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Supplemental content
IMPORTANCIA Se ha establecido una contribucion genética a la susceptibilidad a la preeclampsia
pero aun no se comprende del todo.

OBJETIVO Desentrafar la arquitectura genética subyacente de la preeclampsia u otra
hipertensiéon materna durante el embarazo con un genoma completo estudio de asociaciéon
(GWAYS) de los trastornos hipertensivos del embarazo.

DISENO, ENTORNO Y PARTICIPANTES Este GWAS incluy6 un meta-analisis en preeclampsia ACADEMIA SNC PHARMA
materna y un fenotipo combinado que englobaba la preeclampsia materna y otros trastornos

hipertensivos maternos. Dos grupos de fenotipos superpuestos fueron seleccionados para el Cortesia:

examen. Se combinaron datos previamente publicados del Consorcio Finlandés de Genética de SO L F E M ®

la Preeclampsia (FINNPEC, 1990-2011), proyecto finlandés FinnGen (1964-2019), Biobanco

Metronidazol - Nistati
estonio (1997-2019), y el consorcio GWAS InterPregGen. Individuos con preeclampsia u otra o e

Gentamicina Sulfato
hipertensiéon materna durante el embarazo y los individuos de control se seleccionaron de las Lidocaina Clorhidrato

cohortes en funcién de los cddigos pertinentes de la Clasificacion Internacional de
Enfermedades. Los datos se analizaron entre julio de 2020 y febrero de 2023.

EXPOSICIONES Se analiz6 la asociacion de un conjunto genémico de variantes genéticas y
factores de riesgo clinicos para los 2 fenotipos.

RESULTADOS Un total de 16 743 mujeres con preeclampsia previa y 15 200 con
preeclampsia u otros casos de hipertension materna durante el embarazo se obtuvieron de
FINNPEC, FinnGen, Estonian Biobank y el estudio del consorcio InterPregGen (medias
[DE] respectivas en el momento del diagnéstico: 30,3 [5,5], 28,7 [5,6], 29,7 [7,0] y 28 [no
disponible] afios). El andlisis hall6 19 asociaciones significativas en todo el genoma, 13 de las
cuales eran nuevas. Siete de los nuevos loci albergan genes previamente asociados con rasgos
de la presion arterial (NPPA, NPR3, PLCE1, TNS2, FURIN, RGL3 y PREX1). En
consonancia con esto, los 2 fenotipos del estudio mostraron correlacion genética con los
rasgos de la presion arterial. Ademds, se identificaron nuevos loci de riesgo en la proximidad
de genes implicados en el desarrollo de la placenta (PGR, TRPC6, ACTN4 y PZP), la
remodelacion de las arterias espirales uterinas (NPPA, NPPB, NPR3 y ACTN4), la funcién
renal (PLCE1, TNS2, ACTN4 y TRPC6) y el mantenimiento de la proteostasis en el suero del
embarazo (PZP).

CONCLUSIONES Y RELEVANCIA Los resultados indican que los genes relacionados con los
rasgos de la presion arterial estan asociados con la preeclampsia, pero muchos de estos genes

tienen efectos pleiotropicos adicionales sobre la funcién cardiometabolica, endotelial y Author Affiliations: Author
placentaria. Ademas, varios de los loci asociados no tienen conexion conocida con la affilizlations arelisted at the end of this
article.
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Genetic Risk Factors Associated With Preeclampsia and Hypertensive Disorders of Pregnancy

reeclampsia is a vascular pregnancy disorder that af-

fects 3% to 5% of all pregnancies.’? The disorder de-

velops only in the presence of a placenta, and espe-
cially early-onset preeclampsia is often accompanied by
defects in placental development and function.>* Subcellu-
lar material and molecules released by the placenta, such as
antiangiogenic factors, are thought to evoke the systemic en-
dothelial dysfunction manifested as maternal preeclampsia
symptoms, including hypertension and proteinuria.>” How-
ever, preeclampsia is both phenotypically and etiologically
heterogeneous. The disorder often develops without any
evident placental malfunction, and the predisposition to
preeclampsia is likely affected by multiple underlying
cardiometabolic factors that modify the response to the preg-
nancy-induced stress.®

A genetic contribution to preeclampsia susceptibility has
been established,®'° but the actual risk loci remain mostly un-
known. The genome-wide association study (GWAS) of pre-
eclampsia by Steinthorsdottir et al! identified 5 risk loci, which
have previously been connected to hypertension. Accord-
ingly, epidemiological evidence shows that prior cardiovas-
cular disease inflated the risk of preeclampsia, and individu-
als with previous preeclampsia were at increased risk of
developing cardiovascular disease later in life.'%1>

Preeclampsia is likely to consist of several subtypes with
differing etiologies.® The overlap in the genetic risk factors
between preeclampsia and related disorders could be sub-
type specific, with some subtypes sharing more features
with hypertensive diseases and others being more closely
linked to disorders of placental development. Therefore,
we have selected 2 phenotype groups for examination: pre-
eclampsia and preeclampsia or other maternal hypertension
during pregnancy.

The aim of our study was to identify genetic risk factors
associated with preeclampsia and hypertensive disorders of
pregnancy in a maternal genome-wide meta-analysis com-
prising samples from the closely related populations of
Finland and Estonia. For the meta-analysis of the strict pre-
eclampsia phenotype, we supplemented these data with a pre-
viously published GWAS on preeclampsia.'! In addition, we
performed GWAS in smaller paternal and fetal sample sets
from Finland to identify risk loci of preeclampsia conveyed
via the fetus.

Methods

Study Phenotypes and Cohorts

For the maternal meta-analyses, genome-wide genotyped
and imputed samples from the Finnish Genetics of Pre-
eclampsia Consortium (FINNPEC), FinnGen, and Estonian
Biobank were used. In addition, we included summary statis-
tics from the earlier meta-analysis study of preeclampsia by
Steinthorsdottir et al.! For the fetal and paternal genome-
wide association analysis, samples from the FINNPEC cohort
were available. All required ethical approvals were obtained
from international, national, and regional ethics committees
as described in detail in the eAppendix in Supplement 1.
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Key Points

Question What are the genetic risk factors associated with
preeclampsia and hypertensive disorders of pregnancy?

Findings In this genome-wide association study, 13 novel
preeclampsia- or hypertensive pregnancy-associated genetic loci
were discovered. Seven loci are located near genes previously
associated with blood pressure traits, and several harbor genes
involved in the development of placenta, remodeling of uterine
spiral arteries, and kidney function.

Meaning The findings further strengthen the known association
between cardiovascular health and preeclampsia and provide new
targets for future research of preeclampsia pathophysiology,
including genes involved in placental development and kidney
function.

The analyses were performed with 2 phenotypes: (1) pre-
eclampsia, eclampsia, or preeclampsia superimposed on
chronic hypertension and (2) preeclampsia or other maternal
hypertensive disorders. We also examined a phenotype of
preeclampsia or fetal growth restriction (as mother’s diagno-
sis), used as proxy for small for gestational age (FinnGen
and Estonian Biobank) or diagnoses of placental insuffi-
ciency or an infant being small for gestational age (FINNPEC;
results were comparatively minor and are presented in the
eAppendix in Supplement 1). In the FINNPEC cohort, pre-
eclampsia was defined according to the American College of
Obstetricians and Gynecologists 2002 criteria as hyperten-
sion (systolic blood pressure =140 mm Hg or diastolic blood
pressure >90 mm Hg) and proteinuria (0.3 g/24 hours, 0.3
g/L, or two >1+ dipstick readings) occurring after 20 weeks of
gestation. Gestational hypertension was defined as hyper-
tension occurring after 20 weeks of gestation in the absence
of proteinuria. Birth weights below -2.0 SD units according
to the Finnish standards'® were classified as small for gesta-
tional age. Placental insufficiency was defined as umbilical
artery resistance index or pulsatility index of +2 or more
SD. In FinnGen and Estonian Biobank, the phenotypes were
based on International Classification of Diseases codes
(Revisions 8, 9, and 10, where available) as detailed in
eTable 1in Supplement 1. All parous women not fulfilling the
case inclusion criteria were included in the control group. In
addition to FINNPEC, FinnGen, and Estonian Biobank, we
included the summary statistics from the previous largest
genome-wide association meta-analysis for preeclampsia
conducted by Steinthorsdottir et al'! to the meta-analysis of
the preeclampsia phenotype. Further details of the pheno-
type definitions are presented in the eAppendix in Supple-
ment 1. The sample sizes available in each phenotype
are presented in Table 1. The study design is visualized in
Figure 1.

Basic characteristics of all cohorts are described in eTable 2
in Supplement 1. Detailed description is provided in eTable 3
in Supplement 1for FINNPEC, as this case-control cohort con-
tains more extensive clinical information compared to the other
cohorts. We also report survival analysis between preeclamp-
sia and all other disease end points available in FinnGen.
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Table 1. Sample Sizes in the Association Analyses in the FINNPEC, FinnGen, Estonian Biobank,
and Steinthorsdottir et al" Studies and in the Maternal Meta-Analyses for the 2 Phenotypes

Individuals with Control
Analysis preeclampsia, No. individuals, No. Total, No.
Cohort
FINNPEC PE, maternal 1479 972 2451
Estonian Biobank PE, maternal 1464 38105 39569
FinnGen PE, maternal 4285 83285 87570
Steinthorsdottir et al*? PE, maternal 9515 157719 167234
Meta-analysis PE, maternal 16743 280081 296 824
FINNPEC HTP, maternal 1689 778 2467
Estonian Biobank HTP, maternal 4084 35628 39712
FinnGen HTP, maternal 9427 78601 88028
Meta-analysis HTP, maternal 15200 115007 130207
FINNPEC PE, fetal 796 894 1690
FINNPEC HTP, fetal 946 750 1696
FINNPEC PE, paternal 595 654 1249 Abbreviations: PE, preeclampsia;
FINNPEC HTP, paternal 697 557 1254 PE-HTP preeclampsia or other
maternal hypertensive disorder.
Figure 1. Flow Diagram of the Study Design
PE PE-HTP
FINNPEC GWAS FinnGen GWAS FINNPEC GWAS
1479 Individuals 4285 Individuals 1689 Individuals
with PE with PE with PE-HTP
972 Control 972 Control 778 Control
individuals individuals individuals
EstBB GWAS InterPregGen META EstBB GWAS FinnGen GWAS
1464 Individuals 9515 Individuals 4048 Individuals 9427 Individuals
with PE with PE with PE-HTP with PE-HTP
38105 Control 157719 Control 35628 Control 78601 Control
individuals individuals individuals individuals

Meta-analysis
16743 Individuals with PE
271306 Controlindividuals

Meta-analysis
15200
115007

Individuals with PE-HTP
Control individuals

Downstream analysis
Functional annotation
PheWAS
Survival analysis
Genetic correlation
FINEMAP
FUMA
MAGMA
eQTL
Literature search

GWAS indicates

genome-wide association study;
PE, individuals with preeclampsia;
PE-HTP, individuals with
preeclampsia or any other type

of maternal hypertension

during pregnancy.

The specifics of this workflow are described in detail in the
eAppendix in Supplement 1. The analyses of placental
insufficiency or infants who were small for gestational age
phenotype yielded limited findings, and the results are dis-
cussed in the eAppendix, eTables 11 and 12, and eFigures 6-9
in Supplement 1.

Genotyping and Imputation

Genotyping was performed using Illumina and Affymetrix
arrays (Illumina and Thermo Fisher Scientific) in FINNPEC,
FinnGen, and Estonian Biobank. Only high-imputation qual-
ity markers (imputation information score >0.7) were used
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in the analysis. Exact genotyping workflows are detailed in
eAppendix in Supplement 1.

Association and Meta-Analyses

In brief, the association analyses were performed for all
genotyped variants using generalized mixed model as imple-
mented in SAIGE versions 0.39, 0.39.1, and 0.38 (Lee Lab
for Statistical Genetics and Data Science!”) for FINNPEC,
FinnGen, and Estonian Biobank, respectively. Summary sta-
tistics obtained from these analyses in each cohort were
then used to perform inverse variance-weighted meta-
analysis with METAL software.'® Detailed associations and

jamacardiology.com


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2023.1312?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2023.1312
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2023.1312?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2023.1312
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2023.1312?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2023.1312
http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2023.1312

Genetic Risk Factors Associated With Preeclampsia and Hypertensive Disorders of Pregnancy

Original Investigation Research

Table 2. Lead Variants of the Genome-Wide Significant Loci From the Maternal Meta-Analyses in the Preeclampsia (PE)
and Preeclampsia or Other Maternal Hypertensive Disorder (PE-HTP) Phenotypes

Effect Effect
Chromosome: Proposed allele/other allele 0dds ratio
Phenotype rsID Cytoband position candidate gene allele frequency (95% Cl) P value +/-b
PE rs4245909 326 3:169172788 MECOM G/A 0.51 0.92 (0.90-0.95) 3.19x 1070  ---—-
PE rs16998073 4q21 4:81184341 FGF5 T/A 0.32 1.12 (1.09-1.15) 133 x 1071 444+
PE rs2596471 6p21 6:31428911 HLA/PSORS1C2*  G/A 0.81 1.11(1.07-1.15) 1.98 x 10799 ++++
PE rs7862828 9q22 9:93919803 AUH/LINCO0484® C/A 0.75 1.10(1.06-1.13) 1.12 x 107%8  ++++
PE rs3018700 11q22 11:101266410 PGR/TRPC6? /T 0.85 1.13(1.09-1.18) 9.98 x 10710 ++++
PE rs10774624 12q24 12:111833788  ATXN2/SH2B3 A/G 0.59 0.92 (0.89-0.94)  2.52x 10710  ——+-
PE rs7318880 13q12 13:29138285 FLT1? T/C 0.48 1.10(1.07-1.13)  5.04x 10712 ++++
PE rs1421085 16912 16:53800954 FTO oT 0.41 1.10(1.07-1.13)  1.55x 1071 ++++
PE rs6026744 20q13 20:57742388 ZNF831 T/A 0.15 1.13(1.09-1.17) 972 x 10711 ++-+
PE-HTP rs13306561 1p36 1:11865804 MTHFR/NPPA? G/A 0.14 0.88(0.84-0.91) 7.49 x 1072 ——-
PE-HTP rs1918969 3026 3:169139890 MECOM /T 0.47 0.93(0.90-0.95) 1.34x107%% -+
PE-HTP rs16998073 4q21 4:81184341 FGF5 T/A 0.33 1.14 (1.11-1.17) 6.27 x 10719 +++
PE-HTP rs12656497 5p13 5:32831939 NPR3? /T 0.58 1.10(1.07-1.13) 2.52 x 10712 +++
PE-HTP rs10882398 10q23 10:95892788 PLCE1® A/T 0.59 1.11(1.08-1.14) 1.77 x 10713 +++
PE-HTP rs10843404 12p13 12:9471215 pzZP? /G 0.47 1.08 (1.05-1.11)  3.16 x 1078  +++
PE-HTP rs117928258  12q13 12:53457585 TNS2? T/C 0.02 1.45(1.32--1.60) 2.74 x 10714 +++
PE-HTP rs6224 1526 15:91423543 FURIN/FES? /G 0.42 1.09(1.06-1.12) 177 x 10710 +++
PE-HTP rs113935429  16q12 16:53822169 FTO A/AT 0.38 1.10(1.07-1.13)  1.07 x 10720 +++
PE-HTP rs167479 19p13 19:11526765 RGL3? T/G 0.44 0.90 (0.88-0.93) 6.95x 10713 -+
PE-HTP rs979971 19q13 19:39144244 ACTN4? T/C 0.47 0.92(0.90-0.95) 9.10x107° -—-
PE-HTP rs2208589 20q13.13 20:47408414 PREX1? G/A 0.87 1.12 (1.08-1.17) 1.70 x 107%%  +++
PE-HTP rs201454025 20q13.32 20:57757760 ZNF831 G/GTGTT 0.17 1.14 (1.10-1.18) 8.41x 10713 +++
2 Novel loci.

b Direction of effect in FinnGen, Estonian Biobank, FINNPEC, and Steinthorsdottir et al" in the PE phenotype as the fourth direction.

the meta-analysis workflow are presented in the eAppendix
in Supplement 1.

Annotation of Loci

To identify plausible candidate genes in each locus, we pri-
oritized genes according to multiple layers of evidence:
(1) statistical significance of variants in the GWAS meta-
analysis, (2) functional evidence associated with the discov-
ered variants, and (3) careful examination of literature
regarding the identified variants and suspected causal genes.
The detailed annotation workflow is described in the eAppen-
dix in Supplement 1.

Genetic Correlations

To further examine the correlation of our findings with other
disorders, we first conducted a phenome-wide association
study (PheWAS) analysis for the lead variants using all 2861
phenotypes provided in FinnGen Data Freeze 6. Second, we
used Linkage Disequilibrium Score Regression software!®-2° to
evaluate genetic correlation of the studied phenotypes with
other traits. Third, we calculated polygenic risk scores (PRS)
for preeclampsia and preeclampsia or other maternal hyper-
tensive disorder phenotypes and analyzed the results in the
FINNPEC cohort to examine overall genetic contribution un-
covered in our GWAS analysis. The methodology of these 3
analyses is explained in detail in the eAppendix in Supple-
ment 1. Data were analyzed from July 2020 to February 2023.
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The genome-wide association data generated in this study have
been deposited in the NHGRI-EBI GWAS Catalogue database.

.|
Results

A total of 16 743 women with prior preeclampsia and 15200
with preeclampsia or other maternal hypertension during preg-
nancy were obtained from FINNPEC, FinnGen, Estonian
Biobank, and the InterPregGen consortium study. The mean
(SD) age in each cohort was 30.3[5.5], 28.7[5.61, 29.7[7.0], and
28 [not available] years, respectively.

Association Signals From the Maternal Meta-Analyses
Altogether, we identified 9 and 13 genome-wide significant
loci for the preeclampsia and the preeclampsia or other ma-
ternal hypertensive disorder phenotypes, respectively (Table 2,
Figures 2, and eFigures 1-5in Supplement 1). Four preeclamp-
sialoci in the meta-analysis and 9 preeclampsia or other ma-
ternal hypertension loci in the meta-analysis were not signifi-
cantly associated with preeclampsia in the earlier maternal
GWAS.

Preliminary meta-analysis results showed evidence of
slight inflation in the meta-analysis test statistics (linkage
disequilibrium score intercepts of 1.0291 [SE, 0.0076] and
1.0325[SE, 0.0079] for preeclampsia and preeclampsia or other
maternal hypertension during pregnancy, respectively) and
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Figure 2. Manhattan Plot for the Meta-Analysis Results of Preeclampsia and Preeclampsia or Other Maternal Hypertensive Disorder Phenotypes
With Genome-Wide Significant Loci Labeled With Most Likely Candidate Gene
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2 Novel loci not detected in previous genome-wide association studies.

were corrected by rerunning the meta-analysis with genomic
correction. Most of the directions of the associations were
concordant between the cohorts with the exception of 4 loci
on 3926, 12924, 19p13, and 20q13 that showed discordant
association of direction in the smallest cohort (FINNPEC)
compared to the others (Table 2). We did not observe genetic
heterogeneity except for the lead variant rs167479 at locus
19p13. Credible sets produced with SuSie version 0.11.92 are
listed in eTable 4 in Supplement 2.

In the survival analysis conducted in FinnGen between
preeclampsia and all other end points, preeclampsia was
associated with an increase in risk of 146 disease end points
(eTable 5 in Supplement 1). These included hypertensive dis-
eases, such as gestational hypertension and cardiovascular
disease, but also glomerular diseases and glomerulonephri-
tis. Furthermore, increased risk was shown for placental
abruption and numerous complications related to induced
labor, such as failed induction of labor and infections of
genitourinary tract in pregnancy.
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In the genetic correlation analysis between our study
phenotypes and 894 previously published phenotypes, the
preeclampsia phenotypes were correlated most strongly
with the phenotypes related to blood pressure or various
cardiovascular disease (eTable 6 in Supplement 2). For both
phenotypes, the correlations with blood pressure medica-
tion and high blood pressure were above 0.59 and 0.56,
respectively, and correlations with coronary artery disease
were above 0.4. In addition, several measures of body fat
were associated with our phenotypes. These findings are
also mirrored by the results of the PheWAS analysis con-
ducted for all the lead variants in FinnGen Data Freeze 6
(eTable 7 in Supplement 2). In this test, 11 of 22 lead variants
were significantly associated with essential hypertension or
cardiovascular disease and 7 with other phenotypes,
whereas for 4 variants, no significant associations were
found. PheWAS also detected associations to immunology-
and autoimmunity-related end points for many lead vari-
ants. For instance, various arthritis and rheumatic end
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Figure 3. MAGMA Gene-Based Test Results for the Meta-Analysis Results of the Preeclampsia and Preeclampsia
or Other Maternal Hypertensive Disorder Phenotypes
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points were associated with 4 loci (6p21, 12q13, 12q24, yielded significant results for ‘MTHFR and CLCN6 genes
and 16q12). (Figure 3A).

The preeclampsia or other maternal hypertension during
Several Novel Risk Loci for Preeclampsia and Hypertensive pregnancy meta-analysis revealed 9 novel loci not identified
Disorders of Pregnancy Revealed in Meta-Analyses by Steinthorsdottir et al'! or in the preeclampsia phenotype
In the preeclampsia meta-analysis, we replicated all 5 loci  studied here (Figure 2B). Four of the 5 associations identified
reported by Steinthorsdottir et al'! and identified 4 novel in the GWAS of preeclampsia by Steinthorsdottir et al'' were
genome-wide significant loci of maternal preeclampsia replicated, with only the locusin 12q24 remaining slightly be-
(Figure 2A). Plausible candidate genes were identified for all low genome-wide significance. Association in chromosome
the novel loci, except for the association at 9g22, where the  1locus 1p36 was identified by both the meta-analysis and the
candidate gene remained elusive for the preeclampsia phe- MAGMA analysis (Figure 3B), which implicated the MTHFR,
notype. Novel association peaks were detected at locus 13q12  CLCN6, and NPPA genes. Other discovered loci harbor genes
close to FLTI and at 11q22, where the intergenic variant NPR3, PLCEI, PZP, TNS2, FURIN, FES, RGL3, ACTN4, and
1s3018700 lies near genes PGR and TRPC6. We also found a = PREXI. The variants near PZP on 12p13 and ACTN4 on 19q13
genome-wide significant association within the human leu-  did not appear to contain any genome-wide significant vari-
kocyte antigen (HLA) region, which is known for its high  ants directly contributing to hypertensive diseases or genes
density of genes involved in immune regulation and recogni-  associated with hypertensive disorders in close proximity,
tion. The association lies within an 89 kbp copy number unlike the other discovered loci for preeclampsia or other
variations region previously associated with preeclampsia?®  maternal hypertension during pregnancy. Two additional
and is located within the major susceptibility locus for pso- loci residing in 11q13.1 and 16q23.1 were detected in MAGMA
riasis, PSORSI. In addition, MAGMA gene-based analysis  analysis (Figure 3B).
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Association of High PRS for Preeclampsia

and Preeclampsia or Other Maternal Hypertension

During Pregnancy With Risk of Preeclampsia

Our analyses in the FINNPEC cohort comparing individuals in
the top 10% preeclampsia PRS compared to those in the
bottom 90% showed an odds ratio (OR) of 2.21 (95% CI, 1.58-
3.10; P < .001) for preeclampsia and 1.89 (95% CI, 1.42-2.52;
P <.001) for preeclampsia with severe symptoms. When using
the top and bottom percentiles of PRS for preeclampsia or
other maternal hypertension during pregnancy, similar asso-
ciations were shown for the preeclampsia or other maternal
hypertension phenotype (OR, 3.66; 95% CI, 2.36-5.69;
P < .001). The Nagelkerke R? values calculated for models, in-
cluding risk factors of age, parity, body mass index, and first
trimester blood pressure, showed improvement when PRS
information was added, as described in the eAppendix and
eTables 8-10 in Supplement 1.

Paternal and Fetal Association Analyses

in the FINNPEC Cohort

The GWASes of paternal and fetal preeclampsia and preeclamp-
sia or other maternal hypertension during pregnancy did not
yield any genome-wide significant associations. Further de-
tails can be found in eFigure 5 in Supplement 1.

|
Discussion

In this GWAS, we identified multiple novel risk loci for the pre-
eclampsia only and preeclampsia or other maternal hyperten-
sive disorder phenotypes. The discovered loci harbor genes
affecting endothelial dysfunction, placental development, and
immunology. Six of the 9 loci in the preeclampsia phenotype
and 11 of 13 in the preeclampsia or other maternal hyperten-
sion loci reached genome-wide significant association in pre-
vious GWASes of cardiovascular diseases. This observation,
along with our genetic correlation and PheWAS results, imply
that the established blood pressure loci are associated with
predisposition to hypertension during pregnancy, plausibly
via the same mechanisms. The findings of our study, and the
results of the survival analysis in particular, support the con-
cept of pregnancy as a window to future cardiovascular health:
the increased maternal genetic susceptibility to cardiovascu-
lar disease might become evident for the first time during
pregnancy.

Systemic endothelial dysfunction characterized by im-
paired vasodilation, endothelial injury, and reduction in
vascular integrity is central to the pathophysiology of
preeclampsia.??24 The best known biomarker of preeclamp-
sia, sFlt-1, is a soluble antiangiogenic protein that reduces the
availability of the proangiogenic proteins VEGF and PIGF to en-
dothelial cells, thus impairing the maintenance of vascular in-
tegrity and cellular viability.?>2® The earlier largest GWAS™
found an association between maternal preeclampsia and the
locus in the fetal genome.?” Our study provides evidence of
therelevance of the FLTI gene in the genomes of women with
preeclampsia. In addition, NPPA on 1p36, FES and FURIN on
15926, ACTN4 on 19q13, and PREX1 on 20q13.13 encode for pro-
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teins that are involved in regulating endothelial permeability
and leukocyte transmigration.?®-32 These findings provide fur-
ther support to the idea that preeclampsia liability might be
modified by alterations in the integrity of the endothelium.

Abnormal leakage of protein to urine is another key fea-
ture of preeclampsia. Intriguingly, several of the genes proxi-
mal to the associating lead single-nucleotide variants in our
study have been associated with kidney disease. Mutations in
PLCE1, TNS2, ACTN4, and TRPC6 are associated with ne-
phrotic syndrome characterized by proteinuria.*-*® Products
of these genes have important roles in podocyte function
and integrity of the glomerular filtration barrier.3°-42 The
mechanisms of action of these genes in causing kidney dam-
age are likely to be variable. It is plausible that such genetic
predisposition and putative kidney injuries sustained during
preeclampsia may contribute to later glomerular diseases, as
suggested by our survival analyses and other literature.**

Examples of putative pleiotropic candidate genes of the
associating loci in our study include the natriuretic peptide
genes NPPA and NPPB on 1p36 and their clearance receptor
NPR3 on 5pl3. Natriuretic peptide hormones regulate blood
pressure and kidney function, among their several other
effects.** In addition, mice that lack the expression of atrial
natriuretic peptide develop gestational hypertension and pro-
teinuria and, similar to preeclampsia, exhibit impairment in
trophoblast invasion and uterine spiral artery remodeling.*>:4®
Changes in the function or expression level of these genes
with several effects in the key mechanisms of preeclampsia
could contribute to the multiorgan dysfunction that is char-
acteristic of this pregnancy-related disorder.

Many of the genes next to the lead single-nucleotide vari-
ants of our study are involved in placental development and
function, which are often compromised in preeclampsia. Both
genes closest to the lead variant in the locus 11922, PGR and
TRPC6, are known to affect placental functions and mainte-
nance of pregnancy.*”-*® PGR has been suggested to contrib-
ute to balanced hormonal signaling during pregnancy and
subsequently aid the immune and endothelial cells in the cy-
totrophoblast invasion.*® Also, the 19q13-located ACTN4 is
known for regulating the trophoblast proliferation and differ-
entiation during early pregnancy.*® Defects in these pro-
cesses are well documented, especially in early-onset
preeclampsia.>* Another pregnancy-related gene, PZP (9q13),
is a protease inhibitor that prevents the activity of all 4 classes
of proteases and stabilizes misfolded proteins, which have been
shown to accumulate in preeclampsia.’®>* Additional rel-
evant literature regarding these putative candidate genes is
reviewed in more detail in the eAppendix in Supplement 1.

Immunological factors have been shown to contribute to
the pathophysiology of preeclampsia.>® Examples of associ-
ating genes putatively modulating the immunological re-
sponse to pregnancy include PZP (in the preeclampsia or other
maternal hypertension phenotype), likely modulating T helper
cell response and PSORSIC2 (within the PSORSI locus in the
HLA region). Tissue compatibility, autoimmunity, regulation
of inflammation, and cardiovascular diseases are processes
with known susceptibility loci within the HLA and pathophysi-
ological relevance in preeclampsia. Our discovered associa-
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tion largely reflects these functions, as discussed in more de-
tail in the eAppendix in Supplement 1. In line with these
observations, PheWAS analysis found several associations with
immunology-related disorders (although not psoriasis), such
as type 1diabetes, spondylopathies, rheumatoid arthritis, and,
to a lesser degree, hypertension. Immunological etiology is
typically associated with severe or early-onset preeclampsia.>®
Due to the high gene density, extreme polymorphism, and
complex haplotype structure, identifying likely candidate
genes, especially in the HLA region, is challenging. Until now,
immunology-related findings have been absent in preeclamp-
sia GWAS results.

When comparing the preeclampsia and preeclampsia or
other maternal hypertension phenotypes explored in this
study, we notice that the effect sizes of the uncovered loci were
largely similar between them. The most likely candidate genes
appear to be related to hypertensive diseases, implying that
the genetic risk factors of preeclampsia are shared with other
hypertensive disorders as well as risk of hypertension later in
life. Furthermore, incorporation of PRS to already known risk
factors of preeclampsia may yield improvement in prediction
of this disorder.

The main strength of this study is the use of the 3 well-
characterized cohorts FINNPEC, FinnGen, and Estonian
Biobank, originating from 2 closely related populations of
Finland and Estonia. Such homogenous populations might
facilitate the discovery of rare variants with larger effects and
characterization of the genetic basis of complex diseases such
as preeclampsia.>”->® The associations previously reported by
Steinthorsdottir et al'! are similar in effect directions to those
now discovered in the preeclampsia phenotype in the Finn-
ish and Estonian cohorts, suggesting that similar genetic back-
ground may contribute to preeclampsia in other populations
as well.

Limitations

This study has limitations. Generalizability of the results
may be limited in more diverse populations. Lack of external
validation is also a limitation, although the consistency in
effect sizes between the large study cohorts does add to
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the reliability of the findings. The register-based approach
used in this study provides limited phenotype information
and can be seen as a limiting factor, although the quality of
the Finnish Care Register for Health Care has previously
been shown to be excellent.”® In support of the robustness
of our approach, we replicated the findings of the largest
previously published GWAS meta-analysis, both with our
preeclampsia and preeclampsia or other maternal hyperten-
sion phenotypes and all the study cohorts involved provided
uniform support for our findings with little evidence of
heterogeneity. Uncovering the paternal and fetal associa-
tions may require considerably larger sample sizes than
available in the current study. Our PRS analysis has 2 impor-
tant limitations. First, as the FINNPEC cohort was collected
from university hospitals, the included individuals may rep-
resent those with a more severe form of the disease. Second,
due to its being a case-control cohort, FINNPEC has larger
proportion of individuals with preeclampsia compared to
other cohorts. Together these factors may lead to inflated
estimates of the predictive ability of PRS reported in this
work.

. |
Conclusions

Our study uncovered 13 novel loci with genome-wide signifi-
cant association with preeclampsia or other hypertensive dis-
orders of pregnancy. We found that cardiovascular disease-
related genes were associated with preeclampsia, as previously
suggested, but many of those genes have pleiotropic effects
on cardiometabolic, endothelial, and placental function. In ad-
dition, we provide further evidence for an association of
several loci not previously associated with cardiovascular dis-
ease but containing genes with apparent importance in the
maintenance of pregnancy, with dysfunctions leading to pre-
eclampsialike symptoms. Although further functional stud-
ies are required in the future, these results offer valuable in-
sights into the genetic architecture and biology behind
preeclampsia as well as into the connection between pre-
eclampsia and other maternal hypertensive disorders.
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