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Abstract

BACKGROUND: Abruptio placentae is a complex multifactorial disease that is associated with 

maternal and neonatal death and morbidity. Abruptio placentae’s high recurrence rate, high 

prevalence of heritable thrombophilia among women with abruptio placentae, and aggregation of 

cases in families of women with the disease support the possibility of a genetic predisposition. 

Previous genome-wide and candidate gene association studies have identified single nucleotide 

polymorphisms in mitochondrial biogenesis and oxidative phosphorylation genes that potentially 

are associated with abruptio placentae risk. Perturbations in mitochondrial biogenesis and 

oxidative phosphorylation, which results in mitochondrial dysfunction, can lead to the impairment 

of differentiation and invasion of the trophoblast and to several obstetrics complications that 

include abruptio placentae.

OBJECTIVE: The purpose of this study was to determine whether the results of a candidate 

genetic association study that indicated a link between DNA variants (implicated in mitochondrial 

biogenesis and oxidative phosphorylation) and abruptio placentae could be replicated.

STUDY DESIGN AND METHODS: The study was conducted among participants (507 abruptio 

placentae cases and 1090 control subjects) of the Placental Abruption Genetic Epidemiology 

study. Weighted genetic risk scores were calculated with the use of abruptio placentae risk-

increasing alleles of 11 single nucleotide polymorphisms in 9 mitochondrial biogenesis and 

oxidative phosphorylation genes (CAMK2B, NR1H3, PPARG, PRKCA, THRB, COX5A, 
NDUFA10, NDUFA12, and NDUFC2), which previously was reported in the Peruvian Abruptio 

Placentae Epidemiology study, a study with similar design and study population to the Placental 

Abruption Genetic Epidemiology study. Logistic regression models were fit to examine 

associations of weighted genetic risk scores (quartile 1, <25th percentile; quartile 2, 25–50th 

percentile; quartile 3, 50–70th percentile, and quartile 4, >75th percentile) with risk of abruptio 

placentae, adjusted for population admixture (the first 4 principal components), maternal age, 

infant sex, and preeclampsia. The weighted genetic risk score was also modeled as a continuous 

predictor. To assess potential effect modification, analyses were repeated among strata that were 

defined by preeclampsia status, maternal age (≥35 vs 18–34 years), and infant sex.

RESULTS: Abruptio placentae cases were more likely to have preeclampsia, shorter gestational 

age, and lower infant birthweight. Participants in quartile 2 (score, 12.6–13.8), quartile 3 (score, 

13.9–15.0) and quartile 4 (score, ≥15.1) had a genetic risk score of 1.45-fold (95% confidence 

interval, 1.04–2.02; P=.03), a 1.42-fold (95% confidence interval, 1.02–1.98; P=.04), and a 1.75-

fold (95% confidence interval, 1.27–2.42; P=7.0E-04) higher odds of abruptio placentae, 

respectively, compared with those in quartile 1 (score,<12.6; P-for trend=.0003). The risk of 

abruptio placentae was 1.12-fold (95% confidence interval, 1.05–1.19; P=3.0×1004) higher per 1-

unit increase in the score. Among women with preeclampsia, those in quartile 4 had a 3.92-fold 

(95% confidence interval, 1.48–10.36; P=.01) higher odds of abruptio placentae compared with 

Workalemahu et al. Page 2

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



women in quartile 1. Among normotensive women, women in quartile 4 had a 1.57-fold (95% 

confidence interval, 1.11–2.21; P=.01) higher odds of abruptio placentae compared with those in 

quartile 1 (P-for interaction=.12). We did not observe differences in associations among strata 

defined by maternal age or infant sex.

CONCLUSIONS: In this study, we replicated previous findings and provide strong evidence for 

DNA variants that encode for genes that are involved in mitochondrial biogenesis and oxidative 

phosphorylation pathways, which confers risk for abruptio placentae. These results shed light on 

the mechanisms that implicate DNA variants that encode for proteins in mitochondrial function 

that are responsible for abruptio placentae risk. Therapeutic efforts to reduce risk of abruptio 

placentae can be enhanced by improved biologic understanding of maternal mitochondrial 

biogenesis/oxidative phosphorylation pathways and identification of women who would be at high 

risk for abruptio placentae.

Keywords

abruptio placentae; genome; mitochondria; placenta

INTRODUCTION

Abruptio placentae (AP) is an obstetric complication that is characterized by the premature 

separation of an implanted placenta. AP is a significant cause of global maternal and 

neonatal death and morbidity.1 As a complex multifactorial disease, pathophysiologic 

mechanisms of AP include uteroplacental under perfusion, chronic hypoxemia, placental 

ischemia, and infarctions.2–8

The role of genetic factors in AP has garnered increasing attention over the past decade. 

Previous findings for high recurrence of AP,9 high prevalence of heritable thrombophilia 

among women with AP,10 and aggregation of AP in families of women with an abruption11 

support the possibility of a genetic predisposition.12–14 Particularly, there is evidence that 

shows the role of perturbations in mitochondrial biogenesis (MB) and oxidative 

phosphorylation (OP) in the pathogenesis of AP from candidate gene studies.15,16 The 

mitochondria control subjects many critical cell functions, which include the production of 

cellular energy, adenosine triphosphate, by the coupling of OP to cell respiration.17–19 

Oxidative stress-induced damage to mitochondrial structural elements (eg, lipid membrane) 

alters mitochondrial gene expression and promotes a deficiency in OP,20 which results in 

mitochondrial dysfunction. Hundreds of nuclear DNA genes across the chromosome 

regulate MB and maintain mitochondrial structure and function by regulating OP.21

Mitochondrial dysfunction can lead to the impairment of differentiation and invasion of the 

trophoblast and lead to several obstetric complications that includes AP.22 Epidemiologic 

and experimental studies have highlighted the roles of MB/OP genes in pregnancy 

complications that involve the placenta.23–26 For instance, PPARG, a master regulator gene 

of MB, mediates defective placentation that results from oxidized low-density lipoproteins 

in cytotrophoblasts of villous and extravillous cells.23 Expression of this gene was shown to 

be reduced in placentae of women with gestational diabetes mellitus.25 Another MB gene, 

NR1H3 (Liver X alpha),27 which plays a key role in cholesterol metabolism28 and cell 
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signaling,29 is important in normal trophoblast invasion during placental implantation.24,26 

In addition to assessment of genetic variations in the whole population, subgroup analyses 

can help to identify members of the population whose genetic background makes them more 

susceptible to disease.30 However, such analyses are largely nonexistent in the context of 

MB/OP genetic variations and AP risk.

On the basis of this emerging literature, we previously conducted 2 candidate single 

nucleotide polymorphism (SNP) studies to investigate variations in MB/OP genes and AP 

risk16,31 in the Peruvian Abruptio Placentae Epidemiology (PAPE) study. Using a weighted 

genetic risk score (wGRS) that was computed based on the maternal SNPs selected from 

MB (peroxisome proliferator-activated receptor gamma [PPARG], thyroid hormone receptor 

beta [THRB], calcium/calmodulin dependent protein kinase II beta [CAMK2B], nuclear 

receptor subfamily 1 group H member 3 [NR1H3], and protein kinase C alpha [PRKCA]) 

and OP (cytochrome c oxidase subunit 5A [COX5A], NADH:ubiquinone oxidoreductase 

subunit A10 [NDUFA10], NADH: ubiquinone oxidoreductase subunit A12 [NDUFA12] and 

NADH:ubiquinone oxidoreductase subunit C2 [NDUFC2]) genes, we found associations 

between increased MB/OP wGRS and AP risk. Similarly, increased MB/OP wGRS that was 

computed based on placental SNPs that were assessed from the fetal-side was also 

associated with AP risk in the latter study.31 In this new study, we conducted a replication 

candidate gene study to examine SNPs in MB/OP genes and risk of AP in the Placental 

Abruption Genetic Epidemiology (PAGE) study. Of note, the PAGE study had similar design 

and study population drawn from the same catchment area as the PAPE study but did not 

include participants from any of the previously published studies. In addition, we examined 

the extent to which the association of wGRS with AP risk is modified by known and 

potential risk factors of AP: preeclampsia,32 advanced maternal age,33 and infant sex.34 

These analyses could have important clinical and public health implications by highlighting 

potential gene-gene or gene-environment interactions, enhancing the biologic understanding 

of the mechanisms that lead to AP, and facilitating therapeutic efforts to reduce impact of 

AP.35

MATERIALS AND METHODS

Study settings and study populations

The study was conducted among participants of the PAGE study, a case-control study of AP 

conducted in Lima, Peru. Study participants included women who were admitted for 

obstetrics services to antepartum wards, emergency room, and labor and delivery wards of 

participating hospitals between March 2013 and December 2015. Participating hospitals 

were Instituto Nacional Materno Perinatal, Hospital Edgardo Rebagliati Martins, Hospital 

San Bartolome, Hospital Hipolito Unanue, Hospital Arzobispo Loayza, Hospital Dos de 

Mayo, and Hospital Maria Auxiliadora. Participants who were <18 years old, had delivered 

a multifetal pregnancy, had medical records that were insufficient to determine the presence 

or absence of AP (described later), and reported taking anticoagulants were excluded from 

the study. Participants with other diagnoses that were associated with third-trimester 

bleeding (eg, placenta previa) were also excluded. The total number of participants remained 

522 AP cases and 1147 control subjects. The study protocol was approved by the 
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Institutional Review Boards of participating institutions and the Swedish Medical Center, 

Seattle, WA, where the study was administratively based. All participants provided written 

informed consent.

Data collection

Study participants were interviewed by trained personnel who used standardized structured 

questionnaires to collect information on sociodemographic characteristics and risk factors 

that included maternal age, marital status, employment status during pregnancy, medical 

history, smoking, and alcohol consumption (both current and before pregnancy). Maternal 

medical records were reviewed to obtain information on the course and outcomes of the 

pregnancy and to ascertain AP case-control status. A diagnosis of AP was based on fulfilling 

≥1 of the following 4 criteria noted in the participants’ medical record: (1) antepartum 

emorrhage after 20 weeks gestation, (2) uterine pain or tenderness (localized or diffuse), (3) 

fetal distress or death, and (4) retroplacental blood clot. Retroplacental blood clot was 

determined based on ultrasound scans or examination of the delivered placenta. Not all cases 

were cesarean deliveries. Data collection protocol also included ascertainment of differential 

diagnoses for AP that included all causes of abdominal pain and bleeding, such as placenta 

previa, appendicitis, urinary tract infection, preterm labor, fibroid degeneration, ovarian 

disease, and muscular pain.36 Control subjects were selected randomly from eligible 

pregnant women who delivered at the same participating hospitals as the AP cases during 

the study period and who did not have a diagnosis of AP in the current pregnancy. Maternal 

saliva was collected, plated, and stored with the use of the Oragene saliva cell collection kits 

(OGR500 and OGR250; DNA Genotek, Ottawa, Canada).

DNA extraction, genotyping, data quality control, and candidate gene/SNP selection

Genomic DNA was extracted with the use of Qiagen DNAeasy system and manufacturer 

protocols (Qiagen, Valencia, CA). Genotyping to characterize genome-wide variation 

(>300,000 SNPs) was conducted with the use of the Illumina HumanCore-24 BeadChip 

platform (Illumina Inc, San Diego, CA). Genotype data quality control procedures were 

applied before data analyses. SNPs were excluded if they had excessive missing genotype 

(SNPs with genotype call rate of <95%), deviated from Hardy-Weinberg equilibrium 

(P<1e-05), and had low minor allele frequency (P<0.05). Individuals (n=27) were excluded 

if they were duplicates or related (identity by decent value, >0.9), had >5% of genotyping 

failure rate (n=16), had excess heterozygosity/homozygosity rate (outside the range of mean

±3 standard deviations of heterozygosity rate; n=6), had genotype data that were 

inconclusive regarding sex (n=8), and did not pass test of divergent ancestry (if the first 2 

principal components were outside the range of [−0.02, 0.02]; n=6; Supplementary Figure 

1). The total number of 1597 individuals remained for further analysis (507 cases and 1090 

control subjects). After the quality control step, SNP imputation was conducted to infer 

unobserved genotypes. The genotype data were phased with the use of Shape-IT37 to infer 

haplotypes and improve imputation accuracy with the 1000 Genomes. Phased haplotypes 

were then used to impute our non-typed SNPs using IMPUTE2.38

A total of 11 SNPs in 9 MB and OP genes (peroxisome proliferator-activated receptor 

gamma [PPARG], thyroid hormone receptor beta [THRB], calcium/calmodulin dependent 
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protein kinase II beta [CAMK2B], nuclear receptor subfamily 1 group H member 3 

[NR1H3], protein kinase C alpha [PRKCA], cytochrome c oxidase subunit 5A [COX5A], 

NADH:ubiquinone oxidoreductase subunit A10 [NDUFA10], NADH:ubiquinone 

oxidoreductase subunit A12 [NDUFA12] and NADH:ubiquinone oxidoreductase subunit C2 

[NDUFC2]; Table 1) previously reported in the PAPE study16 were evaluated in the current 

analyses. The MB and OP genes were selected from previously published studies based on 

hypothesized functional and biologic significance and known associations with phenotypes 

that are related to placental function and/or perinatal outcomes in mammals.16,28,39–43

Genetic risk score calculation

The wGRSs were calculated by multiplying the number of risk alleles for each MB and OP 

SNP by externally derived effect size estimates. It previously has been shown that the use of 

weights derived from the same data under analysis resulted in bias, compared with the use of 

externally derived estimated effect sizes as weights.44 The corresponding externally derived 

effect sizes were obtained from the previously reported PAPE study,16 a candidate gene 

study of AP. We assumed an additive genetic risk model, which corresponded to a linear 

increase of AP risk per unit increase in dosages of risk alleles (or the presence of 0, 1, and 2 

risk alleles for directly typed SNPs). The weights (effect sizes) were multiplied by the 

number of respective risk alleles and summed across the SNPs to create a single score for 

each individual.

Statistical analyses

Mean and standard deviations for continuous variables and proportions for categoric 

variables were used to compare the characteristics of AP cases and control participants. 

Adjustment factors as confounders included in the models were principal components (the 

first 4 principal components represented population stratification), maternal age, infant sex, 

and a diagnosis of preeclampsia in the current pregnancy. The logistic regression models that 

included AP as the dependent variable, wGRS of SNPs in MB/OP genes as the independent 

variable, and adjustment factors were fit.

Participants were categorized into quartile groups defined by the 25th, 50th, and 75th 

percentile wGRS scores among control participants. The odds ratios (ORs) of AP and their 

corresponding 95% confidence intervals (CIs) and probability values were estimated from 

the logistic regression models. The corresponding ORs of each of the upper 3 wGRS 

quartiles were used to compare with the first quartile (<25th percentile) as the reference 

group. We assessed the test for linear trend across increasing quartiles of wGRS. The wGRS 

was also evaluated as a continuous variable to estimate the OR of AP per 1-unit increase in 

wGRS. In stratified analyses, multivariable adjusted logistic regression models were fit 

separately among groups defined by the diagnosis of preeclampsia in the current pregnancy, 

infant sex, and advanced maternal age (≥35 vs 18–34 years). The likelihood ratio test was 

used to report effect modification. To determine statistical significance, P<.05 was used as a 

cut-off. Statistical analyses were performed with R software (version i386 3.1.2) and SAS 

software (version 13; SAS Institute Inc, Cary, NC).
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RESULTS

Sociodemographic and medical/obstetric characteristics of the study participants are shown 

in Table 2. AP cases and control subjects were similar with respect to maternal age, 

education, marital status, employment, prepregnancy body mass index, planned pregnancy, 

infant sex, alcohol use, and vitamin use. Compared with control subjects, AP cases were 

more likely to deliver earlier (ie, shorter gestational age), deliver infants with lower 

birthweight, have a diagnosis of preeclampsia in the current pregnancy, and differ in 

population admixture captured by the first principal component.

Eleven previously reported SNPs in 9 MB and/or OP genes and corresponding effect size 

estimates were used to compute the wGRS for a total of 507 cases (median, 14.2; range, 

7.9–19.0) and 1090 control subjects (median, 13.9; range, 7.5–18.5; Table 1). Compared 

with control subjects, the mean wGRS was higher for AP cases (14.1 [SD=1.8] vs 13.7 

[SD=1.9]). In models that accounted for covariates (Table 3 and Supplementary Figure 2), 

participants in the second quartile (25–50th wGRS percentile; score, 12.6–13.8) had a 1.45-

fold (95% CI, 1.04–2.02; P=.03) higher odds of AP compared with those in the lowest 

quartile (<25th wGRS percentile; score, <12.6). Participants in the third quartile (50–75th 

wGRS percentile; score, 13.9–15.0) had a 1.42-fold (95% CI, 1.02–1.98; P=.04) higher odds 

of AP compared with those in the lowest percentile. Participants in the highest quartile 

(>75th wGRS percentile; score, >15.1) had a 1.75-fold (95% CI, 1.27–2.42; P=7.0E-04) 

higher odds of AP compared with those in the lowest percentile. Significant linear trend in 

association between wGRS and AP risk was observed in this replication study (P-for-trend=.

0003). When wGRS was entered in the model as a continuous predictor, the risk of AP was 

1.12-fold (95% CI, 1.05–1.19; P=3.0E-04) higher per 1-unit increase in wGRS.

In stratified analyses, among women with preeclampsia, the odds of AP were 3.92 (95% CI, 

1.48, 10.36; p=0.01), 3.50 (95% CI, 1.27, 9.65; p=0.02), and 2.96 (95% CI, 1.15, 7.65; 

p=0.02) for participants in the highest, third, and second wGRS quartiles, respectively, 

compared with participants in the lowest wGRS quartile (P-for-trend=0.03). The odds of AP 

was 1.27 (95% CI, 1.06–1.52; p=0.01) per one-unit increase in wGRS among women with 

preeclampsia (Table 4 and Supplementary Figure 3). Among normotensives, similar 

corresponding estimates were 1.57 (95% CI, 1.11, 2.21; p=0.01), 1.27 (95% CI, 0.89, 1.80; 

p=0.18), and 1.32 (95% CI, 0.93, 1.87; p=0.12) (P-for-trend=0.08). The interaction test p-

value for wGRS and preeclampsia status suggests effect modification of the wGRS-AP 

associations by preeclampsia (interaction p-value=0.12). The odds of AP was 1.10 (95% CI, 

1.03, 1.17; p=0.01) per one-unit increase in wGRS among normotensives.

Among women 18–34 years, the odds ratios of AP were 1.68 (95% CI, 1.17, 2.41; P=.01), 

1.49 (95% CI, 1.02–2.15; P=.04), and 1.46 (95% CI, 1.01–2.11; P=.05), respectively, for 

women in the fourth, third, and second quartiles of wGRS compared with women in the 

lowest quartile (P-for-trend=.04). The corresponding odds ratios among women ≥35 years 

old were 2.22 (95% CI, 1.05–4.69), 1.31 (95% CI, 0.61–2.80), and 1.56 (95% CI, 0.72–3.33; 

P-for-trend=.19; P-for interaction=.73). Women who were 18–34 years old had a 1.10-fold 

(95% CI, 1.03–1.18; P=.004) higher odds of AP per 1-unit increase in wGRS. Women who 

were ≥35 years old had a 1.18-fold (95% CI, 1.03–1.36) higher odds of AP per 1-unit 
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increase in wGRS (Table 4 and Supplementary Figure 4). Similarly, among participants with 

male infants, the odds of AP were 1.95 (95% CI, 1.24–3.07; P=8.0E-04), 1.36 (95% CI, 

0.78–2.00; P=0.18), and 1.83 (95% CI, 1.16–2.87; P=0.01), respectively, for women in the 

fourth, third, and second quartiles of wGRS compared with women in the reference group 

(lowest quartile; P-for-trend=.004); corresponding odds ratios among participants with 

female infants were 1.37 (95% CI, 0.85–2.20; P=.20), 1.47 (95% CI, 0.91–2.39; P=.11), and 

1.11 (95% CI, 0.68–1.81; P=.67; P-for-trend=.35; P-for-interaction=.44). Women who 

carried a male infant had a 1.14-fold (95% CI, 1.05–1.24; P=.002) higher odds of AP per 1-

unit increase in wGRS. Women who carried a female infant had a 1.09-fold (95% CI, 1.00–

1.19; P=.06) higher odds of AP per 1-unit increase in wGRS (Table 4 and Supplementary 

Figure 5).

COMMENT

Principal findings

In this candidate gene association study of AP, we provide strong evidence that genetic 

variants in MB (CAMK2B, NR1H3, PRKCA, PPARG and THRB) and OP pathways 

(COX5A, NDUFA10, NDUFA12, and NDUFC2) influence AP risk. Women in the highest 

wGRS quartile for MB/OP variants had 1.75-fold (95% CI, 1.27–2.42; P=7.0E-04) higher 

odds of AP compared with those in the lowest quartile. Women also had a 1.12-fold (95% 

CI, 1.05–1.19; P=3.0E-04) higher odds of AP per 1-unit increase in wGRS. We also 

observed evidence suggestive of possible effect modification (P-for-interaction=.12) of the 

association between MB/OP wGRS and risk of AP by preeclampsia. Women who had 

preeclampsia and were in the highest quartiles for MB/OP wGRS had a 3.92-fold higher 

odds of AP (95% CI, 1.48–10.36; P=.01) compared with women who had preeclampsia and 

were in the lowest quartile for MB/OP wGRS. Preeclamptic women also had a 1.27-fold 

(95% CI, 1.06–1.52; P=0.01) higher odds of AP per 1-unit increase in wGRS.

Research in context of other results

Our candidate gene association study allowed investigation of genetic variants that may not 

account individually for large effects in complex traits when assessed with the use of an 

underpowered genome-wide association study, which provides a more effective and 

economical hypothesis-driven method to assess the role of genetic variations.45 Other 

previous candidate gene association studies of AP included investigations of genes in 

thrombophilia, rennin-angiotensin system, folate metabolism, and interleukin 1 receptor 

antagonist-related and oxidative stress pathways.11,12,46–48 However, these studies were 

small in sample size that showed modest effects and did not validate the findings with the 

use of either SNPs or genetic risk scores in an independent study. Using SNPs in MB/OP 

genes and wGRS analysis, our team previously reported that participants (470 AP cases and 

473 control subjects) in the highest quartiles of the risk score (≥10.0) had 1.9-fold (95% CI, 

1.2–3.1) higher odds of AP (≤8.0) compared with participants in the lowest risk score group.
16 Using SNPs in MB/OP genes from placenta (fetal side) biopsy samples (280 AP cases 

and 244 control subjects), another study reported that participants in the highest quartiles of 

wGRS had a 4.5-fold (95% CI, 2.9–6.7) higher odds of AP compared with participants in the 

lowest risk score group.31 This study was also limited in sample size, but it allowed for other 
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mechanistic investigations such as effects of imprinting on AP. Placental growth and 

development, which are key underlying pathways that may later lead to the occurrence of 

AP, may be under the control of fetal genes that are inherited from the father.5,49 In the 

current study, we were able to replicate the associations of maternal MB/OP wGRS that we 

reported before with risk of AP. This independent replication study will minimize concerns 

of failure to replicate, which is a recurring problem with candidate gene association studies.
45,50,51

Clinical implications

MB and OP genes that were evaluated in our study have been known to influence 

phenotypes that are related to placental function and/or perinatal outcomes. For instance, 

protein kinase C-alpha (PRKCA), which is an MB gene among family of serine- and 

threonine-specific protein kinases that can be activated by calcium and the second messenger 

diacylglycerol, is critical in many cellular processes that include cell signaling through 

phosphorylation of variety of proteins.52 A body of literature suggests PRKCA affects 

contractility53 in cardiac myocytes,54,55 vascular,56 and myometrial cells,57,58 whose 

abnormal mechanisms can trigger AP.59 Peroxisome proliferator-activated receptor gamma 

(PPARG), which is a master regulator of MB and highly expressed in the placenta, mediates 

defective placentation (eg, inhibition of trophoblast invasion) through oxidized low-density 

lipoproteins in cytotrophoblasts of villous and extravillous cells, which are involved in 

uterus invasion.23,60 Defective invasion of the uterine spiral arteries is involved directly in 

preeclampsia,60 which is a common risk factor of AP.32 Trophoblast dysfunction because of 

the failure of spiral artery physiologic transformation in the placental basal plate may be 

responsible for AP.61 Therapeutic efforts to reduce the risk of AP can be enhanced by 

improved biologic understanding of these maternal MB/OP pathways and the identification 

of women who would be at high risk for AP.

Research implications

Genetic risk scores for the prediction of risk are particularly advantageous because they 

summarize risk-associated variation across the genome, and they are robust to issues of 

imperfect linkage and relatively uncommon individual risk alleles for a single SNP.62,63 In 

the current study, we identified and evaluated the same SNPs and used the previously 

reported estimated effect sizes. Interestingly, we found stronger a trend in association 

between wGRS and higher odds of AP in the current study (P-for-trend=.0003) compared 

with the previous report (P-for-trend=.01), because of the larger sample size in the current 

study.

Our stratified wGRS-AP analyses findings may allow the identification of subgroups in the 

population who are more susceptible to the deleterious effects of genetic risk factors.64 This 

approach has been suggested when standard univariate tests (ie, evaluation of each SNP for 

interaction independently) fail to identify any interactions.65 We found suggestive evidence 

that support higher AP risk conferred by MB/OP genetic variants among women with 

preeclampsia, and vice versa. Although, the global test for interaction between wGRS and 

preeclampsia was not significant, among women with preeclampsia, the odds of AP were 

higher for successively increasing quartiles of wGRS, compared with normotensive women 
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in the lowest quartile of wGRS. A systematic review showed that patients with preeclampsia 

had 1.73-fold (95% CI, 1.47–2.04) increased odds of AP compared with normotensive 

patients.66 Maternal and fetal genetic factors contribute to 35% and 20% of the variance in 

preeclampsia, respectively.67 Reduced placental perfusion is thought to interact with 

preexisting maternal factors such as hypertension, renal disease, obesity, gestational diabetes 

mellitus, insulin resistance, and lipid abnormalities,68 which contribute to susceptibility to 

preeclampsia.68 As a result, the observed potential interaction in our study may be a 

reflection of potential gene-environment interaction and warrants further investigation of the 

roles of MB/OP genes in preeclampsia.

Strengths and limitations

Our study is the largest candidate gene study of AP that has the potential to enhance our 

understanding of genetic variations in maternal genome that contribute to a multifactorial 

heritable disorder such as AP. A key strength of our study is that we replicated the 

association of a wGRS of MB/OP with AP in an independent dataset. We studied Peruvians, 

which is a population with high prevalence of pregnancy complications, including AP. 

However, limitations of our study include potential misclassification of subclinical AP, 

which may introduce bias in the interpretation of our study results or reduce power of our 

study. Comparing severe AP with mild abruption and/or nonabruption cases may minimize 

this limitation and facilitate epidemiologic and genetic research.36 Our study evaluated 

genetic variations of the mother. Future studies should also investigate genetic variations in 

the fetus and of the placenta, where abnormal vasculature, thrombosis, lesions, and reduced 

perfusion all culminate in the eventual occurrence of AP. In addition, findings from our 

study population may not be generalizable to other populations that differ in genetic and 

other characteristics, such as smoking.

CONCLUSION

In summary, findings reported herein provide strong evidence for DNA variants that encode 

for genes involved in the MB and OP pathways, conferring risk for AP. Future studies that 

will examine whether the identified variants contribute to AP risk in other populations are 

warranted. Similar genetic studies that will involve MB and OP, or other potential pathways 

underlying AP, can inform preventative and therapeutic efforts to reduce risk of AP. In 

addition, they could facilitate identification of individuals who have an elevated risk for AP, 

which is a significant public health problem.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

The authors thank the participating hospitals, the participants of the PAPE and PAGE studies for their cooperation, 
and Ms Elena Sanchez and the dedicated staff members of Asociacion Civil Proyectos en Salud (PROESA), Peru, 
for their expert technical assistance with this research.

Financial Disclosure:

Workalemahu et al. Page 10

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This research was supported by an award from the National Institutes of Health, the Eunice Kennedy Shriver 
National Institute of Child Health and Human Development (HD059827) and, in part, by the Perinatology Research 
Branch, Division of Obstetrics and Maternal-Fetal Medicine, Division of Intramural Research, Eunice Kennedy 
Shriver National Institute of Child Health and Human Development, National Institutes of Health, U.S. Department 
of Health and Human Services (NICHD/NIH/DHHS); and, in part, with Federal funds from NICHD/NIH/DHHS 
under Contract No. HHSN275201300006C.

Dr. Romero has contributed to this work as part of his official duties as an employee of the United States Federal 
Government.

REFERENCES

1. OYELESE Y, ANANTH CV. Placental abruption. Obstet Gynecol 2006;108:1005–16. [PubMed: 
17012465] 

2. ANANTH CV, PELTIER MR, CHAVEZ MR, KIRBY RS, GETAHUN D, VINTZILEOS AM. 
Recurrence of ischemic placental disease. Obstet Gynecol 2007;110:128–33. [PubMed: 17601907] 

3. ANANTH CV, PELTIER MR, KINZLER WL, SMULIAN JC, VINTZILEOS AM. Chronic 
hypertension and risk of placental abruption: is the association modified by ischemic placental 
disease? Am J Obstet Gynecol 2007;197:273.e1–e7. [PubMed: 17826417] 

4. ANANTH CV, VINTZILEOS AM. Maternal-fetal conditions necessitating a medical intervention 
resulting in preterm birth. Am J Obstet Gynecol 2006;195:1557–63. [PubMed: 17014813] 

5. ANANTH CV, WILCOX AJ. Placental abruption and perinatal mortality in the United States. Am J 
Epidemiol 2001;153:332–37. [PubMed: 11207150] 

6. IAMS J Atherosclerosis: a model for spontaneous preterm birth. Prenat Neonal Med 1998;3:138–40.

7. NAEYE RL. Coitus and antepartum haemorrhage. BJOG 1981;88:765–70.

8. VEERBEEK JH, SMIT JG, KOSTER MP, et al. Maternal cardiovascular risk profile after placental 
abruption. Hypertension 2013;61:1297–301. [PubMed: 23529170] 

9. Rasmussen S, Irgens L. Occurrence of placental abruption in relatives. BJOG 2009;116:693–9. 
[PubMed: 19191777] 

10. Girling J, de Swiet M. Inherited thrombophilia and pregnancy. Curr Opin Obstet Gynecol 
1998;10:135–44. [PubMed: 9551309] 

11. Toivonen S, Keski-Nisula L, Saarikoski S, Heinonen S. Risk of placental abruption in first-degree 
relatives of index patients. Clinical Genet 2004;66:244–6. [PubMed: 15324325] 

12. Zdoukopoulos N, Zintzaras E. Genetic risk factors for placental abruption: a HuGE review and 
meta-analysis. Epidemiology 2008;19:309–23. [PubMed: 18277167] 

13. Ananth CV, Elsasser DA, Kinzler WL, et al. Polymorphisms in methionine synthase reductase and 
betaine-homocysteine S-methyltransferase genes: risk of placental abruption. Mol Genet Metab 
2007;91:104–10. [PubMed: 17376725] 

14. Jaaskelainen E, Toivonen S,Romppanen E-L, et al. M385T polymorphism in the factor V gene, but 
not Leiden mutation, is associated with placental abruption in Finnish women. Placenta 
2004;25:730–4. [PubMed: 15450391] 

15. SINSHEIMER JS, ELSTON RC, FU WJ. Gene-gene interaction in maternal and perinatal 
research. J Biomed Biotechnol 2010;2010.

16. WORKALEMAHU T, ENQUOBAHRIE DA, MOORE A, et al. Genome-wide and candidate gene 
association studies of placental abruption. Int J Mol Epidemiol Genet 2013;4:128–39. [PubMed: 
24046805] 

17. CRIMI M, RIGOLIO R. The mitochondrial genome, a growing interest inside an organelle. Int J 
Nanomedicine 2008;3:51. [PubMed: 18488415] 

18. WALLACE DC. Mitochondrial DNA mutations in disease and aging. Environ Mol Mutagen 
2010;51:440–50. [PubMed: 20544884] 

19. HOLLAND O, NITERT MD, GALLO LA, VEJZOVIC M, FISHER JJ, PERKINS AV. Placental 
mitochondrial function and structure in gestational disorders. Placenta 2017;54:2–9. [PubMed: 
28024805] 

20. LEE H-C, WEI Y-H. Mitochondrial role in life and death of the cell. J Biomed Sci 2000;7:2–15. 
[PubMed: 10644884] 

Workalemahu et al. Page 11

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. MODICA-NAPOLITANO JS, KULAWIEC M, SINGH KK. Mitochondria and human cancer. Curr 
Mol Med 2007;7:121–31. [PubMed: 17311537] 

22. WIDSCHWENDTER M, SCHRÖCKSNADEL H, MÖRTL MG. Pre-eclampsia: a disorder of 
placental mitochondria? Mol Med Today 1998;4:286–91. [PubMed: 9743989] 

23. FOURNIER T, PAVAN L, TARRADE A, et al. The role of PPAR‐γ/RXR‐α hetero-dimers in the 
regulation of human trophoblast invasion. Ann N Y Acad Sci 2002;973:26–30. [PubMed: 
12485829] 

24. HENRY-BERGER J, MOUZAT K, BARON S, et al. Endoglin (CD105) expression is regulated by 
the liver X receptor alpha (NR1H3) in human trophoblast cell line JAR. Biol Reprod 2008;78:968–
75. [PubMed: 18276933] 

25. MURALIMANOHARAN S, MALOYAN A, MYATT L. Mitochondrial function and glucose 
metabolism in the placenta with gestational diabetes mellitus: role of miR-143. Clin Sci 
2016;130:931–41. [PubMed: 26993250] 

26. PAVAN LT, HERMOUET A, TSATSARIS V, et al. Lipids from oxidized low-density lipoprotein 
modulate human trophoblast invasion: involvement of nuclear liver X receptors. Endocrinology 
2004;145:4583–91. [PubMed: 15242983] 

27. PERMUTH-WEY J, CHEN YA, TSAI Y-Y, et al. Inherited variants in mitochondrial biogenesis 
genes may influence epithelial ovarian cancer risk. Cancer Epidemiol Biomarkers Prev 
2011;20:1131–45. [PubMed: 21447778] 

28. MOUZAT K, MERCIER E, POLGE A, et al. A common polymorphism in NR1H2 (LXRbeta) is 
associated with preeclampsia. BMC Med Genet 2011;12:145. [PubMed: 22029530] 

29. GENG Y, GAO R, CHEN X, et al. Folate deficiency impairs decidualization and alters methylation 
patterns of the genome in mice. Mol Hum Reprod 2015;21:844–56. [PubMed: 26246607] 

30. THOMAS D Gene-environment-wide association studies: emerging approaches. Nat Rev Genet 
2010;11:259–72. [PubMed: 20212493] 

31. DENIS M, ENQUOBAHRIE DA, TADESSE MG, et al. Placental genome and maternal-placental 
genetic interactions: a genome-wide and candidate gene association study of placental abruption. 
PloS One 2014;9:e116346.

32. ODENDAAL HJ, Hall DR, GROVÉ D. Risk factors for and perinatal mortality of abruptio 
placentae in patients hospitalised for early onset severe pre-eclampsia-a case controlled study. J 
Obstet Gynaecol 2000;20:358–64. [PubMed: 15512584] 

33. WILLIAMS MA, LIEBERMAN E, MITTENDORF R, MONSON RR, SCHOENBAUM SC. Risk 
factors for abruptio placentae. Am J Epidemiol 1991;134:965–72. [PubMed: 1951294] 

34. VERBURG PE, TUCKER G, SCHEIL W, ERWICH JJH, DEKKER GA, ROBERTS CT. Sexual 
dimorphism in adverse pregnancy outcomes—a retrospective Australian population study 1981–
2011. PloS One 2016;11:e0158807.

35. KRAFT P, HUNTER DJ. The challenge of assessing complex gene-environment and gene-gene 
interactions In: Khoury MJ, Bedrosian SR, Swinn M, Higgins JPT, Ioannidis JPA, Little J, eds. 
Human Genome Epidemiology, 2nd ed. New York: Oxford University Press; 2010 p. 165.

36. ANANTH CV, LAVERY JA, VINTZILEOS AM, et al. Severe placental abruption: clinical 
definition and associations with maternal complications. Am J Obstet Gynecol 2016;214:272.e1–
e9. [PubMed: 26393335] 

37. DELANEAU O, COULONGES C, ZAGURY J-F. Shape-IT: new rapid and accurate algorithm for 
haplotype inference. BMC Bioinformatics 2008;9:540. [PubMed: 19087329] 

38. HOWIE BN, DONNELLY P, MARCHINI J. A flexible and accurate genotype imputation method 
for the next generation of genome-wide association studies. PLoS Genet 2009;5:e1000529.

39. DORIDOT L, CHÂTRE L, DUCAT A, et al. Nitroso-redox balance and mitochondrial homeostasis 
are regulated by STOX1, a pre-eclampsia-associated gene. Antioxid Redox Sig 2014;21:819–34.

40. CHEN Z, LI Y, ZHANG H, HUANG P, LUTHRA R. Hypoxia-regulated microRNA-210 
modulates mitochondrial function and decreases ISCU and COX10 expression. Oncogene 
2010;29:4362. [PubMed: 20498629] 

41. BORENGASSER SJ, FASKE J, KANG P, BLACKBURN ML, BADGER TM, SHANKAR K. In 
utero exposure to prepregnancy maternal obesity and postweaning high-fat diet impair regulators 

Workalemahu et al. Page 12

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of mitochondrial dynamics in rat placenta and offspring. Physiol Genomics 2014;46:841–50. 
[PubMed: 25336449] 

42. MCCARTHY C, KENNY LC. Therapeutically targeting mitochondrial redox signalling alleviates 
endothelial dysfunction in preeclampsia. Sci Rep 2016;6:32683. [PubMed: 27604418] 

43. POIDATZ D, DOS SANTOS E, DUVAL F, et al. Involvement of estrogen-related receptor-γ and 
mitochondrial content in intrauterine growth restriction and preeclampsia. Fertil Steril 
2015;104:483–90. [PubMed: 26051094] 

44. BURGESS S, THOMPSON SG. Use of allele scores as instrumental variables for Mendelian 
randomization. Int J Epidemiol 2013;42:1134–44. [PubMed: 24062299] 

45. ZHU M, ZHAO S. Candidate gene identification approach: progress and challenges. Int J Biol Sci 
2007;3:420–27. [PubMed: 17998950] 

46. GARGANO JW, HOLZMAN CB, SENAGORE PK, et al. Polymorphisms in thrombophilia and 
renin-angiotensin system pathways, preterm delivery, and evidence of placental hemorrhage. Am J 
Obstet Gynecol 2009;201:317.e1–e9. [PubMed: 19733287] 

47. ANANTH CV, PELTIER MR, MOORE DF, et al. Reduced folate carrier 80A→ G polymorphism, 
plasma folate, and risk of placental abruption. Hum Genet 2008;124:137–45. [PubMed: 18629538] 

48. Jaaskelainen E, Keski-Nisula L, Toivonen S, et al. Polymorphism of the interleukin 1 receptor 
antagonist (IL1Ra) gene and placental abruption. J Reprod Immunol 2008;79:58–62. [PubMed: 
18423886] 

49. Bartolomei MS, Tilghman SM. Genomic imprinting in mammals. Ann Rev Genet 1997;31:493–
525. [PubMed: 9442905] 

50. JOHANNESON B, CHEN D, ENROTH S, CUI T, GYLLENSTEN U. Systematic validation of 
hypothesis-driven candidate genes for cervical cancer in a genome-wide association study. 
Carcinogenesis 2014;35:2084–88. [PubMed: 24879636] 

51. KHOURY M Human genome epidemiology: building the evidence for using genetic information to 
improve health and prevent disease. Oxford, United Kingdom: Oxford University Press; 2010; p. 
676.

52. NAKASHIMA S Protein kinase Cα (PKCα): regulation and biological function. J Biochem 
2002;132:669–75. [PubMed: 12417014] 

53. FREY HA, STOUT MJ, PEARSON LN, et al. Genetic variation associated with preterm birth in 
African-American women. Am J Obstet Gynecol 2016;215:235.e1–e8. [PubMed: 26979631] 

54. BRAZ JC, GREGORY K, PATHAK A, et al. PKC-[alpha] regulates cardiac contractility and 
propensity toward heart failure. Nat Med 2004;10:248. [PubMed: 14966518] 

55. HAMBLETON M, HAHN H, PLEGER ST, et al. Pharmacological-and gene therapy-based 
inhibition of protein kinase Cα/β enhances cardiac contractility and attenuates heart failure. 
Circulation 2006;114:574–82. [PubMed: 16880328] 

56. LEE YH, KIM I, LAPORTE R, WALSH MP, MORGAN KG. Isozyme‐specific inhibitors of 
protein kinase C translocation: effects on contractility of single permeabilized vascular muscle 
cells of the ferret. J Physiol 1999;517:709–20. [PubMed: 10358112] 

57. FOMIN VP, KRONBERGS A, GUNST S, et al. Role of protein kinase Cα in regulation of [Ca2+] 
I and force in human myometrium. Reprod Sci 2009;16:71–79. [PubMed: 19087983] 

58. JOFRÉ NM, DELPIANO AM, CUELLO MA, POBLETE JA, VARGAS PA, CARVAJAL JA. 
Isoform alpha of PKC may contribute to the maintenance of pregnancy myometrial quiescence in 
humans. Reprod Sci 2013;20:69–77. [PubMed: 22872490] 

59. BERNAL AL. Mechanisms of labour: biochemical aspects. BJOG 2003;110:39–45.

60. TARRADE A, SCHOONJANS K, PAVAN L, et al. PPARγ/RXRα heterodimers control human 
trophoblast invasion. J Clin Endocrinol Metab 2001;86:5017–24. [PubMed: 11600579] 

61. Labarrere CA, DiCarlo HL, Bammerlin E, et al. Failure of physiologic transformation of spiral 
arteries, endothelial and trophoblast cell activation, and acute atherosis in the basal plate of the 
placenta. Am J Obstet Gynecol 2017;216:287.e1–e16. [PubMed: 28034657] 

62. HORNE BD, ANDERSON J, CARLQUIST J, et al. Generating genetic risk scores from 
intermediate phenotypes for use in association studies of clinically significant endpoints. Ann 
Hum Genet 2005;69:176–86. [PubMed: 15720299] 

Workalemahu et al. Page 13

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



63. BELSKY DW, MOFFITT TE, SUGDEN K, et al. Development and evaluation of a genetic risk 
score for obesity. Biodemography Soc Biol 2013;59:85–100. [PubMed: 23701538] 

64. ASCHARD H, ZAITLEN N, LINDSTRÖM S, KRAFT P Variation in predictive ability of 
common genetic variants by established strata: the example of breast cancer and age. 
Epidemiology 2015;26:51. [PubMed: 25380502] 

65. ASCHARD H, TOBIN MD, HANCOCK DB, et al. Evidence for large-scale gene-by-smoking 
interaction effects on pulmonary function. Int J Epidemiol 2017;46:894–904. [PubMed: 28082375] 

66. ANANTH CV, SAVITZ DA, WILLIAMS MA. Pracental abruption and its association with 
hypertension and prolonged rupture of membranes: a methodologic review and meta-analysis. 
Obstet Gynecol 1996;88:309–18. [PubMed: 8692522] 

67. CNATTINGIUS S, REILLY M, PAWITAN Y, LICHTENSTEIN P Maternal and fetal genetic 
factors account for most of familial aggregation of preeclampsia: a population‐based Swedish 
cohort study. Am J Med Genet Part A 2004;130:365–71.

68. HARAM K, MORTENSEN JH, NAGY B Genetic aspects of preeclampsia and the HELLP 
syndrome. J Pregnancy 2014;2014:910751.

Workalemahu et al. Page 14

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AJOG at a Glance:

Why was this study conducted?

We conducted the study to replicate results of a candidate genetic association study that 

indicated a link between DNA variants that are implicated in mitochondrial biogenesis 

and oxidative phosphorylation and abruptio placentae.

Key Findings

Genetic risk score calculated with the use of abruptio placentae risk-increasing alleles of 

genes that is involved in mitochondrial biogenesis and oxidative phosphorylation was 

associated with abruptio placentae risk; this association was stronger among women with 

preeclampsia.

What does this add to what is known?

The findings reported herein provide strong evidence for DNA variants encoding for 

genes that are involved in the mitochondrial biogenesis and oxidative phosphorylation 

pathways that confer risk for abruptio placentae.
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Table 1.

Selected characteristics of the Placental Abruption Genetic Epidemiology (PAGE) Study Population.

Study Participants

Characteristics*

Cases
(N=507)

Controls
(N=1090)

P-value
2

% or mean±SD % or mean±SD

Maternal age at delivery (years)
1 28.4±6.7 27.5±6.6 0.93

Maternal age at delivery (years) - - 0.22

 18–19 6.8 11.7 -

 20–29 51.0 50.7 -

 30–34 20.8 19.9 -

 ≥35 21.4 17.7 -

Education ≤ high school 67.3 73.5 0.03

Married/living with partner 86.1 87.1 0.56

Employed during pregnancy 55.0 53.9 0.69

Pre-pregnancy body mass index (BMI) (kg/m2) 25.0±4.6 25.4±4.6 0.61

Pre-pregnancy BMI (kg/m2) - - 0.53

 Lean (< 18.5) 2.8 2.0 -

 Normal (18.5–24.9) 56.1 55.6 -

 Overweight (24.9–30.0) 10.9 12.8 -

 Obese (≥30.0) 30.2 29.6 -

Planned pregnancy 38.5 32.8 0.03

Smoked during pregnancy 1.0 1.0 0.96

Alcohol use during pregnancy 3.9 2.8 0.20

Drug abuse during pregnancy 0.6 0.3 0.34

Preeclampsia 21.4 6.3 1.0E-04

Vitamins use during pregnancy 84.6 86.1 0.47

Gestational age at delivery
1 34.3±4.4 39.0±1.2 1.0E-04

Male infant 55.7 52.9 0.30

Population admixture quantified by principal components (PC) - - -

 PC 1 −8.8e-4±0.03 4.1e-4±0.02 0.03

 PC 2 −4.4e-4±0.02 2.0e-4±0.03 0.52

 PC 3 6.7e-4±0.03 −3.2e-4±0.02 0.31

 PC 4 9.7e-4±0.03 −4.5e-4±0.02 0.69

Infant birthweight (grams)
1 2390±939 3418±484 1.0E-04

1
mean ± standard deviation;

2
p-values are from Chi-square test/Fisher’s exact test for the categorical variables and student t-test for continuous variables.

*
Data were complete except for the following variables: maternal age (7 cases, 12 controls), education (9 cases, 6 controls), marital status (5 cases, 

3 controls), employment status (5 cases, 3 controls), pre-pregnancy BMI (10 cases, 22 controls), planned pregnancy (5 cases, 9 controls), smoking 
status (2 cases, 6 controls), drug abuse during pregnancy (3 cases, 6 controls), preeclampsia status (7 cases, 15 controls), vitamin use during 
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pregnancy (7 cases, 19 controls), gestational age at delivery (77 cases, 135 controls), infant sex (6 cases, 10 controls), and infant birthweight (7 
cases, 13 controls)

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Workalemahu et al. Page 18

Ta
b

le
 2

.

C
ha

ra
ct

er
is

tic
s 

of
 S

N
Ps

 in
 M

B
/O

P 
ca

nd
id

at
e 

ge
ne

s 
an

d 
ri

sk
 o

f 
ab

ru
pt

io
 p

la
ce

nt
ae

A
ss

oc
ia

ti
on

 e
st

im
at

es
fr

om
 W

or
ka

le
m

ah
u 

et
al

16
 s

tu
dy

A
ss

oc
ia

ti
on

es
ti

m
at

es
 f

ro
m

PA
G

E
 s

tu
dy

G
en

e
SN

P
±

ch
r:

po
si

ti
on

±

Im
pu

ta
ti

on

Sc
or

e£
R

is
k

al
le

le

R
is

k
al

le
le

fr
eq

ue

nc
y¥

O
R

 (
95

%
C

I)
P

-
va

lu
e

F
D

R
O

R
 (

95
%

C
I)

P
-

va
lu

e
F

un
ct

i
on

N
om

en
cl

at
ur

e

M
ito

ch
on

dr
ia

l B
io

ge
ne

si
s

C
A

M
K

2B
7:

44
25

50
34

0.
96

T
0.

74
71

1.
30

 (
1.

05
,1

.5
8)

0.
01

0.
02

1.
13

 (
0.

96
,1

.3
4)

0.
14

3d
ow

ns
tr

ea
m

C
al

ci
um

/c
al

m
od

ul
in

-d
ep

en
de

nt
 

pr
ot

ei
n 

ki
na

se
 (

C
aM

 k
in

as
e)

 I
I 

be
ta

N
R

1H
3

rs
11

03
91

55
11

:4
72

80
76

2
0.

77
A

0.
12

35
1.

31
 (

1.
02

,1
.6

8)
0.

04
0.

04
1.

24
 (

0.
96

,1
.6

6)
0.

10
in

tr
on

ic
liv

er
 X

 r
ec

ep
to

r, 
al

ph
a|

liv
er

 X
 

re
ce

pt
or

-a
lp

ha

PP
A

R
G

rs
67

82
17

8
3:

12
33

45
55

0.
97

C
0.

87
06

1.
44

 (
1.

11
,1

.8
4)

0.
00

5
0.

02
1.

22
 (

0.
99

,1
.4

9)
0.

06
in

tr
on

ic
E

st
ro

ge
n-

re
la

te
d 

re
ce

pt
or

 a
lp

ha

PP
A

R
G

rs
10

86
57

11
3:

12
36

13
85

1
C

0.
58

82
1.

19
 (

0.
99

,1
.4

4)
0.

07
0.

04
1.

07
 (

0.
92

,1
.2

4)
0.

41
in

tr
on

ic
E

st
ro

ge
n-

re
la

te
d 

re
ce

pt
or

 a
lp

ha

PP
A

R
G

rs
11

75
54

0
3:

12
46

52
43

0.
98

A
0.

18
24

1.
30

 (
1.

02
,1

.6
2)

0.
03

0.
04

1.
04

 (
0.

85
,1

.2
7)

0.
70

in
tr

on
ic

E
st

ro
ge

n-
re

la
te

d 
re

ce
pt

or
 a

lp
ha

PR
K

C
A

rs
43

28
47

8
17

:6
43

07
98

2
1

T
0.

7
1.

22
 (

0.
98

,1
.4

9)
0.

06
0.

04
1.

13
 (

0.
95

,1
.3

3)
0.

16
in

tr
on

ic
pr

ot
ei

n 
ki

na
se

 C
, a

lp
ha

T
H

R
B

rs
98

14
22

3
3:

24
36

22
52

0.
99

G
0.

68
82

1.
20

 (
1.

01
,1

.4
7)

0.
05

0.
04

1.
02

 (
0.

86
,1

.1
9)

0.
85

in
tr

on
ic

T
hy

ro
id

 h
or

m
on

e 
re

ce
pt

or
 b

et
a

O
xi

da
tiv

e 
Ph

os
ph

or
yl

at
io

n

C
O

X
5A

rs
12

43
78

31
15

:7
52

26
08

6
0.

99
A

0.
86

47
1.

32
 (

1.
00

,1
.6

9)
0.

05
0.

04
1.

06
 (

0.
86

,1
.3

1)
0.

60
in

tr
on

ic
cy

to
ch

ro
m

e 
c 

ox
id

as
e 

su
bu

ni
t V

a

N
D

U
FA

10
rs

41
49

54
9

2:
24

09
31

26
6

1
C

0.
70

59
1.

23
 (

0.
98

,1
.5

4)
0.

07
0.

04
1.

00
 (

0.
83

,1
.2

1)
0.

99
in

tr
on

ic
N

A
D

H
 d

eh
yd

ro
ge

na
se

 
(u

bi
qu

in
on

e)
 1

 a
lp

ha
 s

ub
co

m
pl

ex
, 

10
, 4

2k
D

a

N
D

U
FA

12
rs

11
10

78
47

12
:9

53
86

79
1

1
G

0.
5

1.
20

 (
0.

99
,1

.4
3)

0.
05

0.
04

1.
21

 (
1.

04
,1

.4
0)

0.
02

in
tr

on
ic

N
A

D
H

 d
eh

yd
ro

ge
na

se
 

(u
bi

qu
in

on
e)

 1
 a

lp
ha

 s
ub

co
m

pl
ex

, 
12

N
D

U
FC

2_
K

C
T

D
14

rs
62

72
97

11
:7

77
63

78
9

0.
96

T
0.

8
1.

35
 (

1.
05

,1
.6

9)
0.

01
0.

02
1.

11
 (

0.
90

,1
.3

5)
0.

33
in

tr
on

ic
N

A
D

H
:u

bi
qu

in
on

e 
ox

id
or

ed
uc

ta
se

 
su

bu
ni

t C
2

± B
ui

ld
 3

7 
hg

19
 d

bS
N

P 
an

d 
ch

ro
m

os
om

e:
po

si
tio

n

¥ R
is

k 
al

le
le

 f
re

qu
en

cy
 a

m
on

g 
Pe

ru
vi

an
s 

ob
ta

in
ed

 f
ro

m
 th

e 
Ph

as
e 

3 
10

00
 G

en
om

es
 B

ro
w

se
r 

(h
ttp

s:
//w

w
w

.n
cb

i.n
lm

.n
ih

.g
ov

/v
ar

ia
tio

n/
to

ol
s/

10
00

ge
no

m
es

/)

£ Im
pu

ta
tio

n 
qu

al
ity

 s
co

re

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.

https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Workalemahu et al. Page 19

Ta
b

le
 3

.

A
ss

oc
ia

tio
n 

be
tw

ee
n 

ge
ne

tic
 r

is
k 

sc
or

e 
ge

ne
ra

te
d 

us
in

g 
ca

nd
id

at
e 

SN
Ps

 (
11

 S
N

Ps
 in

 9
 g

en
es

) 
an

d 
ri

sk
 o

f 
ab

ru
pt

io
 p

la
ce

nt
ae

G
en

et
ic

 R
is

k 
Sc

or
e 

(G
R

S)

Q
ua

rt
ile

 1
Q

ua
rt

ile
 2

Q
ua

rt
ile

 3
Q

ua
rt

ile
 4

T
re

nd
te

st
C

on
ti

nu
ou

s 
sc

or
e

R
ep

lic
at

io
n 

st
ud

y 
(5

07
 A

P 
ca

se
s 

an
d 

1,
09

0 
co

nt
ro

ls
)1

W
ei

gh
te

d 
Sc

or
e 

In
te

rv
al

s
<

12
.6

12
.6

–1
3.

8
13

.9
–1

5.
0

≥1
5.

1
-

7.
5–

19
.0

C
as

es
, N

um
be

r 
(%

)
89

 (
18

.2
)

12
7 

(2
6.

0)
12

2 
(2

5.
0)

15
0 

(3
0.

7)
-

48
8 

(1
00

.0
)

C
on

tr
ol

s,
 N

um
be

r 
(%

)
27

0 
(2

5.
6)

25
7 

(2
4.

4)
26

4 
(2

5.
0)

26
3 

(2
5.

0)
-

10
54

 (
10

0.
0)

O
R

 (
95

%
 C

I)
1.

00
1.

45
 (

1.
04

–2
.0

2)
1.

42
 (

1.
02

–1
.9

8)
1.

75
 (

1.
27

–2
.4

2)
-

1.
12

 (
1.

05
, 1

.1
9)

P-
va

lu
e

-
0.

03
0.

04
7.

0E
-0

4
1.

6E
-0

3
3.

0E
-0

4

W
or

ka
le

m
ah

u 
et

 a
l 2

01
3 

st
ud

y 
(4

70
 A

P 
ca

se
s 

an
d 

47
3 

co
nt

ro
ls

)2

W
ei

gh
te

d 
Sc

or
e 

In
te

rv
al

s
<

8.
0

8.
0–

8.
9

9.
0–

9.
9

≥1
0.

0
-

-

C
as

es
, N

um
be

r 
(%

)
34

 (
8.

0)
72

 (
17

.0
)

11
3 

(2
7.

0)
19

7 
(4

7.
0)

-
-

C
on

tr
ol

s,
 N

um
be

r 
(%

)
58

 (
14

.0
)

80
 (

19
.0

)
10

3 
(2

5.
0)

17
5 

(4
2.

0)
-

-

O
R

 (
95

%
 C

I)
1.

00
1.

55
 (

0.
91

–2
.6

4)
1.

88
 (

1.
14

–3
.1

1)
1.

91
 (

1.
20

–3
.0

6)
0.

01
-

St
at

is
tic

al
ly

 s
ig

ni
fi

ca
nt

 e
st

im
at

es
 a

re
 h

ig
hl

ig
ht

ed
 in

 b
ol

d

1 T
he

 e
ff

ec
tiv

e 
sa

m
pl

e 
si

ze
 f

or
 th

e 
fu

lly
-a

dj
us

te
d 

m
od

el
 w

as
 4

88
 c

as
es

 a
nd

 1
05

4 
co

nt
ro

ls

2 T
he

 e
ff

ec
tiv

e 
sa

m
pl

e 
si

ze
 f

or
 th

e 
fu

lly
-a

dj
us

te
d 

m
od

el
 w

as
 4

16
 c

as
es

 a
nd

 4
16

 c
on

tr
ol

s

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Workalemahu et al. Page 20

Ta
b

le
 4

.

A
ss

oc
ia

tio
n 

be
tw

ee
n 

ge
ne

tic
 r

is
k 

sc
or

e 
ge

ne
ra

te
d 

us
in

g 
ca

nd
id

at
e 

si
ng

le
 n

uc
le

ot
id

e 
po

ly
m

or
ph

is
m

s 
(1

1 
SN

Ps
 in

 9
 g

en
es

) 
an

d 
ri

sk
 o

f 
ab

ru
pt

io
 p

la
ce

nt
ae

 

st
ra

tif
ie

d 
by

 p
re

ec
la

m
ps

ia
, a

dv
an

ce
d 

m
at

er
na

l a
ge

, a
nd

 in
fa

nt
 s

ex
 c

ha
ra

ct
er

is
tic

s.

G
en

et
ic

 R
is

k 
Sc

or
e 

(G
R

S)
*

Q
ua

rt
ile

 1
Q

ua
rt

ile
 2

Q
ua

rt
ile

 3
Q

ua
rt

ile
 4

T
re

nd
te

st
C

on
ti

nu
ou

s 
Sc

or
e

W
ei

gh
te

d 
Sc

or
e 

In
te

rv
al

s
<

12
.6

12
.6

–1
3.

8
13

.9
–1

5.
0

≥1
5.

1
-

7.
5–

19
.0

P
re

ec
la

m
pt

ic
s

A
P 

C
as

es
, N

um
be

r 
(%

)
12

 (
11

.5
)

32
 (

30
.8

)
26

 (
25

.0
)

34
 (

32
.7

)
-

10
4 

(1
00

.0
)

C
on

tr
ol

s,
 N

um
be

r 
(%

)
19

 (
28

.8
)

19
 (

28
.8

)
13

 (
19

.7
)

15
 (

22
.7

)
-

66
 (

10
0.

0)

O
R

 (
95

%
 C

I)
; P

-v
al

ue
1.

00
2.

96
 (

1.
15

–7
.6

5)
; 

0.
02

3.
50

 (
1.

27
–9

.6
5)

; 
0.

02
3.

92
 (

1.
48

–1
0.

36
);

 0
.0

1
0.

03
1.

27
 (

1.
06

–1
.5

2)
; 

0.
01

N
or

m
ot

en
si

ve
s

A
P 

C
as

es
, N

um
be

r 
(%

)
77

 (
20

.1
)

95
 (

24
.7

)
96

 (
25

.0
)

11
6 

(3
0.

2)
-

38
4 

(1
00

.0
)

C
on

tr
ol

s,
 N

um
be

r 
(%

)
25

1 
(2

5.
4)

23
8 

(2
4.

1)
25

1 
(2

5.
4)

24
8 

(2
5.

1)
-

98
8 

(1
00

.0
)

O
R

 (
95

%
 C

I)
; P

-v
al

ue
1.

00
1.

32
 (

0.
93

–1
.8

7)
; 0

.1
2

1.
27

 (
0.

89
–1

.8
0)

; 0
.1

8
1.

57
 (

1.
11

–2
.2

1)
; 

0.
01

0.
08

1.
10

 (
1.

03
, 1

.1
7)

; 
0.

01

M
at

er
na

l a
ge

 ≥
 3

5

A
P 

C
as

es
, N

um
be

r 
(%

)
19

 (
17

.9
)

28
 (

26
.4

)
25

 (
23

.6
)

34
 (

32
.1

)
-

10
6 

(1
00

.0
)

C
on

tr
ol

s,
 N

um
be

r 
(%

)
46

 (
24

.3
)

44
 (

23
.3

)
53

 (
28

.0
)

46
 (

24
.3

)
-

18
9 

(1
00

.0
)

O
R

 (
95

%
 C

I)
; P

-v
al

ue
1.

00
1.

56
 (

0.
72

–3
.3

3)
; 0

.2
6

1.
31

 (
0.

61
–2

.8
0)

; 0
.4

9
2.

22
 (

1.
05

–4
.6

9)
; 

0.
04

0.
19

1.
18

 (
1.

03
–1

.3
6)

; 
0.

02

M
at

er
na

l a
ge

 1
8–

34

A
P 

C
as

es
, N

um
be

r 
(%

)
70

 (
18

.3
)

99
 (

25
.9

)
97

 (
25

.4
)

11
6 

(3
4.

8)
-

38
2 

(1
00

.0
)

C
on

tr
ol

s,
 N

um
be

r 
(%

)
22

4 
(2

5.
9)

21
3 

(2
4.

6)
21

1 
(2

4.
4)

21
7 

(2
5.

1)
-

86
5 

(1
00

.0
)

O
R

 (
95

%
 C

I)
; P

-v
al

ue
1.

00
1.

46
 (

1.
01

–2
.1

1)
; 

0.
05

1.
49

 (
1.

02
–2

.1
5)

; 
0.

04
1.

68
 (

1.
17

–2
.4

1)
; 

0.
01

0.
04

1.
10

 (
1.

03
–1

.1
8)

; 
0.

00
4

M
al

e 
in

fa
nt

A
P 

C
as

es
, N

um
be

r 
(%

)
47

 (
17

.3
)

73
 (

26
.8

)
63

 (
23

.2
)

89
 (

32
.7

)
-

27
2 

(1
00

.0
)

C
on

tr
ol

s,
 N

um
be

r 
(%

)
14

5 
(2

6.
3)

12
8 

(2
3.

2)
14

5 
(2

6.
3)

13
4 

(2
4.

3)
-

55
2 

(1
00

.0
)

O
R

 (
95

%
 C

I)
; P

-v
al

ue
1.

00
1.

83
 (

1.
16

–2
.8

7)
; 

0.
01

1.
36

 (
0.

78
–2

.0
0)

; 0
.1

8
1.

95
 (

1.
24

–3
.0

7)
; 

8.
0E

-0
4

0.
00

4
1.

14
 (

1.
05

–1
.2

4)
; 

0.
00

2

Fe
m

al
e 

In
fa

nt

A
P 

C
as

es
, N

um
be

r 
(%

)
42

 (
19

.4
)

54
 (

25
.0

)
59

 (
27

.3
)

61
 (

28
.2

)
-

21
6 

(1
00

.0
)

C
on

tr
ol

s,
 N

um
be

r 
(%

)
12

5 
(2

4.
9)

12
9 

(2
5.

7)
11

9 
(2

3.
7)

12
9 

(2
5.

7)
-

50
2 

(1
00

.0
)

O
R

 (
95

%
 C

I)
; P

-v
al

ue
1.

00
1.

11
 (

0.
68

–1
.8

1)
; 0

.6
7

1.
47

 (
0.

91
–2

.3
9)

; 0
.1

1
1.

37
 (

0.
85

–2
.2

0)
; 0

.2
0

0.
35

1.
09

 (
1.

00
–1

.1
9)

; 0
.0

6

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Workalemahu et al. Page 21
* Fo

r 
ea

ch
 c

ha
ra

ct
er

is
tic

, n
or

m
ot

en
si

ve
 w

om
en

 w
ith

 w
G

R
S 

in
 th

e 
lo

w
es

t q
ua

rt
ile

, w
om

en
 w

ith
 a

dv
an

ce
d 

m
at

er
na

l a
ge

 in
 th

e 
lo

w
es

t w
G

R
S 

qu
ar

til
e,

 a
nd

 w
om

en
 w

ith
 f

em
al

e 
in

fa
nt

 in
 th

e 
lo

w
es

t w
G

R
S 

qu
ar

til
e,

 r
es

pe
ct

iv
el

y,
 s

er
ve

d 
as

 th
e 

si
ng

le
 c

om
m

on
 r

ef
er

en
ce

 g
ro

up
.

P-
fo

r-
in

te
ra

ct
io

n 
fo

r 
w

G
R

S 
an

d 
pr

ee
cl

am
ps

ia
, w

G
R

S 
an

d 
ad

va
nc

ed
 m

at
er

na
l a

ge
 s

ta
tu

s,
 a

nd
 w

G
R

S 
an

d 
in

fa
nt

 s
ex

 w
er

e 
0.

12
, 0

.7
3 

an
d 

0.
44

, r
es

pe
ct

iv
el

y.
 P

-f
or

-i
nt

er
ac

tio
n 

es
tim

at
es

 d
id

 n
ot

 c
ha

ng
e 

w
he

n 
w

G
R

S 
w

as
 e

nt
er

ed
 in

 th
e 

m
od

el
 a

s 
a 

co
nt

in
ou

s 
va

ri
ab

le
t

St
at

is
tic

al
ly

 s
ig

ni
fi

ca
nt

 e
st

im
at

es
 a

re
 h

ig
hl

ig
ht

ed
 in

 b
ol

d

Am J Obstet Gynecol. Author manuscript; available in PMC 2019 May 02.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Study settings and study populations
	Data collection
	DNA extraction, genotyping, data quality control, and candidate gene/SNP selection
	Genetic risk score calculation
	Statistical analyses

	RESULTS
	COMMENT
	Principal findings
	Research in context of other results
	Clinical implications
	Research implications
	Strengths and limitations

	CONCLUSION
	References
	Table 1.
	Table 2.
	Table 3.
	Table 4.

