypertension among 

8,961 cases and 184,925 control individuals in discovery analysis (91.3% European, 6.7% 

Asian, 0.7% African and 1.3% admixed American) and among 2,066 cases and 227,863 

controls in follow-up cohorts (96.3% European, 3.4% African, and 0.3% admixed American; 

Supplementary Tables 1 and 2). Female individuals with gestational hypertension were 

identified primarily based on qualifying ICD codes for gestational hypertension and an 

absence of qualifying codes for preeclampsia/eclampsia. In discovery analysis, we identified 

seven independent genome-wide significant loci associated with gestational hypertension, 

including four also associated with preeclampsia/eclampsia (MECOM, FGF5, RGL3 and 

ZNF831) and three additional associations (NPR3 (5p13), TNS2–CSAD (12q13) and 

PREX1 (20q13); Table 2 and Extended Data Fig. 2b). Four of seven significant associations 

replicated with P < 0.05 in follow-up cohorts (FGF5, RGL3, PREX1 and ZNF831), and 

all seven loci had consistent direction of effect in follow-up cohorts. In a combined 

meta-analysis of discovery and follow-up cohorts, six of seven loci retained genome-wide 

significance and the MTHFR–CLCN6 locus (1p36) additionally reached genome-wide 

significance, yielding a total of seven loci associated with gestational hypertension in the 

combined meta-analysis (Fig. 1b). As with preeclampsia/eclampsia, we did not observe 

inflation in test statistics (lambda genomic inflation factor, 0.976; Supplementary Fig. 1b). 

Stratified analyses suggested potential heterogeneity of association by ancestry (Pheterogeneity 

= 0.001) at the MECOM locus, with an inverse association with the lead risk variant 

observed among those with admixed American ancestry (Supplementary Table 5).

Genetic correlation across hypertension-related phenotypes

We used cross-trait linkage disequilibrium (LD) score regression20 to assess genetic 

correlations among preeclampsia/eclampsia, gestational hypertension, systolic BP (SBP) and 

diastolic BP (DBP)21. Preeclampsia/eclampsia and gestational hypertension were strongly 

genetically correlated (rg = 0.71, s.e. = 0.08). SBP demonstrated a stronger genetic 

correlation with gestational hypertension (rg = 0.73, s.e. = 0.06) versus preeclampsia/

eclampsia (rg = 0.52, s.e. = 0.05). Of note, the correlation of SBP with gestational 

hypertension (rg = 0.73) was larger than that of SBP with DBP (rg = 0.62, s.e. = 0.03, 

in the Million Veteran Program21, with the similar genetic correlation between SBP and 

DBP observed previously in the UK Biobank22). Genetic correlations with the HDPs were 

stronger for SBP versus DBP (Extended Data Table 1).

Multitrait analysis of GWAS (MTAG)

Given the high degree of genetic correlation observed between preeclampsia/eclampsia 

and gestational hypertension, we used MTAG summary statistics23 to boost power to 

identify additional associated variants. Consistent with this high degree of correlation, 

MTAG yielded very similar results for each trait (displayed for preeclampsia/eclampsia 

in Extended Data Fig. 3). MTAG identified the following two additional loci with genome-

wide significance (Supplementary Table 6): PLCE1 (10q23), which is a BP-associated 

gene that encodes a phospholipase involved in glomerular podocyte development24 and that 
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narrowly missed statistical significance in combined gestational hypertension meta-analysis 

(P = 6.0 × 10−8), and FURIN (15q26), which encodes a protein convertase involved in 

processing pronatriuretic peptides25 and whose expression is decreased in preeclamptic 

placentas26.

Gene prioritization at risk loci

To prioritize causal genes, we performed colocalization analysis with expression quantitative 

trait loci (eQTLs) within ±500 kb of lead variants across 52 tissues in the Genotype-

Tissue Expression (GTEx) project (Supplementary Tables 7 and 8) (ref. 27). Colocalization 

implicated FGF5 and NPR3 as causal genes at their respective loci. The lead variant 

at the MTHFR–CLCN6 locus colocalized with CLCN6 eQTLs as well as expression 

of NPPA, which encodes the precursor to an atrial natriuretic peptide (ANP). The lead 

preeclampsia/eclampsia variant at the ZNF831 locus colocalized with multiple genes but 

most strongly with ZBTB46 expression, including in arterial tissue. We also observed 

multiple colocalizations with WNT3A (WNT3A, GJC2 and mitochondrial proteins IBA57 
and MPRL55), MICA (CLIC1 and psoriasis-associated genes TCF19, CCHCR1 and 

PSORS1C1) and RGL3 (ZNF627 and EPOR). We observed no strong colocalizations with 

lead variants at LINC00484, PGR, SH2B3, FLT1, FTO or TNS2–CSAD.

Next, we queried variant-to-gene evidence in Open Targets Genetics v7 (Supplementary 

Tables 9 and 10) (ref. 28) and generated polygenic priority scores (PoPS; Supplementary 

Table 11) (ref. 29) for lead variants. Both approaches nominated MECOM, FGF5, SH2B3, 

FTO and NPR3 as the most likely causal gene and their respective loci. PoPS prioritized 

NPPA as the most likely causal gene at the MTHFR–CLCN6 locus and TRPC6 as the most 

likely causal gene at the PGR locus.

To further understand how identified genes might influence HDP risk, we queried lead 

maternal variants in the fetal GWAS for maternal preeclampsia discussed in ref. 13 

(Supplementary Table 12). As published previously12,13, the lead FLT1 variant was strongly 

associated with preeclampsia (P = 3.9 × 10−11); all other lead variants had P > 10−4 

in the fetal GWAS. In addition, we queried the nearest genes and those prioritized by 

colocalization, variant-to-gene scores and/or PoPS in a publicly available database of the 

human placental transcriptome including preeclampsia cases and controls (Supplementary 

Table 13) (ref. 30). Consistent with the correlation of increased circulating placental sFlt-1 

with preeclampsia incidence8,31, FLT1 gene expression was increased in preeclamptic 

placentas (log2(fold change) = 0.39, false discovery rate-adjusted P = 0.003). Expression of 

WNT3A, which occurs almost exclusively in the placenta32, was increased in preeclamptic 

placentas versus healthy controls (log2(fold change) = 0.21, adjusted P = 0.029). OBSCN, 

which was most strongly prioritized by PoPS at the WNT3A locus, was also overexpressed 

in preeclamptic versus control placentas (log2(fold change) = 0.18; adjusted P = 0.037). 

Furthermore, preeclamptic placentas demonstrated lower expression of ARHGAP42—which 

sits adjacent to PGR and encodes Rho GTPase activating protein 42, a known regulator 

of vascular tone and BP expressed selectively in smooth muscle cells33—compared with 

controls (log2(fold change) = −0.18, adjusted P = 0.004).
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We analyzed the expression of prioritized genes in a dataset of single-nuclei RNA 

sequencing (snRNA-seq) from nonatherosclerotic human aortic tissue. SnRNA-seq 

identified subpopulations of vascular smooth muscle cells, fibromyocytes, fibroblasts, 

endothelial cells (ECs), macrophages, natural killer T cells and neuronal cells. The greatest 

enrichment was seen in the two EC populations and in macrophages (Extended Data Fig. 

4). The EC1 subpopulation is enriched for genes in angiogenesis and lipoprotein assembly 

and clearance, while the EC2 subpopulation is enriched for genes in extracellular matrix 

production and integrin expression34. Relative expression in ECs versus other cell types was 

strongest for FLT1 (EC1/EC2), ZBTB46 (EC1) and MECOM (EC2).

Training and testing PRS

We used PRS–CS35 to construct genome-wide PRS for preeclampsia/eclampsia 

(PRSpreeclampsia) and gestational hypertension (PRSGH) from our corresponding discovery 

GWAS summary statistics. In addition, because BP polygenic risk has previously been 

associated with HDPs13–15, we used PRS–CS to derive a PRS for SBP (PRSSBP) using 

the SBP GWAS from the Million Veteran Program21 to compare prediction across scores 

and determine whether a linear combination of each HDP PRS and PRSSBP improves 

performance.

We tuned polygenic scores among female individuals with and without a history of 

HDPs in the UK Biobank. The global shrinkage parameter of 1 × 10−4 was chosen for 

PRSpreeclampsia and PRSSBP and of 1 × 10−6 for PRSGH as these values generated the 

highest R2 (Supplementary Table 14). A linear combination of PRSpreeclampsia and PRSSBP 

(PRSpreeclampsia+SBP) improved performance versus each score individually for the outcome 

of preeclampsia (Supplementary Table 15).

The polygenic scores tuned in the UK Biobank were carried forward for external validation 

in the following two complementary datasets: a Norwegian population-based cohort linked 

to the Medical Birth Register of Norway (Trøndelag Health Study (HUNT), preeclampsia/

eclampsia only) and a prospective US pregnancy cohort (nuMoM2b). Among 25,582 

Norwegian female participants in HUNT (1,569 (6.1%) with preeclampsia/eclampsia), the 

prevalence of preeclampsia/eclampsia ranged from ~4% among those in the bottom decile 

of PRSpreeclampsia+SBP to ~10% among the top decile of PRSpreeclampsia+SBP (Fig. 2a). 

After adjustment for age, age2 and the first 10 principal components (PC) of ancestry, 

the OR corresponding to the top 10% versus bottom 90% of PRSpreeclampsia+SBP was 1.85 

(95% confidence interval (CI) = 1.61–2.13, P = 6.3 × 10−18; Extended Data Table 2). 

PRSpreeclampsia+SBP increased Nagelkerke’s R2 by 28.5% compared with the PRSpreeclampsia 

alone and by 79.3% compared with PRSSBP alone (Supplementary Table 16).

We next tested PRS performance in the prospective, multi-ancestry nuMoM2b cohort of 

US female individuals recruited in the first trimester of their first pregnancy, including 481 

(6.4%) who developed preeclampsia, 1,319 (17.5%) who developed gestational hypertension 

and 5,744 with normotensive pregnancies (overall 73.6% European, 16.5% African and 

1.0% admixed American ancestry). Rates of preeclampsia/eclampsia ranged from ~4% 

among those in the bottom decile of PRSpreeclampsia+SBP to ~10% among the top decile of 

PRSpreeclampsia+SBP (Fig. 2b). Rates of gestational hypertension ranged from ~9% among 
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those in the bottom decile of PRSGH+SBP to ~24% among the top decile of PRSGH+SBP (Fig. 

2c). As in HUNT, incorporating SBP PRS in linear combination boosted PRS performance 

for HDPs, especially for gestational hypertension, although PRS performance was better 

in female participants with European versus other ancestries (Supplementary Table 17). 

After adjustment for age, PC 1–10 and self-reported race/ethnicity, PRSpreeclampsia+SBP 

and PRSGH+SBP each predicted their respective outcomes (preeclampsia/eclampsia: OR = 

1.78, 95% CI = 1.35–2.31, for top 10% versus bottom 90% PRSpreeclampsia+SBP, P = 2.6 

× 10−5; gestational hypertension: OR = 1.52, 95% CI = 1.26–1.84, for top 10% versus 

bottom 90% PRSGH+ SBP, P = 1.0 × 10−5). As prepregnancy hypertension and obesity are 

established clinical predictors of HDPs, we performed further adjustments for first-trimester 

SBP, antihypertensive medication use (as a marker of chronic hypertension) and body 

mass index (BMI). After this additional adjustment, the scores both remained predictive 

(preeclampsia/eclampsia: OR = 1.64, 95% CI = 1.23–2.15, for top 10% versus bottom 90% 

PRSpreeclampsia+SBP, P = 5.1 × 10−4; gestational hypertension: OR = 1.53, 95% CI = 1.26–

1.85, for top 10% versus bottom 90% PRSGH+SBP, P = 1.0 × 10−5). Compared with a model 

including age, PC 1–10, self-reported race/ethnicity, first-trimester SBP, antihypertensive 

medication use and first-trimester BMI, addition of PRSpreeclampsia+SBP improved the C-

statistic for preeclampsia/eclampsia from 0.690 to 0.701 (+0.011, 95% CI = 0.001–0.021, 

Delong’s P = 3.7 × 10−2). Similarly, addition of PRSGH+SBP improved the C-statistic for 

gestational hypertension from 0.649 to 0.659 (+0.010, 95% CI = 0.003–0.018, Delong’s P = 

5.7 × 10−3).

Low-dose aspirin startign after 12 weeks’ gestation represents an evidence-based but 

underused strategy to reduce risk of preeclampsia. To probe the potential clinical impact 

of incorporating PRS to guide aspirin allocation, we examined aspirin eligibility according 

to current US Preventive Service Task Force major criteria36 with and without addition of 

PRSpreeclampsia+SBP as an additional eligibility criterion in the nuMoM2b cohort. Among 

singleton, nulliparous female individuals (that is, the population enrolled in nuMoM2b), 

major criteria for aspirin eligibility are chronic prepregnancy hypertension, pregestational 

diabetes, kidney disease and autoimmune disease36. The sensitivity of major risk factors for 

preeclampsia/eclampsia was only 17.5% with a corresponding positive predictive value of 

12.8% (Table 3). Incorporating the top 10% of PRSpreeclampsia+SBP increased identification 

of the aspirin-eligible proportion to 30.4% of those with preeclampsia/eclampsia (that is, 

sensitivity 30.4% (95% CI = 26.2–34.5%)) with the specificity of 83.3% (95% CI = 82.5–

84.2%), positive predictive value of 11.0% (95% CI = 9.3–12.7%) and negative predictive 

value of 94.6% (95% CI = 94.1–95.2%; Table 3). Expanding aspirin eligibility further to 

include the top 25% of PRSpreeclampsia+SBP captured nearly half (47.0%) of those who 

developed preeclampsia/eclampsia. The addition of high PRSpreeclampsia+SBP to major risk 

factors to up-classify the risk of preeclampsia/eclampsia yielded net reclassification of 

+1.8% (95% CI = −0.3% to +4.0%) for top 5% PRSpreeclampsia+SBP, +4.3% (95% = CI 

1.3–7.3%) for top 10% PRSpreeclampsia+SBP, and +8.3% (95% CI = 3.9–12.6%) for top 25% 

PRSpreeclampsia+SBP (Table 3).
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Phenome-wide associations with polygenic risk

We performed sex-stratified phenome-wide association analysis for PRSpreeclampsia and 

PRSGH across 1,445 phecode-based phenotypes in the UK Biobank. PRSpreeclampsia was 

associated with 36 phenotypes in female participants and 37 phenotypes in male participants 

with Bonferroni-corrected statistical significance (P < 0.05/1,445 = 3.5 × 10−5; Fig. 3); 

PRSGH was significantly associated with 25 and 32 phenotypes in female and male 

participants, respectively (Extended Data Fig. 5). PRSpreeclampsia and PRSGH were most 

strongly associated with hypertension in both sexes (PRSpreeclampsia: ORfemale = 1.15 per 

s.d., 95% CI = 1.14–1.16, P = 1.4 × 10−175; ORmale = 1.12 per s.d., 95% CI = 1.11–

1.13, P = 7.5 × 10−112; PRSGH: ORfemale = 1.15 per s.d., 95% CI = 1.14–1.16, P = 

5.1 × 10−184; ORmale = 1.13 per s.d., 95% CI = 1.11–1.14, P = 1.3 × 10−133). Other 

strong phenotypic associations included hypercholesterolemia, type 2 diabetes, obesity and 

atherosclerotic cardiovascular disease (Supplementary Tables 18 and 19). PRSpreeclampsia 

predicted ischemic heart disease in female (OR = 1.09 per s.d., 95% CI = 1.07–1.11, P = 

4.4 × 10−27) and male participants (OR = 1.09 per s.d., 95% CI = 1.07–1.10, P = 2.6 × 

10−40), as did PRSGH (ORfemale = 1.07 per s.d., 95% CI = 1.05–1.08, P = 4.4 × 10−16; 

ORmale = 1.08 per s.d., 95% CI = 1.07–1.09, P = 1.4 × 10−35). These similar associations 

between sexes suggest that most genes identified are not pregnancy-specific, but rather 

that pregnancy likely unmasks underlying risk. PRSpreeclampsia was also associated with 

several autoimmune phenotypes, including celiac disease, type 1 diabetes, hypothyroidism 

(in female participants) and a suggestive association with rheumatoid arthritis in females (P 
= 5.7 × 10−6), whereas type 1 diabetes and celiac disease were not significantly associated 

with PRSGH in either sex.

Discussion

We present an expanded multi-ancestry maternal GWAS of preeclampsia/eclampsia 

and a distinct maternal GWAS of gestational hypertension. Altogether, we identified 

18 independent genomic loci associated with preeclampsia/eclampsia and/or gestational 

hypertension. Identified loci highlight the role of angiogenesis and EC function (FLT1 
and ZBTB46), natriuretic peptide signaling (NPPA, NPR3 and FURIN), renal glomerular 

function (TRPC6, TNS2 and PLCE1) and immune dysregulation (MICA and SH2B3) in 

the pathogenesis of these conditions, with some loci (FLT1 (refs. 12,13,31) and WNT3A 
(refs. 37,38)) previously described to influence risk via the fetal genome. Furthermore, 

we found that PRS predicted HDP risk among nulliparous female individuals independent 

of first-trimester risk factors, indicating the potential clinical utility of these scores’ risk 

for pregnancy risk stratification. Collectively, these findings may have implications for 

advancing HDP prediction, prevention and treatment.

First, our findings provide insights into the mechanisms of HDP pathogenesis and 

underscore the causal role of BP. High genetic correlation between BP and the HDPs aligns 

with prior work demonstrating heightened polygenic BP risk in those with HDPs13–15. 

The recently published randomized Chronic Hypertension and Pregnancy (CHAP) trial 

of treatment for mild chronic hypertension in pregnancy demonstrated that lowering BP 

pharmacologically reduced the risk of progression to preeclampsia39, supporting the notion 
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that elevated BP is not merely a clinical manifestation of the HDPs but also has a causal role 

in disease pathogenesis.

Second, our GWAS findings implicate natriuretic peptide signaling in the pathogenesis 

of the HDPs. The natriuretic peptides (for example, ANP and B-type natriuretic peptide 

(BNP)) promote renal sodium excretion and counteract renin-angiotensin and sympathetic 

nervous system activation. ANP also has a role in uterine decidualization and spiral artery 

remodeling40, a process known to be impaired in the early pathogenesis of preeclampsia1,7. 

Furthermore, ANP is cleared from the circulation by the protein product of NPR3 (ref. 41), 

and human data support accelerated ANP clearance in preeclampsia42. Notably, our lead 

risk variant at the MTHFR–CLCN6 locus is associated with reduced levels of circulating 

N-terminal pro-BNP43. A recent analysis found that first-trimester levels of N-terminal 

pro-BNP were unexpectedly lower among female individuals who subsequently developed 

HDPs later in pregnancy after adjustment for race and BMI44. Collectively, these findings 

suggest that a relative deficiency in endogenous natriuretic peptide signaling may predispose 

to HDPs. Synthetic natriuretic peptides have been developed previously (for example, 

nesiritide), and the natriuretic peptides may represent a future therapeutic target for direct or 

indirect modulation toward HDP prevention and/or treatment.

Third, our findings suggest other potential new mechanisms underlying HDPs and implicate 

ZBTB46 in risk associated with the ZNF831 locus45. ZBTB46 is a transcription factor 

expressed in dendritic cells and vascular ECs, and ZBTB46 overexpression suppresses 

EC proliferation and angiogenesis in vitro46. Furthermore, ZBTB46 is sensitive to shear 

stress46, which may have relevance to the hyperdynamic hemodynamic state of pregnancy. 

In addition, the association in the intergenic region between PGR and TRPC6 has several 

plausible mechanistic links to the HDPs. Along with other newly identified HDP-associated 

loci (TNS2 and PLCE1 (ref. 24)), TRPC6 is linked to glomerular function. It has been 

implicated in focal segmental glomerulosclerosis and diabetic nephropathy47 and mediates 

proteinuria and renal dysfunction induced by exposure to hypertension and diabetes48. 

In addition, ARHGAP42 (adjacent to PGR) was found to have reduced expression in 

preeclamptic placentas and regulates vascular tone33. Further research is necessary to clarify 

which mechanisms primarily mediate the preeclampsia/eclampsia risk associated with the 

PGR/TRPC6 locus.

Fourth, associations at MICA and SH2B3 highlight the role of immune function in 

preeclampsia, potentially reflecting the importance of maternal immune tolerance of fetal 

cells at the maternal–fetal interface7. Differences in T-cell phenotypes and circulating 

proinflammatory and anti-inflammatory cytokines in preeclampsia are well-described7,49. 

SH2B3 (also known as LNK) is expressed primarily in endothelial and hematopoietic 

cells and negatively regulates cytokine signaling; reduced SH2B3 function has been linked 

to atherosclerosis as well as several autoimmune diseases50. The lead variant in our 

preeclampsia/eclampsia GWAS at SH2B3 is in LD (D′ = 0.96, R2 = 0.91) (ref. 51) with 

the well-described coronary artery disease risk allele at this locus (rs3184504) (ref. 52). Our 

lead SH2B3 variant was also previously associated with heightened levels of vascular cell 

adhesion protein 1, interleukin-2 receptor and other immune-related proteins43. Furthermore, 

Honigberg et al. Page 10

Nat Med. Author manuscript; available in PMC 2023 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recent data indicate that reduced SH2B3 function promotes neutrophil extracellular trap 

formation, a process implicated in preeclampsia pathogenesis53, and arterial thrombosis54.

Fifth, polygenic risk may inform pregnancy risk stratification. The predictive accuracy of 

clinical risk factors for HDPs is modest55. Among established risk factors for preeclampsia, 

nulliparity carries the largest population-attributable risk (approximately one-third)9, and 

most affected individuals lack any overt prepregnancy risk factors other than nulliparity5. 

Low-dose aspirin after 12 weeks’ gestation represents one evidence-based strategy to 

mitigate the risk of preeclampsia and preterm birth36. Improving pregnancy risk prediction, 

therefore, remains a pressing clinical need to optimize HDP prevention. First-trimester 

screening algorithms have been developed, with the UK Fetal Medicine Foundation 

combined prediction model56 incorporating clinical factors, mean arterial pressure, uterine 

artery pulsatility index and maternal serum pregnancy-associated plasma protein A and 

placental growth factor being most extensively validated to date, although not currently 

endorsed by the UK or US care guidelines36. Future studies are required to ascertain 

whether PRS may augment existing risk algorithms. In contrast with markers measured 

during pregnancy, PRS can be calculated anytime from birth, including preconception, and 

may therefore also inform preconception counseling and health optimization.

Although our GWAS included substantially more individuals of African, Asian and admixed 

American ancestries than prior GWAS, >80% of individuals were of European ancestry, and 

as such, the preeclampsia/eclampsia and gestational hypertension PRS generally performed 

better in individuals of European ancestry versus others, consistent with many prior 

published PRS and a well-recognized challenge in contemporary genetics57. Ongoing efforts 

to include accurate, detailed pregnancy and reproductive history phenotypes in diverse 

genetic datasets and increase representation of individuals of diverse ancestries will be 

critical to improve genetic discovery and cross-ancestry polygenic prediction and achieve 

genomic equity57.

This study should be considered in the context of other limitations. The prevalence of 

HDPs is substantially lower than expected in the UK Biobank and Penn Medicine Biobank 

(PMBB). Furthermore, due to HDP phenotyping limitations in large datasets using ICD 

code-based ascertainment, some participants may have had preeclampsia superimposed 

on chronic hypertension rather than de novo preeclampsia, which may enrich genetic 

associations for hypertension predilection. In a subset of cohorts, however, the control 

group included individuals with chronic hypertension in pregnancy. Validation studies of 

ICD codes and registry diagnoses demonstrate that these approaches have modest sensitivity 

but high specificity and positive predictive value (>80%) in comparison with adjudicated 

HDP diagnoses58–60. We were unable to examine more granular HDP subtypes, such as 

preeclampsia with severe features, hemolysis, elevated liver enzymes and low platelets 

(HELLP) syndrome, preterm versus term versus postpartum onset or HDP with versus 

without accompanying fetal growth restriction. The underlying pathophysiology of the 

HDPs is heterogeneous and may vary across these subtypes; future adequately powered 

studies should examine these subtypes separately as implications for pregnancy care and 

long-term maternal health risk may differ. In addition, we lacked paired maternal–fetal 

samples to condition maternal risk variants on fetal genotype, although other complementary 
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analyses such as placental transcriptomics indicated variants more likely to be influencing 

risk via the fetal genome. Finally, snRNA-seq analyses were performed in male aortic tissue. 

Although findings are consistent with the current understanding of HDPs, future work is 

needed to verify that these results are consistent and determine whether additional insights 

may be apparent in female individuals.

Overall, multi-ancestry genome-wide meta-analysis of preeclampsia/eclampsia and 

gestational hypertension revealed distinct and overlapping risk loci and enabled polygenic 

prediction of the HDPs, with implications for HDP prediction, prevention and treatment.

Methods

Ethics approval

This research complies with all relevant ethical regulations. All participants in all studies 

contributing data for this study signed informed consent for participation and the use of data 

in research. FinnGen was approved by the Coordinating Ethics Committee of the Helsinki 

and Uusimaa Hospital District. The Estonian Committee on Bioethics gave ethical approval 

for the work conducted in the Estonian Biobank. The South East Research Ethics Committee 

gave ethical approval for the work conducted in Genes & Health. The University of 

Michigan Medical School Institutional Review Board gave ethical approval for the analyses 

conducted in the Michigan Genomics Initiative. The Mass General Brigham Institutional 

Review Board gave ethical approval for the work conducted in the Mass General Brigham 

Biobank. Biobank Japan received ethics approval from the Institute of Medical Science, 

the University of Tokyo, the RIKEN Yokohama Institute, and all participating hospitals. 

BioMe received ethics approval from the Icahn School of Medicine at Mt. Sinai Institutional 

Review Board. We used publicly available summary statistics for the discovery of GWAS 

from the InterPregGen consortium; all contributing studies received ethics approval as 

reported previously13. The work conducted in HUNT was approved by the Regional 

Committee for Ethics in Medical Research, Norway (2018/2488). The PMBB received 

ethics approval from the University of Pennsylvania Institutional Review Board. The North 

West Multi-centre Research Ethics Committee approved the UK Biobank; the Mass General 

Brigham Institutional Review Board approved secondary data analyses of the UK Biobank 

(application, 7089). The nuMoM2b study was approved by the institutional review boards 

of each participating site (Case Western Reserve University, Columbia University, Indiana 

University, University of Pittsburgh, Northwestern University, University of Pennsylvania, 

University of California at Irvine and University of Utah). The biorepository contributing 

aortic tissue for snRNA-seq received ethics approval from the Mass General Brigham 

Institutional Review Board.

Study cohorts, genotyping and association analysis

Preeclampsia/eclampsia and gestational hypertension case and control counts and definitions 

for each cohort are summarized in Supplementary Tables 1–3. If an individual had 

qualifying codes for both preeclampsia/eclampsia and gestational hypertension, she 

was designated as having preeclampsia/eclampsia. In multi-ancestry cohorts, association 
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analyses were performed within each ancestry group separately and subsequently meta-

analyzed. Sex was confirmed genetically.

FinnGen.—Sample genotyping in FinnGen was performed using Illumina (Illumina) and 

Affymetrix (Thermo Fisher Scientific) arrays. Genotype calls were made using GenCall 

or zCall for Illumina and AxiomGT1 algorithm for Affymetrix data61,62. Individuals were 

removed for ambiguous sex, genotype missingness >5%, heterozygosity >±4 s.d. and non-

Finnish ancestry. Variants were removed for missingness >2%, Hardy–Weinberg equilibrium 

(HWE) P < 1 × 10−6 and minor allele count (MAC) <3. Prephasing was performed with 

Eagle v2.3.5 using 20,000 conditioning haplotypes. Genotypes were imputed with Beagle 

4.1 using the population-specific Sequencing Initiative Suomi v3 imputation reference panel. 

Association analyses were performed using SAIGE v0.39.1 (ref. 63) with adjustment for 

age, genotyping batch and PC 1–10.

Estonian Biobank.—The Estonian Biobank is a population-based biobank with over 

200,000 participants64. All Estonian Biobank participants have been genotyped at the Core 

Genotyping Lab of the Institute of Genomics, University of Tartu, using the Illumina Global 

Screening Array v1.0, v2.0 and v2.0_EST arrays. Samples were genotyped, and PLINK 

format files were created using Illumina GenomeStudio v2.0.4. Individuals were excluded 

from the analysis if their call rate was <95% or if the sex defined based on heterozygosity 

of the X chromosome did not match the sex in phenotype data. Before imputation, variants 

were filtered by call rate <95%, HWE P < 1 × 10−4 and MAF < 1%. We also used the 

MAC filter --minMAC=5. Variant positions were updated to genome build 37, and all 

variants were changed to be from the TOP strand using GSAMD-24v1-0_20011747_A1-

b37.strand.RefAlt.zip files from https://www.well.ox.ac.uk/~wrayner/strand/. Prephasing 

was performed with Eagle v2.3 software using 20,000 conditioning haplotypes, and 

imputation was done using Beagle v.28Sep18.793 with effective population size ne = 20,000. 

Population-specific imputation reference of 2297 whole-genome sequencing (WGS) samples 

was used. Analyses were carried out with SAIGE63, adjusting for year of birth and PC 1–10.

Genes & Health.—Genes & Health is a cohort of British Pakistani and Bangladeshi 

individuals recruited primarily in East London, England65. Cases and parous controls were 

identified using qualifying ICD-10 and SNOMED codes (Supplementary Tables 1 and 2). 

Genotyping was performed using the Illumina Infinium Global Screening Array v3.0, and 

quality control was performed using Illumina GenomeStudio and PLINK v1.9. Individuals 

who did not have Pakistani or Bangladeshi ancestry, defined as >±3 s.d. from the mean of 

PC 1, and those who self-reported another ethnicity were removed. Variants with call rate 

<0.99, MAF < 1% and HWE P < 1 × 10−6 were removed. Imputation was performed using 

the Michigan Imputation Server with the GenomeAsia reference panel. Association analyses 

were performed using SAIGE63 with adjustment for age, age2 and PC 1–10.

Michigan Genomics Initiative.—The Michigan Genomics Initiative enrolls participants 

receiving care at Michigan Medicine and links biospecimen data to electronic health record 

(EHR) data. Preeclampsia cases were identified in the freeze 3 dataset using phecode 

642.1 (ref. 66). Genotyping was performed using one of two versions of the Illumina 
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Infinium CoreExome-24 bead array platform. Relatedness within the cohort was estimated 

using KING v2.1.3. Individuals were removed for discordant, missing or ambiguous sex; 

kinship coefficient >0.45 with another participant; call rate <99%, estimated contamination 

>2.5% or missingness on any chromosome >5%. Variants were excluded with poor 

intensity separation based on metrics from GenomeStudio (GenTrain score <0.15 or Cluster 

Separation score <0.3), overall call rate <99% or HWE P < 1 × 10−4. Genotypes were 

phased using EAGLE v2.4.1 and imputed using the TOPMed reference panel. Association 

analysis was conducted using SAIGE63 with adjustment for age, genotype array and PC 

1–10.

Mass General Brigham Biobank.—The Mass General Brigham Biobank is a health 

system-based biobank linking genomic data to EHR data. Variants with MAF < 1%, 

missingness per variant >1% and HWE P < 10−6 were removed. Imputation was performed 

using the TOPMed reference panel. Association analysis was performed with variants 

filtered by MAC ≥ 50 and INFO score ≥0.6 using REGENIE v3.0.3 (ref. 67), adjusted 

for age, genotype batch and PC 1–10.

Biobank Japan.—Biobank Japan is a biobank of approximately 200,000 Japanese adults. 

Preeclampsia cases were identified using phecode 642 (ref. 68). Genotyping was performed 

using the Illumina HumanOmni-ExpressExome BeadChip or a combination of the Illumina 

HumanOm-niExpress and HumanExome BeadChip. Individuals with call rates <98% or 

closely related individuals (PI_HAT > 0.175 in PLINK) were excluded. Variants with call 

rate <99%, HWE P < 1.0 × 10−6 and number of heterozygotes <5 were excluded. Genotype 

data were imputed with 1000 Genomes Project Phase 3 v5 genotype data and Japanese WGS 

data. Association analysis was performed using SAIGE63 with adjustment for age, age2 and 

PC 1–20.

BioMe.—BioMe is a health system-based biobank at the Icahn School of Medicine at 

Mount Sinai in New York, NY, USA. Genotyping was performed using the Illumina Global 

Screening Array. Individuals with ethnicity-specific heterozygosity rate that surpassed ±3 

s.d. of the population-specific mean, those with a call rate of ≤95% and those with 

discordance between EHR-recorded and genetic sex were removed. For variant-level quality 

control, sites with a call rate below 95% and sites with HWE P < 1 × 10−8 were excluded. 

Imputation of variants was then performed with the Michigan Imputation Server pipeline 

using the TOPMed reference panel. Association analysis was performed separately in 

African, admixed American and European ancestry female participants using SAIGE63 with 

adjustment for age, age2 and PC 1–10.

InterPregGen consortium.—We incorporated summary statistics for preeclampsia from 

the discovery GWAS meta-analyses of European cohorts and Central Asian cohorts from 

the InterPregGen consortium13. European-ancestry discovery cohorts included GOPEC 

(United Kingdom), deCODE (Iceland), the Avon Longitudinal Study of Parents and 

Children (United Kingdom), MoBa (Norway), SSI (Denmark) and FINRISK (Finland; 

7,219 cases and 155,620 controls). Central Asian cohorts included two Kazakh cohorts 

and one Uzbek cohort (2,296 cases and 2,059 controls). Cohort-specific preeclampsia and 
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control definitions are summarized in Supplementary Table 3 (ref. 13). Fixed-effects inverse-

variance-weighted meta-analysis was performed in METAL18.

HUNT.—The HUNT study is a population-based cohort study in Nord-Trøndelag County, 

Norway. Genotyped, parous, European-ancestry female participants were included in the 

present analysis. Preeclampsia/eclampsia was ascertained by linkage to the Medical Birth 

Registry of Norway, which defines preeclampsia as SBP ≥ 140 mmHg and/or DBP ≥ 

90 mmHg accompanied by proteinuria >0.3 g per 24 h or >1+ on urine dipstick69. 

The current analysis includes genetic data from approximately 90% of participants from 

HUNT2 (1995–1997) and HUNT3 (2006–2008) who were genotyped by genome-wide SNP 

arrays in 2015 (refs. 70,71). Genotyping, quality control metrics and imputation have been 

described previously70. Briefly, one of three different Illumina HumanCoreExome arrays 

(HumanCoreExome12 v1.0, HumanCoreExome12 v1.1 and UM HUNT Biobank v1.0) were 

used for genotyping the HUNT2 and HUNT3 samples70. Samples and variants with call rate 

<99% were excluded. Imputation was performed using 2,201 HUNT samples with WGS, the 

Haplotype Reference Consortium and TOPMed imputation panel (MAC > 10). Association 

analysis was performed using SAIGE63 with adjustment for age, age2 and PC 1–10.

UK Biobank.—The UK Biobank is a population-based cohort study of adult residents of 

the UK aged 40–69 years at the time of recruitment between 2006 and 2010. Genotyping 

was performed using the UK BiLEVE Axiom Array or the UK Biobank Axiom Array (both 

Affymetrix). Individuals with single nucleotide variant missingness ≥10% were excluded. 

Imputation was performed centrally using the Haplotype Reference Consortium, UK10K 

and 1000 Genome reference panels72. Variants were required to pass the following quality 

control filters: MAF ≥ 1%, single nucleotide variant missingness <10% and HWE P ≥ 10−15, 

MAC ≥ 50 and INFO score ≥0.6. Association analysis was performed in European-ancestry 

participants using REGENIE67 with adjustment for age, genotyping array and PC 1–10.

PMBB.—PMBB is a health system-based biobank at the University of Pennsylvania, 

Philadelphia, PA, USA. Gestational hypertension cases were identified using ICD-10 code 

O13. Controls were other female participants in PMBB. Genotyping was performed using 

the Illumina Global Sequencing Array v2.0; genotype data were imputed to the TOPMed 

reference panel using the Michigan Imputation Server. Variants with MAF < 1%, missing 

rate >10% and HWE P < 10−8 were filtered from the GWAS. Association analysis was 

performed in REGENIE separately for African-ancestry and European-ancestry participants 

with adjustment for age, age2 and PC 1–5.

nuMoM2b.—The nuMoM2b study is a prospective US pregnancy cohort of nulliparous 

female individuals enrolled in the first trimester of pregnancy between 2012 and 2015. HDPs 

were determined by chart abstraction and adjudication according to published definitions73. 

Gestational hypertension was defined as SBP ≥ 140 mmHg or DBP ≥ 90 mmHg on two 

occasions ≥6 h apart or one occasion with subsequent antihypertensive therapy after 20 

weeks gestation, excluding BPs recorded during the second stage of labor, without other 

qualifying features for preeclampsia or eclampsia. Preeclampsia was defined according to 

the same BP criteria plus proteinuria or other findings meeting criteria for severe features, 
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including HELLP syndrome73. Participants documented as meeting these same BP criteria 

before 20 weeks’ gestation were designated as having chronic hypertension. All participants 

were at risk for the development of preeclampsia/eclampsia; only those without chronic 

hypertension were at risk for the outcome of gestational hypertension. BP and BMI were 

recorded at the first-trimester study visit, which occurred at a mean (s.d.) of 11.6 (1.5) weeks 

gestation. Genotyping was performed using the Illumina Infinium Multi-Ethnic Global D2 

BeadChip. Individuals related within two degrees by the KING algorithm were removed. 

Variants with MAF < 1%, genotyping rate <95% and HWE P < 5 × 10−6 were removed74. 

After phasing with EAGLE, imputation was performed for participants of European, African 

and admixed American ancestries using the TOPMed reference panel via the TOPMed 

Imputation Server. Association analysis was performed in REGENIE separately by ancestry 

group (European, African and admixed American) with adjustment for age and PC 1–10. 

The same participants in nuMoM2b with imputed genotypes were used for external testing 

of optimized PRS (see ‘Derivation and testing of genome-wide PRS‘).

Genome-wide meta-analysis and replication

Variants from GWAS summary statistics were matched by genome build 38 position and 

alleles. GWAS summary statistics that were in genome build 37 were lifted to genome build 

38 using UCSC liftOver (https://genome.ucsc.edu/cgi-bin/hgLiftOver). We used METAL 

(release May 2020, https://github.com/statgen/METAL)18 to perform a fixed-effect inverse-

variance-weighted meta-analysis. Correction for genomic inflation factor was carried out 

before meta-analysis. Meta-analyses were conducted among discovery cohorts, among 

follow-up cohorts and across all cohorts. Given the potential overlap of 400 preeclampsia/

eclampsia cases from FINRISK between the InterPregGen meta-analysis and FinnGen 

(8.4% of FinnGen cases and 2.3% of overall discovery cases) and 7,805 controls (5.7% 

of FinnGen controls and 1.7% of overall discovery controls), we conducted a sensitivity 

analysis excluding FinnGen (Supplementary Table 4).

Lead variants for preeclampsia/eclampsia and gestational hypertension were interrogated 

in multi-ancestry meta-analysis of follow-up cohorts using METAL—HUNT (preeclampsia/

eclampsia only), UK Biobank, PMBB and nuMoM2b. P < 0.05 in follow-up cohorts, 

consistent direction of effect in follow-up cohorts and genome-wide significance (P < 5 

× 10−8) in combined meta-analysis of discovery and follow-up cohorts indicated replication. 

Manhattan plots were generated using the ‘ggplot2’ package.

Conditional and joint analysis

We conducted a conditional analysis using GCTA-COJO v1.94.0 (ref. 19) on the multi-

ancestry meta-analyses of preeclampsia/eclampsia and gestational hypertension to identify 

additional association signals at the genome-wide significant loci. We used the European 

LD reference from a randomly selected set of 10,000 unrelated individuals. The LD panel 

included variants with MAF > 1% and INFO score ≥0.3. The analysis was restricted to 

variants within ±1 Mb from lead variants (P < 5 × 10−8). In COJO, the lead variants were 

conditioned from each chromosome and independent variants were iteratively included. All 

variants were then simultaneously fitted in the joint analysis. Variants with P < 2 × 10−7 

were considered genome-wide significant. One additional variant with conditional P < 2 × 
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10−7 for association with preeclampsia/eclampsia was identified on chromosome 20 (P = 1.4 

× 10−8).

Genetic correlation

We used LD score regression (LDSC v1.0.1, https://github.com/bulik/ldsc)20 with 

precomputed LD scores for 1.2 million HapMap3 variants after excluding the 

major histocompatibility complex (MHC) region in the European population (https://

data.broadinstitute.org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2) to calculate the genetic 

correlation between preeclampsia/eclampsia and gestational hypertension and correlation 

of each HDP with SBP and DBP. In addition, the LDSC intercept indicates potential 

confounding due to potential population stratification and cryptic relatedness. In a combined 

meta-analysis of discovery and follow-up cohorts, we observed intercepts of 1.03 for 

preeclampsia/eclampsia and 0.95 for gestational hypertension.

Colocalization analysis

We obtained the tissue-specific gene expression from the GTEx data portal for 52 tissues27. 

We used marginal effect sizes, standard errors and MAF for all SNPs within ±500 of lead 

variants from discovery analysis (P < 5 × 10−8) as the input. We performed colocalization 

using the coloc.abf() function in R package ‘coloc’ v4. The H4 test statistic estimates 

the posterior probability of a shared causal variant between preeclampsia/eclampsia or 

gestational hypertension and expression of a particular gene. H4 > 0.7 indicated strong 

evidence of colocalization, H4 0.5–<0.7 indicated weak evidence of colocalization and H4 < 

0.5 indicated no colocalization.

Polygenic prioritization of causal genes

We performed additional causal gene prioritization using the PoPS method (v0.2) (ref. 29). 

Briefly, PoPS integrates GWAS summary statistics with gene expression, biology pathways, 

and predicted protein–protein interaction data to identify likely causal genes at genome-wide 

significant loci. A linear model was trained to predict gene-level association scores and 

estimate Z scores indicating the confidence of the causal role at a given locus. In total, PoPS 

scores were calculated for 18,000 genes. The top five available prioritized genes within 500 

kb of lead preeclampsia/eclampsia and gestational hypertension variants were extracted and 

compared with the results of other in silico analyses.

Placental transcriptome data

Genes nearest to lead variants, colocalization hits, and genes prioritized within the top 

five by either Open Targets variant-to-gene score or PoPS score were queried in a 

publicly available database of placental gene expression (https://www.obgyn.cam.ac.uk/

placentome/)30. Samples were obtained from a prospective cohort of nulliparous 

female individuals in Cambridge, United Kingdom. Differential expression analysis for 

preeclampsia included 82 preeclampsia cases and 82 control samples matched on the 

presence of labor, cesarean section, gestational age, fetal sex, smoking status, maternal 

BMI and maternal age. RNA sequencing was performed on placental biopsy specimens with 

a median sequencing depth of 101 million reads per sample. Differential expression (in 
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log2(fold change)) and corresponding P values were generated using DESeq2; P values were 

then adjusted for multiple comparisons using the Benjamini–Hochberg method. We report 

differentially expressed prioritized genes with adjusted P < 0.05 (Supplementary Table 13).

Gene expression in human aortic tissue

We queried the expression of prioritized genes in a dataset of snRNA-seq from human 

aortic tissue. In total, 1,114 unique molecular identifiers were obtained per cell. Prioritized 

genes were nearest genes, genes with strong colocalization, genes with weak colocalization 

plus prioritization by another method (top five Open Targets variant-to-gene score or PoPS) 

and genes prioritized by another method plus statistically significant differential placental 

transcription in the human placental transcriptome browser30; of these genes, 24 were 

available in the snRNA-seq dataset (Extended Data Fig. 4). snRNA-seq was performed 

on nonatherosclerotic aortic root tissue from two individuals obtained during coronary 

artery bypass graft surgery. Aortic samples were collected with approval from the Mass 

General Brigham Institutional Review Board (protocol, 2018P002674). All individuals 

were consented for the open sharing of data. Both individuals contributing aortic tissue 

specimens were men of European ancestry, aged 49 and 51 years, with hypertension, 

hypercholesterolemia, and coronary artery disease. Both were using aspirin and a statin 

preoperatively. A total of 4,537 nuclei were obtained for downstream analysis. Cell types 

and subtypes were defined using top marker genes and pathway enrichment scores. Raw 

Cellranger output data were filtered for removal of ambient RNA using CellBender in ‘full’ 

running mode. The resultant filtered cell–gene matrix was used for quality control and 

downstream analysis. All preliminary quality control and clustering were performed using 

Scanpy. Any cells with fewer than 300 genes captured or greater than 0.1% mitochondrial 

reads were excluded from the analysis. Each sample was processed with Scrublet to exclude 

doublets. The top 10,000 variable genes were used for analysis. Relative expression of 

queried genes in each cell type against other cell types in normal aortic tissue was quantified 

as z scores.

Derivation and testing of genome-wide PRS

We used PRS-CS v1.0.0 to derive genome-wide PRS for preeclampsia/eclampsia and 

gestational hypertension from the corresponding discovery GWAS summary statistics and 

for SBP from the Million Veteran Program GWAS summary statistics21. The preeclampsia/

eclampsia PRS included 1,087,033 HapMap3 variants, the gestational hypertension PRS 

included 1,087,916 HapMap3 variants and the SBP PRS included 1,064,898 HapMap3 

variants. PRS were trained on the UK Biobank European LD panel. Individual-level 

polygenic scores were generated in the tuning and test datasets as the sum of genotypes 

× weights using PLINK. We used logistic regression to test the association of each PRS with 

preeclampsia/eclampsia and gestational hypertension with adjustment for age, age2 and PC 

1–10. PRS were tuned in the UK Biobank. Specifically, we used a small-scale grid search of 

global shrinkage parameter ϕ values (1, 1 × 10−2, 1 × 10−4 and 1 × 10−6) for each PRS as 

recommended to identify the ϕ that produced the best predictive performance as measured 

by R2 in the tuning dataset. We then fitted a linear combination of optimized preeclampsia/

eclampsia PRS and SBP PRS for the outcome of preeclampsia/eclampsia and a linear 

combination of gestational hypertension PRS and SBP PRS for the outcome of gestational 
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hypertension. The optimal linear combination derived for preeclampsia/eclampsia was 

0.1889 × Zpreeclampsia/eclampsia + 0.1864 × ZSBP, and the linear combination derived for 

gestational hypertension was 0.1662 × Zgestational_hypertension + 0.3050 × ZSBP. We carried 

these weighed linear combination scores forward for final testing in nuMoM2b (European, 

African and admixed American ancestry) and HUNT (European ancestry). PRS performance 

was evaluated using the OR for top decile versus bottom 90% of PRS, the OR per s.d. of 

PRS and Nagelkerke’s R2.

We tested whether PRS correctly reclassified nuMoM2b participants with HDPs as aspirin-

eligible in comparison with the major criteria endorsed by the US Preventive Services Task 

Force36. Major criteria include history of preeclampsia, which does not apply in nuMoM2b 

as all participants were nulliparous; multifetal gestation, which does not apply in nuMoM2b 

as all participants had singleton pregnancies; chronic hypertension, defined as a diagnosis of 

hypertension before pregnancy or BP ≥ 140/90 mmHg on two occasions at least 6 h apart 

before 20 weeks gestation; pregestational diabetes type 1 or type 2; any prepregnancy kidney 

disease and autoimmune disease, defined here as antiphospholipid antibody syndrome, 

systemic lupus erythematosus, rheumatoid arthritis, inflammatory bowel disease (Crohn’s 

disease or ulcerative colitis) or ‘other collagen vascular or autoimmune disease.’ We 

calculated sensitivity, specificity, positive predictive value and negative predictive value 

for major risk factors with or without different thresholds for PRSpreeclampsia+SBP for the 

prediction of preeclampsia/eclampsia, as well as net reclassification for composite HDPs 

versus normotensive pregnancy and for preeclampsia/eclampsia versus all other pregnancies. 

CIs for sensitivity, specificity, positive predictive value and negative predictive value were 

calculated using the normal approximation. Given the use of PRS to up-classify risk, 

net reclassification was calculated as P(up|case) − P(up|non-case). Bootstrap resampling 

performed 1,000 times was used to estimate 95% CIs for net reclassification.

Phenome-wide association analysis

We tested the association of preeclampsia/eclampsia PRS and gestational hypertension PRS 

with 1,445 phecode-based combined prevalent and incident phenotypes75 in sex-stratified 

fashion among genotyped UK Biobank participants with adjustment for age and PC 1-–

5 using the ‘PheWAS’ v1.0 package76 in R 3.6.0 (https://github.com/PheWAS/PheWAS). 

Bonferroni-corrected P < 0.05/1,445 = 3.5 × 10−5 indicated statistical significance.
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Extended Data

Extended Data Fig. 1 |. Flow chart summarizing the study design and contributing cohorts.
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Extended Data Fig. 2 |. Manhattan plots of preeclampsia/eclampsia and gestational hypertension 
in discovery cohorts.
Manhattan plots (chromosomal position on the X-axis and -log(10) of the P value on the 

Y-axis) are displayed for (a) preeclampsia/eclampsia in 17,150 cases and 451,241 controls 

and (b) gestational hypertension in 8,961 cases and 184,925 controls. Analyses included 

multi-ancestry meta-analysis of common variants (minor allele frequency ≥1%). Loci are 

labeled by the gene nearest to the lead variant. Two-sided P values (not adjusted for multiple 

comparisons) are from Z scores from fixed-effect inverse-variance weighted meta-analysis.
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Extended Data Fig. 3 |. Results of multi-trait analysis of genome-wide summary statistics 
(MTAG) for preeclampsia/eclampsia.
Results are from joint analysis of summary statistics for preeclampsia/eclampsia and 

gestational hypertension in discovery cohorts. The plot displays chromosomal position on 

the X-axis and -log(10) of the P value on the Y-axis. Two-sided P values (not adjusted for 

multiple comparisons) are from Z scores from MTAG.

Extended Data Fig. 4 |. Relative expression of prioritized genes in human aortic cells with 
single-nuclei RNA sequencing.
We analyzed expression of genes prioritized by genome-wide meta-analysis of 

preeclampsia/eclampsia and gestational hypertension and secondary in silico analyses in 

a dataset of single-nuclei RNA sequencing from two normal human flash-frozen aortic 

specimens. Most prioritized genes were enriched in endothelial cell populations and/or 

macrophages.
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Extended Data Fig. 5 |. Sex-stratified phenome-wide association study of gestational 
hypertension polygenic risk in the UK Biobank.
Gestational hypertension polygenic risk was associated with 1,445 phenotypes among 

(a) female and (b) male participants in the UK Biobank. Associations with phenotypes 

were tested using logistic regression with adjustment for age and the first five principal 

components of genetic ancestry. Two-sided P values (not adjusted for multiple comparisons) 

are from logistic regression models adjusted for age and the first five principal components 

of genetic ancestry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Manhattan plots of preeclampsia/eclampsia and gestational hypertension in combined 
discovery and follow-up meta-analysis.
a,b, Manhattan plots (chromosomal position on the x axis and −log10 of the P value on the 

y axis) are displayed for (a) preeclampsia/eclampsia in 20,064 cases and 703,117 controls 

and (b) gestational hypertension in 11,027 cases and 412,788 controls. Analyses included 

a multi-ancestry meta-analysis of common variants (minor allele frequency ≥1%). Loci are 

labeled by the gene nearest to the lead variant. Two-sided P values (not adjusted for multiple 

comparisons) are from z scores from a fixed-effect inverse-variance-weighted meta-analysis.
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Fig. 2 |. Polygenic prediction of preeclampsia/eclampsia and gestational hypertension in test 
cohorts.
PRS for preeclampsia/eclampsia and gestational hypertension were derived from our 

discovery genome-wide meta-analyses, tuned in the UK Biobank, and carried forward 

for testing in independent cohorts (HUNT and nuMoM2b). Prevalence of preeclampsia/

eclampsia versus percentile of PRSpreeclampsia+SBP in (a) HUNT and (b) nuMoM2b. 

c, Prevalence of gestational hypertension vs. percentile of PRSGH+SBP in nuMoM2b. 

Distribution of PRSpreeclampsia+SBP percentile by preeclampsia/eclampsia status in (d) 

HUNT (n = 25,582; 1,569 with preeclampsia/eclampsia and 24,013 control participants) and 

(e) nuMoM2b (n = 6,225; 481 with preeclampsia/eclampsia and 5,744 control participants). 

f, Distribution of PRSGH+SBP percentile by gestational hypertension status in nuMoM2b 

(n = 7,063; 1,319 with gestational hypertension and 5,744 control participants). Within 

each boxplot, horizontal lines reflect the median, top and bottom of the box reflect the 

interquartile range and whiskers reflect the maximum and minimum PRS percentile within 

each grouping.
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Fig. 3 |. Sex-stratified phenome-wide association study of preeclampsia/eclampsia polygenic risk 
in the UK Biobank.
Preeclampsia/eclampsia polygenic risk was associated with 1,445 phenotypes among (a) 

female and (b) male participants in the UK Biobank. Two-sided P values (not adjusted for 

multiple comparisons) are from logistic regression models adjusted for age and the first five 

principal components of genetic ancestry.
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