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Abstract 

Preeclampsia is a multi-organ complication of pregnancy characterized by sudden hypertension 

and proteinuria that is among the leading causes of preterm delivery and maternal morbidity 

and mortality worldwide. The heterogeneity of preeclampsia poses a challenge for 
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understanding its etiology and molecular basis. Intriguingly, risk for the condition increases in 

high altitude regions such as the Peruvian Andes. To investigate the genetic basis of 

preeclampsia in a population living at high altitude, we characterized genome-wide variation in 

a cohort of preeclamptic and healthy Andean families (N=883) from Puno, Peru, a city located 

above 3,800 meters of altitude. Our study collected genomic DNA and medical records from 

case-control trios and duos in local hospital settings. We generated genotype data for 439,314 

SNPs, determined global ancestry patterns and mapped associations between genetic variants 

and preeclampsia phenotypes. A transmission disequilibrium test (TDT) revealed variants near 

genes of biological importance for placental and blood vessel function. The top candidate 

region was found on chromosome 13 of the fetal genome and contains clotting factor genes 

PROZ, F7 and F10. These findings provide supporting evidence that common genetic variants 

within coagulation genes play an important role in preeclampsia. A selection scan revealed a 

potential adaptive signal around the ADAM12 locus on chromosome 10, implicated in 

pregnancy disorders. Our discovery of an association in a functional pathway relevant to 

pregnancy physiology in an understudied population of Native American origin demonstrates 

the increased power of family-based study design and underscores the importance of 

conducting genetic research in diverse populations. 

 

 

Introduction 

Preeclampsia (MIM: 189800) is a hypertensive disorder of pregnancy that is a leading cause of 

morbidity and mortality for mothers and infants worldwide. The disorder complicates 5-7% of 

global pregnancies, causes nearly 40% of all premature births, and is associated with 10-15% of 
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all maternal deaths.1–3 This morbidity is even higher in developing countries and among 

communities with limited access to healthcare.4 Despite posing a significant global disease 

burden, the heterogeneity of preeclampsia remains a major challenge for understanding its 

etiology and genetic basis.3,5 Clinical and pathological research suggests a major role of the fetal 

placental organ in preeclampsia, where shallow invasion of fetal cells into the maternal 

endometrium results in insufficient remodeling of the maternal vasculature.6,7 While it roots in 

early placental development, preeclampsia is usually not detected until the third trimester of 

pregnancy (>20 weeks of gestation), when it is identified by a sudden onset of hypertension and 

signs of organ damage, typically proteinuria (excess protein in the urine). The severity of 

preeclampsia is determined by gestational age at onset, as well as the magnitude of 

hypertension and organ damage.8 The disorder is known to be heritable with multicomponent 

risk determined by maternal, fetal, and paternal factors.3,5,9–11 Estimates suggest the overall 

heritability of preeclampsia is approximately 55-60%, with maternal, fetal and paternal 

contributions making up 30-35%, 20%, and 13%, respectively.5,12,13 Several lines of evidence, 

including pregnant mothers’ changing risk of developing preeclampsia with different male 

partners13,14 and the identification of polymorphisms in the paternal genome that impact 

preeclampsia risk15, highlight the importance of including family trios in the study of this 

condition (as reviewed in Galaviz-Hernandez et al. (2018) 16). Other risk factors include family 

history,17,18 socioeconomic status,19 and chronic hypertension or diabetes.2 Residence at high 

altitudes above 2,500 meters (m) above sea level also contributes considerably to the risk of 

developing preeclampsia.20  
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High altitude increases the risk of preeclampsia and other hypertensive pregnancy disorders at 

least two to threefold.21 For example, Bolivian communities living at 3,500 m of altitude have an 

incidence of preeclampsia of up to 20%,22 about three times higher than the world average.23 In 

neighboring Peru, preeclampsia complicates up to 22% of all pregnancies and is the second 

leading cause of maternal deaths.24,25 Previous research suggests that chronic hypoxia due to 

altitude is the major component underlying this increased risk.26,27 For instance, retrospective 

cohort studies of high-altitude women living at 3,100 m in Colorado, USA suggest that chronic 

hypoxia exposure may lead to irregular adjustments of the maternal vascular architecture 

during pregnancy, and improper placentation.27,28 As discussed by Zamudio (2007) 20, the 

potential mechanisms by which hypoxia may increase preeclampsia risk include reduced 

uteroplacental blood flow, placental oxidative stress, increased maternal vascular reactivity, 

genetic factors and circulating angiogenic growth factors of placental origin. While changes in 

blood flow may have shown the strongest effect,26 no single one of these mechanisms is solely 

responsible for the increased risk of developing preeclampsia at high altitudes. Instead, the 

strong impact of hypoxia on several physiological systems likely causes many factors to act 

together to increase individual preeclampsia risk.  

 

Due to the high incidence of preeclampsia among high-altitude resident populations, highland 

pregnancy studies have been proposed as a natural setting to elucidate genetic factors involved 

in preeclampsia and other hypertensive pregnancy complications.20,27–31 Native Andean 

populations are of particular interest for this research due to their unique physiological 

adaptations to chronic high-altitude hypoxia, such as enhanced pulmonary volumes and 
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elevated blood hemoglobin concentrations.32 These physiological adaptations are not simply 

the result of local acclimatization, but instead arose over thousands of years of evolution under 

chronic exposure to high-altitude hypoxia since the initial peopling of the Andes.33,34 Genomic 

analyses of Native Andean populations have identified several candidate genes involved in 

these adaptations, including EGLN1 (MIM: 606425), NOS2 (MIM: 163730) and several genes 

involved in the hypoxia-inducible factor 1 (HIF1, MIM: 614529) pathway.32,35,36 Ancient DNA 

analyses of pre-Columbian Andean genomes indicate that some of these genes were already 

under positive selection at least 8,500 years before present.37 Although neither of these loci 

have been conclusively linked to health outcomes, altered HIF-regulatory gene expression 

patterns are found in placentas from preeclamptic patients.30 Moreover, measured basal 

arterial pressure levels among Andeans adults living at high altitudes are lower than those 

observed in low altitude cohorts, possibly due to altitude adaptation.38 

 

Previous research has found that highland Andean ancestry and long term, multi-generational 

residence at high altitude are associated with lower rates of hypoxia induced pregnancy 

complications among high altitude resident women.21,30,39 These findings suggest that Andeans 

with Native American ancestry may carry distinct adaptive variants or a unique repertoire of 

genetic risk factors for preeclampsia—distinct from other populations previously studied.40 

Characterizing fine-scale ancestry and genetic variation patterns in high altitude resident 

Andeans may uncover preeclampsia associated variants found at higher frequencies in affected 

cases, possibly as a result of adaptive processes to high altitude.41,42   
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To this end, here we analyze genome wide genotyping data from a large cohort of preeclamptic 

Andean families from Puno, Peru (Figure 1). This city, located at 3,830 m of altitude, has a 

population with one of the highest incidences of preeclampsia and associated maternal 

mortality in the world.24,43,44 The study cohort was recruited at the Puno regional hospital 

(Hospital Manuel Nuñez Butrón), where severe preeclampsia is the third leading cause of 

hospitalization for women of reproductive age.45 We note that in addition to genetic and 

altitude-dependent factors, this high incidence may also be exacerbated by limited access to 

healthcare. As of 2017, the department of Puno, where Puno city is located, had only 5.1 

obstetric professionals per 10,000 inhabitants and the highest rate of infant mortality in 

Peru.46,47  A revision of current literature indicates that Peru ranks fifth globally in preeclampsia 

prevalence, and fourth compared to other middle-income countries in the Americas (Table S1).  

 

Our work takes a comprehensive approach to the genetic study of preeclampsia in a population 

adapted to high altitude by employing a family-based study design within a case-control cohort. 

Our trio sampling approach allows us to overcome confounding factors due to unaccounted 

population structure and enables identification of genetic regions that influence preeclampsia 

considering each of the family members that affect disease risk—mothers, fathers, and 

offspring. This is unlike most genome-wide studies focused on pregnancy disorders which tend 

to solely include maternal or fetal genomes.48 We also characterize genetic diversity and 

admixture patterns in the Puno cohort, and we investigate whether signals of selection are 

present in the regions surrounding candidate associated genes. Additionally, because 

preeclampsia unfolds in a spectrum of severity based on gestational age, organ damage, and 
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hypertension, we take advantage of extensive cohort phenotyping to study associations of 

genetic variants with disease severity. Lastly, we re-analyze our case-control test with an 

external control cohort of Latin American populations.49  Our findings have implications for the 

general understanding of preeclampsia etiology, and the etiology of human pregnancy 

hypertensive disorders more broadly, while also shedding light on the genetic factors that 

underlie human adaptations for successful reproduction at high altitudes. 

 

 

Materials and Methods 

 

Puno cohort 

Preeclamptic families (PRE) were recruited between 2011 and 2016 in the Puno regional 

hospital (Hospital Regional Manuel Nuñez Butrón) after their preeclampsia diagnosis. Expecting 

parents (mothers and fathers) had to be at least 18 years of age and report at least two 

generations of parents from Puno or nearby Andean regions. Recruited families and 

participants included 136 trios (mother, father, and fetal umbilical cord), 197 duos (190 mother 

and fetal umbilical cord duos, and 7 mother and father pairs), and 14 singletons (mother or 

umbilical cord only). 100 healthy same-population control families from Puno (PUN) were also 

recruited at the hospital at their time of admission for labor. These included 4 trios and 96 duos 

(mother and fetal umbilical cord). Lastly, 110 unrelated male and female healthy population 

controls were recruited at the local university, Universidad Nacional del Altiplano (UNA) in 
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Puno. In total, 1,129 samples were collected, including 815 PRE cases, 204 PUN hospital 

controls and 110 UNA population controls (Table S2).  

 

Ethical approval 

All participants were recruited with informed consent and IRB approval by the Stanford 

University Institutional Review Board eProtocols 20782 (Investigating the Genetic Basis of 

Preeclampsia in Populations Adapted to High Altitude) and 20839 (Population and Functional 

Genomics of the Americas). Local IRB approvals were obtained from the ethics committee of 

the Manuel Nuñez Butrón Regional Hospital (01541-11-UADI-HRMNB-RED-PUNO) and the 

Peruvian National Institute of Health (213-2011-CIEI/INS). 

 

Phenotypic data 

Preeclampsia was defined as new onset of hypertension with presence of proteinuria in the 

urine of pregnant mothers after 20 weeks of gestation (Table S3). Hypertension in the mother 

was defined as systolic blood pressure 30 mmHg higher than basal level, and diastolic blood 

pressure at least 15 mmHg higher over basal level. If no prior blood pressure measurements 

were available, average basal levels were used as prior (85/55 mmHg). Note that measured 

basal arterial pressure levels in pregnant women of the Puno cohort are around 80/50 – 90/60 

mmHg (systolic/diastolic), much lower than the U.S. standards.38 Proteinuria levels were 

confirmed to be at least 30mg/dL by dipstick in two tests 24 hours apart. Severity of 

preeclampsia was defined by the attending physician and categorized into mild or severe based 

on the physician’s diagnostic criteria which included assessment of blood pressure and 
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proteinuria measurements, together with additional symptoms (such as vomiting or blurred 

vision) not specified on the charts used for our analyses. We acknowledge that physician-level 

variation and ascertainment bias at the time of diagnoses may introduce some variation in the 

categorization of preeclampsia severity, as has been noted for other health conditions.50 

Gestational time was self-reported by the mother (by date of last menstrual period: LMP) or 

determined by the neonate Capurro test.51,52 Blood pressure and proteinuria measurements 

were not collected for fathers and newborns. A non-parametric Wilcoxon rank test was used to 

test for statistical differences in blood pressure levels between case mothers with mild and 

severe preeclampsia diagnoses with the wilcox.test function in R v4.1.2.  

 

Blood and tissue collection 

Whole blood from the mothers was collected within a few hours post-partum by venipuncture 

into EDTA tubes and frozen at -20C. Umbilical cord blood was collected by venipuncture 

following cord clamping immediately after delivery. Blood from fathers and from UNA controls 

was obtained at recruitment sites (hospital or university, respectively) upon consent. For 

plasma, EDTA tubes were spun within 60min of collection at 1,200g for 10min in a tabletop 

centrifuge. Separated plasma was transferred to Eppendorf tubes, spun again under the same 

conditions for better purity, then stored in cryovials at -20C. 

 

Genotypic data 

DNA was obtained from whole blood with the Promega (USA) Wizard ® Genomic DNA 

Purification Kit following manufacturer’s instructions. Samples that had both >10 ng/uL of DNA 
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concentration, as quantified via fluorometer, and visible bands on a 1% agarose gel were 

selected for genotyping. In total, 950 samples were genotyped in two batches using the 

Affymetrix (USA) Axiom Genome-wide LAT 1 array (Supplemental Materials and Methods). 

Batch 1 was genotyped in 2014 at the University of California San Francisco, Gladstone 

Genomics Core in San Francisco, CA. In this batch 360 PRE, 10 PUN and 110 UNA individuals 

(n=480), and 813,366 variants were successfully genotyped. Batch 2 was genotyped in 2018 at 

Affymetrix Research Services Laboratories, Thermo Fisher Scientific in Santa Clara, CA. This 

batch included 324 PRE and 146 PUN individuals (n=470), as well as 10 controls added by the 

genotyping facility. Three samples failed the genotyping facility filtering thresholds, therefore a 

total of 477 samples and 818,154 variants were successfully genotyped with Batch 2.  

 

Quality control 

We performed separate quality control assessments for the genotype data generated in Batch 1 

and Batch 2 (See Supplemental Materials and Methods for more details). For both datasets, we 

first restricted the variants to a list of recommended SNPs provided by Affymetrix. Next, we 

used Plink v1.953 to remove variants with duplicate marker names, structural variants, variants 

with no physical position in the NCBI Build GRCh37 human reference, and the genotyping 

controls. Lastly, we flipped all SNPs to the forward strand using snpflip (see Web Resources). 

After QC, the Batch 1 dataset included 713,667 biallelic SNPs and 480 individuals, and the Batch 

2 dataset included 777,946 biallelic SNPs and 467 individuals. We next intersected Batch 1 and 

2 datasets at overlapping sites and did another round of quality control on the merged dataset. 

We removed SNPs with genotype missing rate >5%, minor allele frequency (MAF) <0.5%, and 
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failing Hardy-Weinberg equilibrium at 10e-10. We also filtered for individuals with call rate 

<90%, duplicate individuals, and cryptic relatedness. In total, 31 individuals were removed, and 

56 family pedigrees were updated after this second round of QC on the merged dataset (see 

Table S4 for list of individuals assigned as unrelated after pedigree revision). We found that for 

some case and control families, offspring sex was missing, or some individuals’ sex was 

misassigned in the medical records at the time of data collection (e.g., mothers noted as male, 

fathers noted as female). Therefore, chromosomal sex was estimated using Plink v1.9 for 176 

individuals whose biological sex was either not previously recorded (n=124, mostly offspring) or 

was incorrectly recorded (n=52) during sample collection. After QC, the merged dataset (Batch 

1 + 2) included 504,475 genome-wide distributed SNPs and 914 individuals (Figure S1).  

 

Finally, we tested for batch effects on the merged dataset by calculating principal components 

analysis (PCA) in Plink after filtering for linkage disequilibrium (LD) and removing related 

offspring. We initially identified a strong batch effect with the top principal components 

statistically significantly associated with batch (P<0.05) (Figure S2). To correct this effect, we 

conducted an additional round of site and sample-specific filtering, again filtering for excess 

heterozygosity and cryptic relatedness. This resulted in a further 31 individuals being removed 

from the dataset. We then repeated the PCA as detailed above. The final dataset after batch 

effect correction included 439,314 SNPs and 883 individuals. 
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Population structure 

We intersected our dataset with reference panels including five populations from 1000 

Genomes Phase 3 (1KG): Yoruba from Ibadan, Nigeria (YRI), Utah residents with Northern and 

Western European ancestry (CEU), Han Chinese from Beijing, China (CHB), Mexican Americans 

from Los Angeles, USA (MXL) and Peruvians from Lima, Peru (PEL). After merging, we removed 

offspring and related individuals, restricted to autosomal markers and re-applied quality filters. 

The filtered, merged dataset consisted of 422,224 variants and 1,057 individuals. The 

unsupervised clustering algorithm ADMIXTURE 54 was run on this dataset to explore global 

patterns of population structure. After LD pruning, 45,496 variants remained for analysis. Ten 

ancestral clusters (K=2 through K=10) were tested and the best fit model was selected after 

examining cross-validation errors. To account for possible convergence variation, we performed 

10 additional runs using different random seeds per run and estimated parameter standard 

errors using 200 bootstrap replicates per run. ADMIXTURE results were plotted with the R 

pophelper package.55 PCA was applied to the LD pruned dataset using EIGENSOFT v7.2.156 and 

plots were generated using the ggplot2 package in R v4.0.3.57,58  

 

Phasing and local ancestry estimation 

We used RFMix v1.5.4 59 to infer genome wide local ancestry calls for the Puno cohort founders, 

assuming a model of K=3 ancestral populations. Given that local ancestry methods have 

decreased accuracy when attempting to distinguish between closely related ancestries,59,60 in 

this analysis we focused on the three major continental ancestries identified in the Puno cohort 

through the ADMIXTURE analysis. The reference panel included 108 YRI and 94 CEU individuals 
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from 1KG, and 94 native individuals from Mexico (30 Mixe, 15 Zapotec, 49 Nahua) genotyped as 

part of the GALA II study.61 These reference samples were used as proxies for African, 

European, and Native American ancestral source populations, respectively. After merging, the 

working dataset consisted of 420,105 overlapping variants and 899 individuals. The data were 

phased with SHAPEIT262 and RFMix was run with default parameters and EM=2 iterations. 

Ancestry call cutoffs were determined with a 0.9 posterior probability threshold as 

recommended in Kidd et al. (2012).63 

Ancestry proportions analysis 

We tested for significant differences in proportions of Native American, European, and African 

ancestry components between PRE cases, PUN and UNA controls. We applied the Wilcoxon 

signed ranks test in R v3.5.1 (pairwise.wilcox.test function) with Bonferroni correction for 

multiple testing. This non-parametric test assesses whether significant differences exist 

between two distributions.64 Our null hypothesis was that the distribution of each ancestry 

proportion was identical between PRE cases, PUN and UNA controls. 

Selection scan analysis 

We computed the integrated haplotype score statistic (iHS)65 using Selscan66 to find genomic 

regions with signatures compatible with positive selection in the founders of PRE cases and 

UNA controls. After removing variants and individuals with missing genotype rates over 5%, this 

analysis included 405 PRE and 106 UNA individuals and 253,896 SNPs (see Supplemental 

Materials and Methods). Selscan was run with default parameters. Unstandardized iHS values 
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were normalized by allele frequency bins. Since positive selection decreases genetic diversity in 

the region around the selected allele (leading to longer haplotypes),67 we considered as 

candidate signals those regions encompassing a SNP in the top 1% of the iHS distribution (99th 

percentile) and that had at least one other flanking SNPs, also in the top 1%, within a 50kb 

window (See Supplemental Materials and Methods for more details).  

Statistical analysis of clinical phenotypes 

We assessed batch bias of clinical phenotypes measured in case mothers and correlation with 

each other by statistical analysis in R v3.4.0. The following dichotomous phenotypes were 

tested for batch association with a chi squared test: severity of diagnosis (mild or severe), 

proteinuria (+/++ or +++), parity (nulliparous or more than one birth), newborn sex and delivery 

mode (vaginal or C-section). The following continuous phenotypes were tested for batch 

association by t-test: gestational time measured by the mother (date of last menstrual period 

or LMP) and by the fetus (Capurro test), neonate weight, systolic and diastolic blood pressure 

measurements, and maternal age. We provide summaries of relevant phenotypic data for all 

case pregnancies in Table 1. In addition to the data shown in Table 1, we also note that most 

mothers (>98%) had no history of chronic hypertension or diabetes, and all were non-smokers. 

By statistical comparison, we found that there was moderate batch bias in approximately half 

of the measured phenotypes in case mothers (e.g., Batch 2 had significantly more vaginal 

deliveries than C-sections, when compared to Batch 1, p<0.04), but none likely to influence the 

analysis when supported by batch correction. We also explored potential correlations between 

the secondary phenotypes of preeclampsia (severity, proteinuria, gestational age, and blood 
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pressure) and all additional phenotype variables collected from the clinical records of the 

preeclamptic individuals, including maternal age, offspring sex, gravidity, and parity. To this 

end, we generated a Spearman correlation coefficient matrix of all available variables for the 

PRE individuals. This analysis was performed in R v4.0.0 using the function ‘rcorr’ from the 

‘Hmisc’ library, with type=’spearman’ (Figure S3). 

 

Transmission-disequilibrium test (TDT) and parent of origin (TDT-POO) tests 

 Leveraging the trio family structure, we applied the transmission disequilibrium test (TDT) and 

parent-of-origin (TDT-POO) test on all 87 parent-offspring case trios (preeclamptic families with 

offspring) in Plink v1.9 using the --tdt flag, with and without the ‘poo’ modifier. Variants were 

then filtered by MAF > 0.05 within the analyzed cohort. The TDT assumes Mendelian rules for 

transmission of alleles and tests if the queried allele is being transmitted/untransmitted 

disproportionately from parents to the affected offspring population.68,69 The POO analysis is 

part of the TDT and separately queries transmission from each parent individually to assess 

paternal or maternal specific transmission. This test self-corrects for covariate effects by 

treating each trio as a separate unit.  

 

To obtain an appropriate significance threshold for the TDT, we used the ‘max(T) permutation 

test’ option implemented in Plink. This option permutes the transmitted/non-transmitted allele 

from each parent and re-calculates the test statistic. The maximum value of the test statistic 

across all genome-wide SNPs was taken, and the distribution of this maximum value across 

30,000 permutations was considered. To take LD between SNPs into account, permutations 
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were conducted considering “strong LD” blocks, as implemented in the Plink --block feature, 

representing the block definition suggested by 61. The top 1% significance thresholds 

determined by this permutation approach were p=8.E-06 and p=8.E-05 for the TDT and TDT-

POO analysis, respectively. The top 5% significance thresholds, which were used as suggestive 

thresholds, were p=3.E-05 and p=2.E-04, for TDT and TDT-POO, respectively. Note that although 

the classical threshold of p=5.E-08 corresponds to a 5% error rate, we decided to be 

conservative and use 1% as the genome-wide significance threshold and 5% as suggestive (See 

Supplemental Materials and Methods for more details). 

 

 

GWAS for case-control association and additional analysis using external controls 

Puno cohort individuals recruited at the hospital were divided into offspring and mothers for 

two separate case-control GWAS analyses using logistic regression in Plink (flag: --logistic) with 

the first 3 PCs, sequencing batch and maternal age included as covariates. The analysis on the 

mothers includes 254 PRE cases and 70 PUN controls. The offspring analysis includes 225 PRE 

cases and 60 PUN controls. These analyses included individuals in trios, duos, and singletons. 

Variants were filtered by MAF > 0.05 within the analyzed cohort. 

 

To further investigate the associated variants, we conducted two additional case-control GWAS 

analyses including 551 individuals from the CANDELA Consortium as external controls.49 We 

note that these additional analyses do not constitute independent replication, as the CANDELA 

cohort does not include preeclamptic cases, so a CANDELA-only replication analysis could not 

be performed. Yet, incorporating external controls can serve as a valid strategy to increase 
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statistical power, especially when cases are rare or difficult to sample. The SNP array-based 

CANDELA dataset includes multiple populations of diverse origin across Latin America. Thus, to 

mitigate the effects of population structure, and include controls with ancestry related to the 

Puno cohort, we selected Peruvian and Chilean individuals with >70% Native American ancestry 

and only Andean Native American ancestry (i.e., related to Andean native populations such as 

Aymara, Quechua or Uros, and <1% lowland Mapuche Native American ancestry) from the 

CANDELA dataset.70 We next merged these two datasets at overlapping autosomal sites and 

performed an additional round of quality control after which we excluded a single PUN control 

individual and retained a total of 381,675 autosomal SNPs (Supplemental Materials and 

Methods). Visual inspection of the scree plots and PCA scatterplots resulting from the merging 

of the Puno cohort and CANDELA datasets did not show any apparent batch effect (Figures S4-

S6), only some variation due to varying levels of European and regional Native American 

ancestry. Finally, reproducing the earlier analyses, we conducted the two separate case-control 

GWAS analyses of mothers and offspring as cases with this additional set of 551 Peruvian and 

Chileans from CANDELA as controls (i.e., including PRE, PUN and CANDELA individuals), using 

logistic regression in Plink with the first 3 PCs as covariates. Maternal age was not included in 

this analysis as this information was not available for the CANDELA dataset. 

 

GWAS of additional phenotypes 

Multiple phenotypes measured and captured as part of the recruited patient’s medical history 

allow for testing of additional genetic associations in the Puno cohort. We performed genome-

wide association analyses of endophenotypes in the PRE mothers (N=253) and offspring 
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(N=225), separately. These analyses included individuals in case trios, duos, and singletons. 

Control individuals without a preeclampsia diagnosis were not included in this analysis. The 

endophenotypes tested for each were: (1) gestational age, maternal measurement; (2) 

gestational age, fetal measurement (See Phenotypic data section above for measurement 

description); (3) systolic blood pressure at diagnosis of preeclampsia; (4) diastolic blood 

pressure at diagnosis of preeclampsia; (5) proteinuria at diagnosis and (6) severity of diagnosis. 

The first four were treated as continuous variables and analyzed by linear regression in Plink 

(flag: --linear). Proteinuria and severity of diagnosis were dichotomous variables analyzed in 

Plink by logistic regression (flag: --logistic), with proteinuria reduced to + and ++ vs. +++. 

Genotyping batch was included as a discrete covariate, while the first 3 PCs and maternal age 

were included as continuous covariates. Several of these analyses included less individuals due 

to missing data. Specifically, GWAS with systolic and diastolic blood pressure included 252 PRE 

mothers and 224 PRE offspring, and GWAS with maternal measurement of gestational age 

included 251 PRE mothers and 223 PRE offspring.  

 

PROZ ELISA 

PROZ levels in post-partum maternal and cord blood plasma were assayed using the human-

PROZ ELISA kit from MyBioSource (USA, Cat. No. MBS765710), following manufacturer 

instructions. Maternal and fetal plasma samples were diluted at 1:400 and washes were 

performed manually with a multichannel pipet. Final optical density absorbance at 450nm was 

read using the Bio Rad (USA) iMarkTM Microplate Absorbance reader. A 4-Parameter curve fit 
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was applied to the standards, and the resulting equation was used to calculate concentration in 

the experimental samples. Boxplots and t-tests were done in R v3.4.0. 

 

GWAS data visualization 

All genome-wide analyses were filtered by MAF >= 0.05 within the analyzed cohorts and 

visualized by Manhattan plots using the qqman R package v0.1.4.71 QQ plots were generated 

with the same package to confirm no effects from population structure or other confounders. 

Top suggestive SNPs and their genomic regions were plotted using LocusZoom.72 Maps 

displaying the geographic distribution of candidate associated variants were produced using the 

Geography of Genetic Variants (GGV) browser (Web Resources).73  

 

Functional annotation data 

Functional annotation of candidate associated variants was reviewed using the Open Targets 

Genetics Platform.74 We queried for significant associations linking these variants to changes in 

gene expression (eQTLs) or protein abundance (pQTLs) in blood based on the eQTLGen 

Consortium75 and Sun et al. (2018),76 respectively. We note that unlike the eQTLGen 

Consortium data, the study by Sun et al. (2018)76 contained blood level measurements of 

approximately 3,000 proteins. To prioritize candidate causal genes, we assessed whether the 

expression of the genes within the region was controlled by the associated SNP (i.e., is an 

eGene75) or whether the gene had the highest overall Variant-to-Gene (V2G) scores from the 

Open Targets Genetic Platform. The overall V2G score aggregates differentially weighted 

evidence of variant-gene association from several sources, including cis-QTL data, chromatin 
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interaction experiments, in silico function predictions (e.g., Variant Effect Predictor from 

Ensembl), and distance between the variant and each gene’s canonical transcription starting 

site. 

 

Sequencing Capture 

We conducted fine mapping of potential causal variants in a subset of families genotyped in 

Batch 1 prior to Batch 2 genotyping. Preliminary data obtained from Batch 1 genotypes were 

analyzed using standard family-based TDT on Plink for preeclampsia associations (as above), 

and regression analysis on secondary phenotypes was conducted using linear mixed models in 

GTCA77 (flag: –mlma-loco). Based on these preliminary results, we designed a targeted capture 

assay including windows around top hits for preeclampsia and secondary phenotypes, as well 

as several genes previously suggested to be associated with preeclampsia in the GWAS catalog 

(release 2.0.5).78 The total capture size was approximately 10Mb (See Supplemental Materials 

and Methods).  

 

We next selected families from Batch 1 with the strongest associations on the preliminary TDT 

analysis (n=86 individuals, Table S2). Genomic DNA from 86 individuals (Figure S7) was 

fragmented by mechanical shearing (Covaris) and prepared using the KAPA Hyperprep library 

preparation kit (Kapa Biosystems). DNA capture was performed on the libraries using the 

Agilent (USA) SureSelect platform following manufacturer’s instructions. Paired-end sequencing 

of captured libraries was performed on Illumina’s NextSeq platform. Sequence data were 

analyzed through a standard FASTQC-BWA-GATK pipeline following published guidelines.79 We 
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then performed the same GWAS analyses listed above (TDT test for the preeclampsia 

phenotype and linear regressions for continuous phenotypes) in the captured regions for a 

limited set of individuals: 25 trios, 4 duos (3 mother-offspring, 1 father-offspring) and 3 

singletons (1 offspring and 2 mothers). Candidate loci identified in these analyses were 

individually merged and annotated with ANNOVAR80 and overlapped with GTEx single-tissue 

cis-eQTL data (version V6p) from the online database81,82 to find relevant GTEx annotations in 

our data set. 

 

 

Results  

 

We obtained blood samples and maternal clinical records from consented families at the 

Hospital Regional Manuel Nuñez Butrón, and blood alone from individuals recruited at the 

Universidad Nacional del Altiplano (UNA). At the time of recruitment, mothers from case 

families (labeled PRE throughout this study) were at the hospital experiencing pregnancy with a 

preeclampsia diagnosis, defined as hypertension and proteinuria after 20 weeks of gestation. 

Rather than based on a hard cutoff, hypertension was defined as a systolic measurement 30 

mmHg higher than basal and diastolic at least 15 mmHg higher than estimated basal levels for 

each individual (see Materials and Methods for more details). We note that, on average, 

systolic/diastolic blood pressure in the preeclampsia cohort mothers is approximately 130/90 

mmHg, approximately 40 mmHg and 30 mmHg higher than their estimated basal levels (80/50 

– 90/60) mmHg, and well over the diagnostic thresholds noted above. This measurement is also 



 

 24 

comparable to the high blood pressure cutoff previously reported in the literature for adult 

residents of the Andean highlands (134/89 mmHg).38 We further note that maternal blood 

pressure levels differed somewhat by severity in the Puno preeclampsia cohort. Average 

systolic/diastolic blood pressure measurements in mothers with a severe preeclampsia 

diagnosis (138/94 mmHg) were approximately 9/7 mmHg higher than in mothers with a mild 

preeclampsia diagnosis (129/87 mmHg). This difference between mild and severe cases was 

statistically significant in a Wilcoxon test for both systolic (W = 8660, p=9.2E-12), and diastolic 

blood pressure (W=8345.5, p=4.34E-13) measurements.  

 

For consistency, and to control for other hypertensive complications of pregnancy, we included 

proteinuria in the diagnosis, despite this factor not being currently required in many diagnostic 

guidelines.83 Mothers from control families (labelled PUN) were experiencing a pregnancy 

without complications at time of hospital recruitment. 88 PRE families and two PUN families 

were collected as complete trios—including both biological parents and offspring; the rest are 

duos (one parent and offspring) or single individuals (mothers) (Table 2). Overall, the Puno 

cohort collected for this study includes 815 individuals from the hospital case group (PRE), 204 

from the hospital control group (PUN), and 110 from the university (UNA) as population 

controls. We extracted DNA from blood and genotyped PRE, PUN and UNA individuals in two 

batches on the Affymetrix Axiom LAT array. Our final dataset after quality filtering included 

439,314 SNPs genome wide and 883 individuals (see Table 2 and Table S2 for breakdown of 

PRE, PUN and UNA groups). Our sample represents 0.7% of the population of Puno city which 
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was estimated at approximately 128,637 inhabitants in the 2017 census (Censo Nacional de 

Población y Vivienda) of Peru.84 

 

Puno individuals have high proportions of Native American ancestry  

We sought to understand the ancestral background of our test population by characterizing 

patterns of genetic diversity and population structure in the Puno cohort. To this end we 

intersected the entirety of the Puno cohort dataset (N=883) with a reference panel including 

five continental populations from the 1KG panel: YRI, CEU, MXL, CHB, PEL. Using PCA, we find 

that individuals from Puno (either PRE, PUN, UNA) cluster together in PC space, and are 

distributed in a clinal pattern alongside Peruvians from Lima (PEL) who have high proportions of 

Native American ancestry (Figures 1 and S8).  

 

We next investigated admixture patterns in the Puno population with the goal of estimating 

proportions of Native versus non-Native genomic ancestry. Using the clustering algorithm 

ADMIXTURE,54 we explored unsupervised models assuming K=2 through K=10 ancestral clusters 

(Figure S9). Cross-validation errors for each K cluster are shown in Figure S10. At K=4, we 

observe a clear separation of continental ancestry components. We find that Puno individuals 

have large proportions of Native American ancestry and small proportions of European 

ancestry, represented by yellow and brown in Figure 1, respectively. At the best fit model of 

K=6, ADMIXTURE analysis finds substructure within the Native American ancestry component of 

the Peruvian population. Specifically, we observe a Puno-specific ancestry component (shown 

in dark blue in Figure 1) which is not present within the Native American ancestry components 
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of 1KG Peruvians from Lima (PEL) and Mexicans (MXL), which show yet another local 

component. This substructure may derive from an Andean specific ancestry component that 

has been previously identified among Indigenous and mestizo communities from the Andean 

Highlands.85,86 Overall, we find that individuals in the Puno cohort are predominantly of Native 

American ancestry (95.7% on average) and have low levels of non-Native American admixture 

(approximately 4.2% on average; Table S5). We further find that the Puno population carries a 

Highland-specific Native American sub-continental ancestry component, as noted in previous 

research.85–87 

 

We tested for significant differences in continental ancestry proportions between cases (PRE) 

and controls (PUN, UNA) in the Puno cohort. Given that local ancestry methods have decreased 

accuracy when attempting to distinguish between closely related ancestries,59,60 in this analysis 

we focused on the main continental ancestries identified in the  ADMIXTURE analysis. Thus, we 

used RFMix to determine local ancestry proportions in the Puno cohort assuming a model of 

K=3 ancestral components (e.g., Native American, European, and African ancestries). We note 

that this model is also consistent with those used by previous research investigating Peruvian 

population structure.86,88 We then estimated average ancestry proportions per individual from 

the RFMix local ancestry calls (Tables S6-S7). The results of this estimation further confirm the 

predominantly Native American ancestry background and highlight the small proportion of 

European admixture present in our sample.  
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Finally, we performed a Wilcoxon rank test to contrast ancestry proportions between PRE, PUN 

and UNA. This test identified a small but significant difference in European ancestry proportions 

between PRE and UNA (Estimated European ancestry PRE: 3.61% and UNA: 6.07%, Wilcoxon 

rank test p=0.015) but found no significant differences in Native American or African ancestry 

proportions (See Table S8 for p-values and Figure S11 for box plots). Overall, UNA individuals 

have slightly higher proportions of European ancestry than PRE and PUN individuals. However, 

proportions of Native American ancestry are not significantly different between cases and 

controls (Native American ancestry PRE: 96.37%, PUN: 95.98% and UNA: 93.90%; Wilcoxon rank 

test PRE vs PUN: p=0.378; Wilcoxon rank test PRE vs UNA p=0.763). These findings confirm the 

results of the ADMIXTURE analysis and further support the study design focused on a cohort of 

primarily Native American ancestry background.  

 

Family-based analysis reveals association of a cluster of clotting factor genes (PROZ, F7, F10) 

with preeclampsia 

Next, we sought to identify genetic loci associated with the risk of preeclampsia in the Puno 

cohort. We first performed a parent-offspring trio GWAS analysis, or transmission-

disequilibrium test (TDT), in the 88 affected (PRE) trios. The TDT offers a robust association test 

of genotype to phenotype in affected families by measuring over-transmission of alleles from 

heterozygous parents to the offspring. With this analysis, we identified a group of SNPs in LD 

over a cluster of blood clotting factor genes with a high odds ratio for preeclampsia (Figure 2; 

Table 3; Figure S12). The most significant SNP in this cluster, rs5960 (OR 3.05, 95% CI 1.841-

5.054, p=5.23E-06; global 1KG MAF 0.377), is a synonymous variant in the clotting factor F10 
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(MIM: 613872). This variant is genome-wide significant based on the 1% cutoff (p=8.E-06) 

calculated from the permutation analysis to determine p-value thresholds (see Materials and 

Methods). Two other members of the coagulation cascade, F7 (MIM: 613878) and PROZ (MIM: 

176895), are also in this region, as part of a gene cluster within 50 kb up and downstream of 

the F10 locus. Another top hit in the TDT, SNP rs553316 (OR 0.339, 95% CI 0.2041-0.5629, 

p=1.15E-05; global 1KG MAF 0.408), is suggestive based on the 5% permutation threshold. 

Interestingly, rs553316 is in high LD with rs5960 in 1KG Peruvian populations (R2=0.7476).89 This 

variant is annotated in GTEx as an eQTL for PROZ on mammary tissue (note that, as of our 

analysis, no placental or pregnancy blood data were available on GTEx). To further support our 

findings of an association with genes related to coagulation factors, we queried for significant 

eQTL and pQTL associations in blood. Notably, we found that several of our preeclampsia 

associated variants strongly regulate the expression of these genes, particularly of PROZ, 

including rs5960 (eQTL p=2.8E-56) and rs553316 (eQTL p=3.4-E93) (Tables S9-S10). The global 

distribution of allele frequencies for rs5960 and rs553316 in 1KG populations are shown in 

Figure S13 and noted in Table S11.  

 

Given the importance of clotting genes in pregnancy, we sought to complement the genotype 

analysis by performing deep sequencing of targeted genomic regions surrounding rs5960 in a 

subset of cohort participants (Tables S12-S13, Figure S7). To fine-map potential causal variants, 

we repeated the same TDT analysis described above in the fine-mapped individuals and cross-

referenced with the GTEx database for expression phenotypes. This analysis found an 

association of preeclampsia with several eQTLs for PROZ (Table S14). Other top hits from the 
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SNP array-based TDT that were recapitulated in this sequencing-based analysis include variants 

in the SLC46A3 (MIM: 616764) and CUL4A (MIM: 603137) genes, also located on chromosome 

13 (Table S14). Both genes have been previously associated with preeclampsia risk in clinical 

studies.9,90 These data suggest that clotting factors on chromosome 13 may play an important 

role in preeclamptic pregnancies.  

 

Next, we asked whether this PROZ eQTL resulted in differential PROZ protein expression 

between PRE cases and PUN controls. Since the TDT identifies associated variants in the 

offspring, we analyzed the umbilical cord plasma of 8 PUN controls and 16 PRE cases by ELISA. 

In this limited sample, we detected no difference of PROZ protein levels in umbilical cord 

plasma collected after delivery (difference in means = 41.550 ug/mL, 95% CI -342.758 to 

425.858, p=0.85; Table S15, Figure S14). We note that this result may reflect our previous 

finding in which the PROZ locus reached a genome-wide suggestive, but not significant, 

association with preeclampsia, likely due to sample size limitations. However, it is possible that 

variants in the PROZ gene may be involved in determining risk of preeclampsia through 

mechanisms that are not measurable by blood protein levels, such as molecular interactions. 

Future testing could evaluate PROZ, F10 and F7 levels in the placenta, where interaction with 

the maternal environment is more significant to the preeclampsia phenotype than in umbilical 

cord blood.  
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Selection scan reveals signal around ADAM12 gene on chromosome 10 in case founders 

We investigated whether our top hits in the TDT analysis were found in genetic regions under 

positive selection by computing genome-wide integrated Haplotype Scores (iHS)65 in the PRE 

case founders. We identified 1,416 genomic candidate regions in the top 1% (99th percentile) of 

the iHS distribution. None of the signals in this percentile were associated with the top TDT 

candidate region on chromosome 13 where the genes PROZ, F7, F10, SLC46A3 and CUL4A are 

located (Table S16; Figures S15-S16). Our selection scan revealed the top three highest 

genome-wide iHS values among affected cases were in genes AP1S1 (MIM: 603531; top SNP 

KG_7_100587025, |iHS| = 5.32) and SERPINE1 (MIM: 607378; top SNP rs1050955, |iHS| = 

4.91), both on chromosome 7; and on the ADAM12 (MIM: 602714; top SNP rs11244892, |iHS| 

= 4.82) gene locus chromosome 10. ADAM12 has been previously associated with pregnancy 

disorders including ectopic pregnancy and preeclampsia.91 The encoded metalloprotease 

ADAM12 has been proposed as a biomarker for preeclampsia92,93 and according to GTEx and 

UniProt/SwissProt mRNA expression profiling is overexpressed in ovary, placenta, and muscle. 

When we repeated the same selection scan in the UNA population controls, the ADAM12 signal 

is weaker as only one SNP in the region passes the top 1% threshold (Figure 3). The global 

distribution of allele frequencies for all three top iHS hits in 1KG populations is shown in Figure 

S17. Interestingly, the minor alleles for the top hit SNPs on AP1S1 and SERPINE1 are found at 

high frequencies in Peruvians (PEL MAF 0.74) compared to other 1KG populations (global 1KG 

MAF 0.34). 
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Clotting factor locus shows paternal inheritance  

We next examined whether there were loci associated with preeclampsia that were 

disproportionately inherited either maternally or paternally. To this end, we performed parent-

of-origin TDT GWAS in the same 88 trios tested above. This test investigates whether any of the 

associated SNPs are disproportionately inherited from fathers versus mothers, and vice versa. 

The most significant SNP from the TDT analysis, rs5960 in F10, is suggested to be paternally 

inherited more often than expected by chance under the 5% permutation-based significance 

threshold (p=1.38E-04, Figure 2, Table 4, Figure S18). Another locus showing suggestive 

evidence of paternal inheritance is rs79278805 (p = 1.77E-04), located within the SPAG6 (MIM: 

605730) gene on chromosome 10. Similarly, we find suggestive evidence of maternal origin bias 

for locus rs130121 (p=1.91E-04) on chromosome 22 in the FAM19A5/TAFA5 (MIM: 617499) 

gene. Both variants are suggestive based on the 5% cutoff calculated from the permutation 

analysis (Table 4, Figures S19-S21). At least one gene in the vicinity of these SNPs has been 

implicated in reproduction. SPAG6 is recognized by anti-sperm antibodies and might be 

involved in infertility.94,95 Overall, these parent-of-origin effects support the hypothesis that 

maternal and/or paternal bias might contribute to the development of preeclampsia.  

 

Case-control analysis, placental gene S100P is associated with preeclampsia in the offspring 

While the TDT identifies preeclampsia risk variants from inheritance analysis, a more common 

way to test for disease risk variants is to compare cases and controls. The collection of control 

(PUN) mother-offspring duos allowed us to compare preeclamptic to healthy pregnancies in 

both the mothers and the offspring. To this end, we performed two case-control GWAS of 
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preeclampsia (see Materials and Methods): (1) 254 PRE vs. 70 PUN mothers; and (2) 225 PRE 

and 60 PUN offspring. Several genetic regions showed suggestive association with preeclampsia 

in both test groups (Table S17; Figures S22-S23). The most interesting association was the top 

SNP in the offspring, rs34360485 on chromosome 4 (p=5.9E-06, OR 4.379, 95% CI 2.311 to 

8.295, global 1KG MAF 0.166; Table 5), which contains the placental gene S100P (MIM: 

600614). S100P is a calcium-binding protein strongly expressed in the placenta 96 that promotes 

trophoblast proliferation in culture.97  

 

To further investigate these associations, we repeated these two case-control GWAS analyses 

using an additional set of 551 individuals from the CANDELA consortium as external controls 

(see Supplemental Materials and Methods). With an increased sample size for the controls, the 

top SNP rs34360485 in the offspring case-control GWAS reached genome-wide suggestive 

significance (p=1E-05, OR 2.755, 95% CI 1.757 to 4.321; Figure S24). We were unable to include 

any additional cases however, which could have provided further power to our analyses. The 

global distribution of allele frequencies for rs34360485 in 1KG populations is shown in Figure 

S25 and noted in Table S11. 

 

Associations of secondary phenotypes reveal loci with roles in placental biology   

Preeclampsia is a heterogeneous disease with varying potential markers of severity. For 

instance, the earlier in gestation preeclampsia occurs, the more severe it is considered to 

be.98,99 Likewise, all the characteristic clinical features associated with preeclampsia (such as 

proteinuria and elevated blood pressure) can present at varying levels of severity. Harnessing 



 

 33 

the availability of clinical records for all individuals in the PRE cohort, we next performed GWAS 

tests on six secondary phenotypes of preeclampsia measured at the time of diagnosis: (1) 

gestational age, maternal measurement; (2) gestational age, fetal measurement; (3) diastolic 

blood pressure; (4) systolic blood pressure; (5) proteinuria and (6) severity of diagnosis as 

stated by the clinician. It is worth clarifying that gestational age (the time of the fetus in the 

womb) was measured in two different ways throughout the study. The fetal measurement was 

done by the “Capurro” test,51,52 which combines five different measurements in the neonate, 

while the maternal measurement relies on the date of the mother’s last menstrual period 

before pregnancy.  

 

To investigate possible genetic associations with secondary phenotypes of preeclampsia, we 

performed GWAS analyses by logistic and linear regression for each of the six phenotypes in 

254 mothers and 225 offspring, separately. In total, we ran 12 GWAS tests. Logistic regression 

was applied to binary phenotypes (proteinuria and severity of diagnosis), while linear 

regression was applied to continuous phenotypes (gestational age and blood pressure 

measurements). All analyses were corrected for batch, plus the first three PCs and maternal age 

were included as continuous covariates. With this analysis we found several suggestive 

associations of SNPs to secondary maternal phenotypes (Table 5; Table S18-S20). These findings 

point to several genetic regions containing relevant genes associated with pregnancy and the 

complex biology of preeclampsia, as detailed below. Due to the low sample size of this unique 

dataset, only two of these associations reached standard genome-wide significance (p=5E-08). 
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Gestational Age 

Gestational age was associated in mothers with one locus on chromosome 1 (rs952593, beta -

1.621, 95% CI -2.241 to -1.001, p=3.6.00E-07, global 1KG MAF 0.283). This region is near TBX15 

(Table 5; Table S18; Figure S26-S29), a t-box transcription factor shown to be downregulated in 

intrauterine growth restricted placentas.100 The association held true with both measurements 

of gestational age (maternal last period and neonate Capurro test). The maternal 

measurement, but not the fetal measurement, of gestational age was associated with a 

multigenic locus on chromosome 11 (top SNP rs2581927, beta -1.969, 95% CI-2.826 to -1.112, p 

= 1.05E-05, global 1KG MAF 0.109). A gene of interest in this locus is APLNR (MIM: 600052), the 

receptor to ELABELA (MIM: 615594), which causes preeclampsia-like symptoms in mice101 

(Figures S30-S31). Finally, both measurements of gestational age were associated in mothers 

with an intergenic regulatory region on chromosome 19 upstream of gene KCTD15. This 

association reached genome wide significance for the fetal measurement only (top SNP 

rs16960768, beta -1.805, 95% CI -2.426 to -1.184, p=3.49E-08; Table S18; Figures S32-S33). As 

of this writing, rs16960768 has no annotations on GTEx, no functional consequences noted in 

ANNOVAR, and no clinical significance reported in ClinVar.  

 

Diastolic and Systolic Blood Pressure 

Diastolic blood pressure reached genome-wide significance for one association in the maternal 

genome on chromosome 4 (top SNP rs1874237, beta -4.228, 95% CI -5.676 to -2.78, p=3.03E-

08, global 1KG MAF 0.379; Table 5; Figure 4). This SNP is within an uncharacterized non-coding 

RNA locus near NKX6-1 (MIM: 602563), a gene involved in β-cell development and function.102 
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In the offspring, both systolic and diastolic blood pressure were associated with SNPs in 

KCNS3/K(V)9.3 (MIM: 603888, top SNP rs4553827, beta 7.76, 95% CI 4.971 to 10.55, p = 1.35E-

07, global 1KG MAF 0.472), a voltage-gated potassium channel gene that is highly expressed in 

the human placenta, where it localizes to placental vascular tissues and syncytiotrophoblast 

cells103 (Table S19; Figures S34-S37). 

 

Proteinuria and Severity of Diagnosis  

Proteinuria was associated in the mothers with rs2760751 on chromosome 17 (OR 0.3856, 95% 

CI 0.2574 to 0.5779, p = 3.89E-06, global 1KG MAF 0.319). This SNP is intronic to SMG6 (MIM: 

610963), a telomerase binding protein. A second association with proteinuria in the maternal 

genome was found with SNP rs12276362 (OR 0.3856, 95% CI 0.2574 to 0.5779, p = 3.89E-06, 

global 1KG MAF 0.297) in chromosome 11, by the PIWIL4 (MIM: 610315) gene (Figures S38-

S41). This region is also correlated with severity of diagnosis in the mothers (rs1940640, OR 

2.546, 95% CI 1.701 to 3.81, p=5.57E-06, global 1KG MAF 0.216). It is not surprising that 

proteinuria and severity of diagnosis share a common association, since these two phenotypes 

are correlated—clinically severe cases generally have higher levels of protein in the urine. 

Aberrant PIWI proteins, which interact with pi-RNAs to drive post-transcriptional gene 

regulation, have been found in cancers,104 and theoretical evidence from piRNA evolution 

suggests a role in placentation, although this has yet to be proven empirically.105 In the 

offspring genome, proteinuria showed an association with placental gene RARB (MIM: 180220), 

or retinoic acid receptor beta (rs4241542, OR=0.3745, 95% CI 0.1467 to 0.4742, p=8.48E-08, 

global 1KG MAF 0.400),106,107 and with a SNP intronic to STK32B (MIM: 119530, rs62297274; OR 
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0.3483, 95% CI 0.2238 to 0.542, p=2.94E-06, global 1KG MAF 0.037; Table S19; Figure S42-S44). 

Interestingly, the minor allele for SNP rs62297274 is found at high frequencies in Peruvians 

compared to other global populations. In the Puno cohort MAF for this variant is 0.49, slightly 

higher than among Peruvians from Lima sampled in the 1KG (PEL MAF 0.41) (Figure S45). In 

contrast, the minor allele is found at low frequencies in the rest of the Americas (1KG AMR MAF 

0.19) and is rarely observed globally (global 1KG MAF <0.05) (Table S11).  

 

 

Discussion 

In this analysis, we investigate the genetic variation of a preeclampsia cohort of Andean families 

from Puno, Peru; a high-altitude population with one of the highest incidences of this disease in 

the world.24,43 By characterizing patterns of genetic diversity and population structure in this 

cohort we found that study participants have high proportions of Native American ancestry and 

carry an Andean genetic component which is not shared with other admixed populations from 

other parts of Latin America. We harnessed the power of a trio study design to uncover 

maternal, paternal, and fetal genetic factors influencing the incidence and severity of 

preeclampsia in this cohort. In contrast to previous preeclampsia genome-wide association 

studies, which have been hampered by limited phenotyping and heterogeneous sampling,48 the 

present work includes a case-control cohort sampled from a single population of Native 

American origin, treated at the same hospital, and exposed to similar selective pressures due to 

long-term residence at high altitude. Thus, despite the limited sample size, our family based 

GWAS design circumvents potential confounding issues with population structure and permits 
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identification of significant and suggestive associations with preeclampsia that would remain 

otherwise undiscovered.42  

 

Most genetic studies on preeclampsia have not investigated whole family units,9,17,18,108 despite 

evidence of a complex genetic risk profile involving contributions from both parents and the 

fetus.3 For instance, higher rates of preeclampsia have been documented among families where 

either the mother or father were the products of a preeclamptic pregnancy,11,109,110  and there 

is evidence that primiparous women with a recent partner change are at higher risk of 

developing the disorder.111–113 Results from case-control studies involving parental couples 

suggest that genetic and immunological factors from fathers may also play an important role in 

mediating preeclampsia risk.16 A study of Malay preeclamptic families found that paternal HLA-

G factors significantly increased risk for preeclampsia in multigravida pregnancies.114 A 

subsequent case-control study investigating preeclamptic mothers and their male partners in 

northern Mexico found that paternal variants at the rs5370 polymorphism in the EDN1 (MIM: 

131240) gene decrease the risk of preeclampsia.115 There is also mounting evidence that the 

offspring genome plays an important role, as demonstrated by several recent studies which 

have identified fetal variants9,116 and fetal-maternal complotypes117 influencing preeclampsia 

risk. Lastly, trio studies have also become an important tool for differentiating between 

maternal, paternal, and fetal contributions to preeclampsia risk10,118,119 and for elucidating the 

role of parental imprinting in the expression of placental genes and associated risk of pregnancy 

complications.120 Taken together, the evidence gathered by this large body of work reinforces 

the strength of our trio-sampling approach to investigating preeclampsia in the Puno cohort. 
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The top association with preeclampsia identified in our trio study was rs5960, a variant in the 

clotting factor gene F10, in a locus with two other clotting factors: PROZ and F7. PROZ, a 

vitamin K-dependent factor, is an anticoagulant protein with a role in factor X inhibition.121 

Several previous studies have suggested a hypercoagulative state in preeclampsia (reviewed in 

122), as spiral arteries of preeclamptic pregnancies often present thrombosis and atherosis.123 In 

fact, strong evidence supporting an effect of thrombotic processes on preeclampsia is based on 

the observation that aspirin, a known blood thinner, successfully delays preeclampsia onset.124 

 

Low PROZ levels are associated with thrombotic disorders, and many adverse pregnancy 

outcomes have also been linked with maternal PROZ levels.121 A small, prospective case-control 

study found low PROZ levels associated to intrauterine growth restriction (IUGR) and 

intrauterine fetal demise, but not preeclampsia.125 In contrast, a larger cross-sectional study 

found lower median levels of PROZ in preeclampsia outcomes but not IUGR or fetal demise.126 

One study found a correlation between lower PROZ levels and severity of HELLP syndrome 

(MIM: 614985), a complication of preeclampsia that stands for hemolysis, elevated liver 

enzymes, and low platelets and which occurs in 10-20% of preeclamptic pregnancies.123,127 

However, no study on PROZ or other clotting factors in preeclampsia has been successfully 

replicated, likely due to the extreme heterogeneity of the disease and the mix of populations 

studied. 
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Although previous studies on PROZ have focused on the mother’s genome,126,128 ours suggests 

a correlation between the fetal PROZ/F7/F10 locus on chromosome 13 and preeclampsia. In a 

subset of our sample, we found no differences in protein plasma levels of PROZ between 

preeclamptic and healthy pregnancies in the mother or the offspring. However, this analysis 

was limited by small sample size and post-natal blood sampling. As blood samples were only 

collected immediately after birth, we were unable to monitor changes in PROZ protein levels 

throughout the pregnancy or in other relevant tissues. Further longitudinal studies could 

analyze several clotting factor levels and activity in this pregnant population to assess the 

impact of thrombosis in preeclampsia risk among Andean highlanders. 

 

Expanding the TDT to a parent of origin analysis (POO), we found several associations to genetic 

regions with suggested paternal inheritance. For instance, the top TDT hit on F10, rs5960, is 

also the locus with the strongest paternal origin effect in the TDT-POO. Although future 

research examining variation at the PROZ/F7/F10 region in a larger population will be needed 

to confirm this finding, our results are of interest to studies investigating the role of paternal 

genetic factors, genomic imprinting and paternal-offspring conflict in preeclampsia and other 

pregnancy disorders.13,16,120,129–131 Another top region in the TDT-POO includes the biologically 

relevant gene SPAG6 previously described as being involved in infertility and the immune 

system.94,95  Future work could investigate the potential role of this candidate gene in the 

maternal-fetal interface and its potential involvement in the pathophysiology of preeclampsia.  
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We also found several placental genes associated with secondary phenotypes that underline 

the severity of preeclampsia, such as hypertension, gestational age, and proteinuria. 

Differential expression of these genes may contribute to the insufficiency of placental 

development in early pregnancy that leads to hypertension and proteinuria in the third 

trimester. Some of our suggestive associations are near genes previously shown to have roles in 

pregnancy, vascular processes, and even preeclampsia. One such gene is APLNR, the receptor 

to ELABELA, which causes preeclampsia-like symptoms in mice101 and is found expressed in 

lower levels in the serum and placentas of some women with late-onset, but not early-onset 

preeclampsia.132 However, this gene is in a multigenic locus, and fine-mapping approaches with 

functional studies are required to discover the effect of this locus in our cohort.  

 

Our study is one of few preeclampsia GWAS to include the offspring genome. One recent study 

with a large cohort found a gene, sFLT1 (MIM: 165070), associated with late (but not early) 

preeclampsia,9,116 suggesting that dysregulation of genes in the fetal genome contribute to 

preeclampsia. In our study, we found several associations with preeclampsia and its severity 

phenotypes in the fetal genome. For instance, we found an association between severity of 

hypertension (systolic and diastolic pressure measurements) and KCNS3/K(V)9.3, a gene that is 

highly expressed in the human placenta, where it localizes to placental vascular tissues and 

syncytiotrophoblast cells.103 We also found an association of the retinoic acid (RA) signaling 

gene RARB and severity of proteinuria in the preeclamptic fetal genome. RA signaling is 

essential for healthy placental and fetal development in animal models, with evidence of similar 

requirement in humans (reviewed in Comptour et al. (2016)106). RARB is expressed in the 
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extravillous part of the placenta and its activation induces RARRES (MIM: 605090), shown to be 

overexpressed in preeclamptic placentas.107 Our study adds to this body of literature and 

highlights the role of RA in proper placentation. Lastly, the most interesting region in the 

offspring genome was identified in our case-control analysis; the S100P gene, a calcium-binding 

protein strongly expressed in the placenta96 that promotes trophoblast proliferation in 

culture.97 This finding suggests that fetal biology, and specifically placental development driven 

by fetal genes, highly contributes to the pathology of preeclampsia.  

 

We examined the global distribution of allele frequencies for each of the candidate associated 

SNPs detailed above. Most alleles were shared among several global populations (see global 

distribution plots in Supplemental Materials). A notable exception is SNP rs62297274, an 

intronic variant located in gene STK32B which is associated with proteinuria in the offspring 

genome. The minor allele reaches its highest global frequency in Peruvian populations (Figure 

S45). As of this writing rs62297274 has no reported clinical significance in dbSNP or ANNOVAR. 

However, intronic variants are known to have functional impacts on RNA splicing patterns.133 To 

elucidate the functional significance of this variant, future research could evaluate its 

pathogenic potential in Peruvian populations.134,135 

 

We further investigated whether signals of selection are present in the regions surrounding 

candidate preeclampsia associated genes in this high altitude adapted cohort. We found 

association of the top three candidate signals with the highest iHS score to the genes AP1S1, 

SERPINE1 and ADAM12. AP1S1, located on chromosome 7, is involved in clathrin coat-assembly 
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and trafficking between the trans-Golgi network, endosomes, and the plasma membrane.136 

SERPINE1, also on chromosome 7, encodes the protein plasminogen activator inhibitor 1 (PAI-1) 

and serves as the primary inhibitor of tissue and urinary plasminogen activators, constituting an 

important regulatory protein in fibrinolysis (breakdown of blood clots).137 ADAM12, located in 

chromosome 10, is a member of the A Disentegrin and Metaloproteinase family of proteases, 

and serves as a promoter of throboblast differentiation in placental development.138  The 

mechanisms that regulate ADAM12 are not well characterized, however, it has been shown 

that Notch signaling, activated by hypoxia, can increase the levels and activity of ADAM12 and 

lead to increased shedding of the epidermal growth factor (EGF).139 ADAM12 has also been 

described as playing an important role in placental development and function.140,141 In 

preeclampsia, the role of ADAM12 remains elusive and controversial since its expression levels 

have been positively and inversely correlated with the condition.142–144 These results could 

suggest an ongoing selection sweep in genes involved in cell transport, blood clotting and 

preeclampsia, particular to the cohort of preeclamptic parents. However, we note that a 

potential limitation of this analysis is that iHS, as a haplotype-based test,65 can only detect 

relatively recent selection signals.67,145 Thus, our analysis may not have sufficient power to 

detect more ancient patterns of adaptation. Additionally, this analysis did not test for other 

types of selective processes beyond selective sweeps, such as polygenic adaptation, which may 

also be acting on standing genetic variation in this population. 

 

As discussed, several genes found in our analyses are involved in placental function. 

Interestingly, morphological studies comparing placentas from Andean-descent and European-
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descent individuals in Bolivia, at both low and high altitudes, describe differences in placental 

composition.146,147 Highland placentas from individuals of both ancestries show more 

intervillous space but less villi, and the Andean highland placenta, compared to the European, 

have more trophoblast and villous stroma on average. Differences in placental morphology 

suggest an adaptive mechanism to the lower oxygen pressure at high altitude, but one that 

does not lower the risk of preeclampsia.  

 

In conclusion, this study investigates a cohort of preeclamptic Highland Andean families from 

Puno, Peru to elucidate the genetic basis of this pregnancy disorder at high altitudes. We 

generated genotype data at over 400,000 positions across the genome and used these data to 

determine ancestry patterns and map associations between genetic variants and preeclampsia 

phenotypes. Our trio-based recruitment strategy, including genotype data from mothers, 

fathers, and offspring, allowed us to identify genetic regions not previously reported in 

preeclampsia genome-wide association studies. Specifically, we identified suggestive 

associations with several variants near genes involved with placental and blood vessel function, 

and therefore, of functional importance for human pregnancy biology. The strongest 

association hit involves a cluster of clotting factor genes on chromosome 13 including PROZ, F7 

and F10 in the fetal genome. This finding provides supporting evidence that coagulation plays 

an important role in the pathology of preeclampsia and potentially underlies other pregnancy 

disorders exacerbated at high altitude. Additionally, our findings provide a list of candidate 

genetic loci with suggestive associations for future replication and functional validation.   
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A major limitation of our study is the small sample size of the recruited cohort which resulted in 

reduced power for statistical analyses. Although GWAS typically requires large sample sizes for 

robust identification of candidate genetic variants involved in complex or polygenic traits, it is 

known that functionally relevant alleles may segregate at higher frequencies in some 

populations due to microevolutionary processes such as genetic drift, a history of founder 

effects, genetic isolation, or local adaptation.42,148,149 Many of the same processes have 

occurred throughout the evolutionary history of Andean populations.34,86–88,150 Moreover, 

depending on the effect size of functional or medically relevant variants, we have found in our 

own previous research that sample sizes as low as a few hundred individuals are enough to 

detect associations in isolated populations.151  

 

Another possible limitation is that, as noted in Table 1, most of the affected mothers in the 

recruited case trios were diagnosed with mild cases of preeclampsia. This bias in our cohort 

may contribute to our limited power as we would expect to see stronger association signals in 

analyses such as the TDT with more severe cases. As a family-based test, TDT uses data from a 

single cohort of affected trios and is therefore more robust against artifacts such as those 

caused by population substructure. Still, any statistical test will have some chance of false 

positives, even though we control for this stringently through permutations. We acknowledge 

that a larger sample size, and especially, additional recruitment of trio families would have 

likely improved our statistical power and ability to detect relevant genetic variation, in both the 

TDT and case-control analysis. While we tried to increase the sample size in the case-control 

analysis by including additional controls (CANDELA), we were unable to recruit additional cases. 
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Future efforts could focus on recruiting participants from a larger cohort that could also be 

stratified by different levels of preeclampsia severity and explore interactions between blood 

pressure, proteinuria, and altitude, to discern whether certain genetic signatures impact the 

severity of preeclampsia. 

 

A further limitation of our study is that blood pressure measurements were unavailable for 

many PUN control mothers (Table S3). In these instances, we used average basal levels (85/55 

mmHg) as prior and relied upon the attending physician’s preeclampsia diagnosis. Patients with 

hypertension at admission but no diagnosis of preeclampsia were also excluded as controls. 

Therefore, while we have limited clinical data for this cohort, female participants were declared 

by the clinicians to be women in labor with normal blood pressure (i.e., not significantly above 

the baseline for this population), no proteinuria, and no other signs of organ damage. We 

acknowledge that physician-level variation at the time of diagnoses may introduce some 

variation in the diagnosis and categorization of preeclampsia severity. However, since the 

clinical phenotypes of PUN control mothers were not considered in most of our statistical 

analyses (e.g., TDT, TDT-POO, secondary phenotypes GWAS) we believe this limitation is 

unlikely to strongly impact our conclusions. We also note that since the present study was 

focused on pregnant mothers—the only member of the family triad affected by preeclampsia 

symptoms—we did not collect measurements of secondary phenotypes such as blood pressure 

or urine proteinuria levels from fathers or offspring. We note that proteinuria in urine can occur 

in other health conditions beyond preeclampsia, including some that impact both men and 

women, and disproportionately occur among high altitude resident populations, such as High-
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Altitude Renal Syndrome (HARS).152–154 However, since proteinuria is not regularly measured in 

non-pregnant members of the family triad throughout pregnancy or at the time of birth, we 

were unable to test for the presence of this condition in the present study.   

 

Finally, we acknowledge that because our study is primarily based on analysis of SNP array data, 

we may be limited in our ability to detect causal alleles. However, we sought to address this 

limitation by complementing the genotype-based analyses with a targeted sequencing 

approach to fine-map genomic regions of interest in a subset of our samples. This follow-up 

analysis provided us with increased genomic coverage surrounding several top candidate 

regions, albeit with a smaller sample size. Future follow-up efforts could rely upon imputation 

to boost power or deep sequencing of candidate loci identified in this study. 

 

Considering that this is a severely understudied population with a large disease burden, this 

work represents a preliminary and seminal effort towards exploring potential associations 

which can inform future validation and functional studies, while also highlighting the need for 

further research with such underrepresented ancestry groups. Studying diverse human 

populations with unique genetic adaptations enables identification of the primary genetic 

factors underlying complex phenotypes and gene function.42 This research examined Andean 

populations as a model to understand human pregnancy biology in hypoxic conditions. This 

natural experimental setting provides a unique opportunity to understand the genetic factors 

influencing human reproductive fitness in challenging environments worldwide and to discover 

population-specific variants underlying biomedical traits. Our work also underscores the 



 

 47 

importance of including diverse populations in genome wide association studies and functional 

variant discovery efforts to better understand human physiology and disease globally. 
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Figure Titles and Legends 

Figure 1. Location and population structure of the Puno preeclampsia cohort. A) Approximate 

location and altitude of Puno, Peru. B) Principal components analysis including PRE cases, PUN 

and UNA controls, and five continental reference populations from the 1000 Genomes. Inset 

zoom shows Puno cohort individuals only. C) ADMIXTURE analysis results showing unsupervised 

clustering models assuming K=4 and K=6. At K=6 a Puno-specific sub-continental ancestry 

component not shared with 1KG Peruvians from Lima appears in the Puno cohort, shown here 

in dark blue. 

 

Figure 2. Top associations from trio analyses by TDT and TDT-POO. A) Manhattan plot showing 

top association with preeclampsia in the offspring genome: SNP rs5960 on chromosome 13 at 

p<10E-05 suggestive of significance shown in red. Horizonal lines indicate top 1% (red) and 5% 

(blue) significance thresholds of p=8.E-06 and p=3.E-05, respectively, as determined by 

permutation approach. B) Locus Zoom plot depicting the top associated SNP cluster from the 
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TDT on chromosome 13.  C) Locus Zoom plot depicting the top paternal region from TDT-POO 

analysis on chromosome 13. 

 

Figure 3. iHS hits across the ADAM12 gene and its closest neighbor, FANK1 on chromosome 10. 

Genetic positions, exons (vertical bars), introns (horizontal bars), and the direction of 

transcription (arrows) are shown in the panel below. A signal of selection encompassed by two 

SNPs (red dots) falls in an intronic region on ADAM12 in case founders (PRE). This signal is 

weaker in control individuals (UNA). 

 

Figure 4. Manhattan plot showing top association in the maternal genome with diastolic 

blood pressure: SNP rs1874237 on chromosome 4 at p=3.03E-08 shown in red. Horizonal lines 

indicate standard genome wide significance (p=5E-08 in red) and suggestive thresholds (p=1E-

05) commonly used in the literature. 

 

 

Table Titles and Legends 

 

Table 1. Phenotypic characteristics measured in mothers of analyzed case families with preeclampsia 

(duos and trios). “Trios only” identifies the subset from the total that are in whole trio units. The rest 

are mother-offspring duos. Average systolic/diastolic blood pressure in preeclampsia cohort mothers is 

130/90 mmHg, approximately 30mmHg and 15 mmHg higher than basal levels. 
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Table 2. All individuals genotyped by group (case/control) and batch after QC filtering. Text in italics 

indicates the number of individuals genotyped within three different types of family duos. 

 

Table 3. GWAS statistics and genomic annotations of top hits (P<5E-04) from the TDT. eGenes (based 

on eQTL analyses using blood-derived expression through the eQTLGen Consortium) are shown in bold, 

and genes with the highest overall V2G scores (see Materials and Methods) are underlined. 

 

Table 4. GWAS P values and genomic annotations of top hits (P<5E-04) from the TDT-POO. eGenes 

(based on eQTL analyses using blood-derived expression through the eQTLGen Consortium) are shown 

in bold, and genes with the highest overall V2G scores (see Materials and Methods) are underlined.  

 

Table 5. Statistics and annotations of the top SNPs (p<5E-04) with biological relevance for 

preeclampsia of secondary phenotype and case-control GWAS analyses. All SNPs in this table are 

described in the text (for a complete list of regions at p<5E-04, see Supplemental Tables). Beta values 

are reported for linear regressions and odds ratio (OR) for logistic regressions. GA, gestational age; BP, 

blood pressure. eGenes (based on eQTL analyses using blood-derived expression through the eQTLGen 

Consortium) are shown in bold, and genes with the highest overall V2G scores (see Materials and 

Methods) are underlined. Genome wide significant hits noted with asterisk (*). 
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Tables 

Table 1. Phenotypic characteristics measured in mothers of analyzed case families with preeclampsia 
(duos and trios). “Trios only” identifies the subset from the total that are in whole trio units, The rest 
are mother-offspring duos. Average systolic/diastolic blood pressure in preeclampsia cohort mothers is 
130/90 mmHg, approximately 30mmHg and 15 mmHg higher than basal levels. 
 

 Total Trios only 

Diagnosis, n Mild (n=119) Mild (n=47) 

Severe (n=106) Severe (n=41) 

Mode of delivery, n C-section (n=92) C-section (n=42) 

Vaginal (n=132) Vaginal (n=45) 

Maternal age, years mean(median) 26.64(26.00) 27.44(26.00) 

Gestational age - maternal, weeks 

mean(median) 

38.11(39.00) 37.84(38.00) 

Gestational age - fetal, weeks 

mean(median) 

38.29(39.00) 38.17(39.00) 

Newborn weight, grams       

mean(median) 

601.3(600.0) 620.6(620.0) 

Systolic BP at admission, mmHg 

mean(median) 

133.0(130.0) 130.9(130.0) 

Diastolic BP at admission, mmHg 

mean(median) 

89.82(90.00) 87.1(85.0) 

Parity, n nulliparous (n=128) nulliparous (n=45) 

1 or more (n=97) 1 or more (n=43) 

Sex of newborn, n female (n=100) female (n=35) 

male (n=125) male (n=53) 

Proteinuria, n + (n=124) +(n=49) 

++/+++ (n=101) ++/++(n=39) 
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Table 2. All individuals genotyped by group (case/control) and batch after QC filtering. Text in italics indicates the number of individuals 
genotyped within three different types of family duos. 

Family 

Category1 

PUN and UNA Controls PRE Cases 

Total No. 

of Individuals Batch 1 

individuals 

Batch 2 

individuals 

Batch 1+2 

individuals 

Batch 1+2 

family units 

Batch 1 

individuals 

Batch 2 

individuals 

Batch 1+2 

individuals 

Batch 1+2 

family 

units 

Trios a  

(M+F+UC) 
0 6 6 2 241 21 262 88c 268 

Duos 10 106 116 58 110 192 302 151 418 

M+UC 8 106 114 57 66 188 254 127 368 

P+UC 2 0 2 1 18 2 20 10 22 

M+F 0 0 0 0 26 2 28 14 28 

Singletons b 106 24 130 -- 19 48 67 -- 197 

All 

individuals 
116 136 252 60 370 261 631 239 883 

aM= Mother, F=Father, UC=Offspring umbilical cord. 
bIncludes one trio with two offspring from family PRE061. 
cIncludes individuals coded as UNR (unrelated and no longer connected to medical records), UNA (university controls), and some individuals collected as part of PRE/PUN (still 
connected to medical records). 
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Table 3. GWAS statistics and genomic annotations of top hits (P<5E-04) from the TDT. eGenes (based on eQTL analyses using blood-derived 
expression through the eQTLGen Consortium) are shown in bold, and genes with the highest overall V2G scores (see Materials and Methods) are 
underlined. 

Chr BP cytoBand rsID Ref Alt 
TDT GWAS stats 

Function Genes in region Puno MAF 
OR 95% CI P 

13 113801737 13q34 rs5960 C T 3.05 1.841-5.054 5.23E-06 exonic F10 0.4929 

13 113930853 13q34 rs9549724 C T 0.2963 0.1696-0.5176 5.58E-06 intergenic CUL4A, LAMP1 0.4278 

13 113812962 13q34 rs2273971 A G 0.3276 0.1951-0.55 8.81E-06 upstream PROZ 0.499 

13 113838015 13q34 rs553316 G A 0.339 0.2041-0.5629 1.15E-05 intronic PCID2 0.4827 

13 113810186 13q34 rs7335409 T C 2.95 1.777-4.899 1.15E-05 intergenic F10, PROZ 0.4939 

13 113915303 13q34 rs3814260 G A 0.3396 0.199-0.5797 3.27E-05 intronic CUL4A 0.4236 

2 109581319 2q12.3 rs260692 C T 19 2.544-141.9 5.70E-05 intronic EDAR 0.0551 

1 228715705 1q42.13 rs11586639 G A 0.4 0.2492-0.6422 8.57E-05 intergenic BTNL10, 

MIR7641-2 

0.4587 

6 42252385 6p21.1 rs9471831 A G 0.4242 0.2727-0.6601 8.88E-05 intronic TRERF1 0.4562 

13 113910926 13q34 rs3861723 A G 0.36 0.2101-0.617 1.04E-04 intronic CUL4A 0.4228 

1 228805855 1q42.13 rs765070 C T 0.4107 0.2528-0.6673 2.05E-04 intergenic DUSP5P1, RHOU 0.4347 

2 109557099 2q12.3 rs260711 T C 9.5 2.213-40.78 2.08E-04 intronic EDAR 0.05612 

1 229076157 1q42.13 rs10916389 G A 0.325 0.1738-0.6076 2.08E-04 intergenic RHOU, MIR4454 0.2368 

13 113923202 13q34 rs77626225 A G 0.3878 0.2283-0.6586 2.75E-04 intergenic CUL4A, LAMP1 0.2307 

13 113949751 13q34 rs9549380 G A 0.4 0.2382-0.6718 3.36E-04 intergenic CUL4A, LAMP1 0.3201 

2 109513601 2q12.3 rs3827760 A G 9 2.088-38.79 3.47E-04 exonic EDAR 0.05793 
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Table 4. GWAS P values and genomic annotations of top hits (P<5E-04) from the TDT-POO. eGenes 
(based on eQTL analyses using blood-derived expression through the eQTLGen Consortium) are shown 
in bold, and genes with the highest overall V2G scores (see Materials and Methods) are underlined.  

Chr BP cytoBand rsID Ref Alt P Function Genes in region 
Puno 

MAF 

Paternal TDT-POO 

13 113801737 13q34 rs5960 C T 1.38E-04 exonic F10 0.4929 

10 22686205 10p12.2 rs79278805 G A 1.77E-04 intronic SPAG6 0.05499 

6 142668901 6q24.1 rs9399401 C T 2.76E-04 intronic ADGRG6 0.4575 

11 115757874 11q23.3 rs4938220 C T 3.86E-04 intergenic LINC00900, 

LOC101929011 

0.3585 

11 115761165 11q23.3 rs639053 C T 4.99E-04 intergenic LINC00900, 

LOC101929011 

0.3344 

Maternal TDT-POO 

22 49095071 22q13.32 rs130121 G A 1.91E-04 intronic FAM19A5 0.2912 

8 98411402 8q22.1 rs10282765 C T 2.39E-04 ncRNA_intronic LOC101927066 0.1194 

8 98428772 8q22.1 rs2331465 A G 2.39E-04 ncRNA_intronic LOC101927066 0.122 

22 49099888 22q13.32 rs4925446 C T 3.86E-04 intronic FAM19A5 0.2827 

8 98432618 8q22.1 rs4588816 C T 3.93E-04 ncRNA_intronic LOC101927066 0.122 
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Table 5. Statistics and annotations of the top SNPs (p<5E-04) with biological relevance for preeclampsia of secondary phenotype and case-

control GWAS analyses. All SNPs in this table are described in the text (for a complete list of regions at p<5E-04, see supplemental tables). Beta 

values are reported for linear regressions and odds ratio (OR) for logistic regressions. GA, gestational age; BP, blood pressure. eGenes (based on 

eQTL analyses using blood-derived expression through the eQTLGen Consortium) are shown in bold, and genes with the highest overall V2G 

scores (see Materials and Methods) are underlined. Genome wide significant hits noted with asterisk (*). 

GWAS Chr BP cytoBand rsID Ref Alt 

GWAS stats 

Function 
Genes in 

region 

Puno 

MAF BETA/

OR 
95% CI P 

GA, fetal measurement, 
maternal genome 

1 119404210 1p12 rs952593 T C -1.621
-2.241 ─
-1.001

6.00E-07 intergenic 
SPAG17, 
TBX15 

0.13 

19 34438859 19q13.11 rs16960768* C T -1.805
-2.426 ─
-1.184 3.49E-08 

Intergenic/ 
regulatory 

None reported 0.12 

GA, maternal 
measurement, 

maternal genome 

1 119425100 1p12 --- A C -1.428
-2.003 ─
-0.8532

2.02E-06 
downstrea

m 
TBX15 0.14 

11 57203942 11q12.1 rs2581927 C T -1.969
-2.826 ─
-1.112

1.05E-05 intergenic 
SLC43A3, 
RTN4RL2 

0.06 

19 34438859 19q13.11 rs16960768 C T -1.472
-2.039 ─
-0.905

7.21E-07 
intergenic/ 
regulatory 

None reported 0.1225 

Diastolic BP, maternal 
genome 

4 85200613 4q21.23 rs1874237* G A -4.228
-5.676 ─

-2.78
3.03E-08 

ncRNA 
intronic 

LOC101928978 0.45 

Severity,  maternal 
genome 

11 94360812 11q21 rs1940640 T G 2.546 
1.701 ─     

3.81 
5.57E-06 

ncRNA 
intronic 

LOC105369438 0.43 

Proteinuria, maternal 
genome 

17 2028106 17p13.3 rs2760751 A G 2.795 
1.784 ─     

4.38 
7.30E-06 intronic SMG6 0.29 

11 94356914 11q21 rs12276362 C T 0.3856 
0.2574 ─     
0.5779 

3.898E--06 
ncRNA 
intronic 

LOC105369438 0.49 

Systolic BP, 
fetal genome 

2 18099832 2p24.2 rs4553827 C T 7.76 
4.971 ─     
10.55 

1.35E-07 intronic KCNS3 0.25 
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Proteinuria, 
fetal genome 

4 5341148 4p16.2 rs62297274 C T 0.3483 
0.2238 ─   

0.542 
2.94E-06 intronic STK32B 0.49 

3 25052754 3p24.2 rs4241542 C T 0.2637 
0.1467 ─     
0.4742 

8.48E-06 intronic RARB 0.21 

Case-Control,  Offspring 4 6671568 4p16.1 rs34360485 A G 4.379 
2.311 ─     
8.295 

5.90E-06 
downstrea

m 
LINC02482, 

S100P 
0.36 
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