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Investigating the Genetic Basis of Obstetrical Diagnoses Related to Miscarriage and 

Placental Biology Using Genome-Wide Association Study Meta-Analysis 

Abstract: 

The triad of genetic, environmental and lifestyle factors contribute to adverse pregnancy 

outcomes. While the recent work investigating maternal genetic susceptibility to miscarriage 

has identified several genes involved in placental biology, the specific genetic risk factors of 

pregnancy complications remain poorly understood. To elucidate the maternal genetic basis 

of seven distinct obstetrical diagnoses related to miscarriage and placental biology, we 

conduct a case-control genome-wide association study meta-analysis using population-based 

data from the Estonian Biobank and the FinnGen study. We identify novel genomic risk loci 

and propose the most likely associated genes for diagnoses “haemorrhage in early 

pregnancy” and “premature rupture of membranes”. In addition, we estimate SNP-

heritability, provide evidence of shared genetic background between the studied traits, and 

describe which other diagnoses are more common in women diagnosed with pregnancies 

with abortive outcomes and placenta-associated pregnancy complications. 

Keywords: 

Genome-wide association study, obstetrical diagnoses, miscarriage, placenta 

CERCS: 

B110 Bioinformatics, medical informatics, biomathematics, biometrics; B570 Obstetrics, 

gynaecology, andrology, reproduction, sexuality 
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Raseduskatkemiste ning Platsentaga Seotud Raseduskomplikatsioonide Ülegenoomne 

Seoseuuring 

Lühikokkuvõte: 

Nii geneetilised ja keskkondlikud tegurid kui ka eluviis võivad suurendada 

raseduskomplikatsioonide riski. Kuigi hiljutised uuringud on näidanud, et platsenta 

bioloogiat mõjutavad geenid võivad mõjutada raseduskatkemiste riski, ei ole raseduse 

katkemise geneetilised riskifaktorid siiani piisavalt põhjalikult uuritud. Käesoleva 

magistritöö raames viidi läbi ülegenoomsete seoseuuringute metaanalüüse kasutades Eesti 

Geenivaramu ja FinnGen andmeid, et selgitada välja seitsme raseduse katkemisega ja 

platsenta bioloogiaga seotud diagnoosi geneetilisi riskifaktoreid. Töö käigus leiti uusi 

riskilookuseid ja pakuti välja potentsiaalseid kandidaatgeene, mis on seotud varajase 

rasedusaegse verejooksuga ning lootevee enneaegse puhkemisega. Lisaks hinnati uuritavate 

tunnuste SNP-põhist päritavust ning kirjeldati nende jagatud geneetilist komponenti. Samuti 

anti ülevaade, milliste teiste haiguskoodidega korreleeruvad raseduse katkemised ja 

platsentaga seotud tüsistused. 

Võtmesõnad: 

Ülegenoomne seoseuuring, sünnitusabi diagnoosid, raseduskatkemine, platsenta 

CERCS: 

B110 Bioinformaatika, meditsiiniinformaatika, biomatemaatika, biomeetrika; B570 

Sünnitusabi, günekoloogia, androloogia, paljunemine, seksuaalsus 
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TERMS, ABBREVIATIONS AND NOTATIONS 

CADD  Combined Annotation Dependent Depletion 

DEPICT Data-driven Expression Prioritized Integration for Complex Traits 

eQTL  Expression Quantitative Trait Loci 

EstBB  Estonian Biobank 

FDR  False Discovery Rate 

FUMA  Functional Mapping and Annotation Platform 

GALNT6 Polypeptide N-Acetylgalactosaminyltransferase 6 

GWAS  Genome-Wide Association Study 

Hi-C  High-Throughput Chromatin Conformation Capture 

HIC1  Hypermethylated in Cancer 1 

ICD-10 International Classification of Diseases, 10th Revision 

LD  Linkage Disequilibrium 

LDSC  Linkage Disequilibrium Score Regression 
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MHC  Major Histocompatibility Complex 

MTAG  Multi Trait Analysis of GWAS 

PC  Principal Component 

phepheWAS Phenome-Wide Phenotype Association Analysis 

PPROM Preterm Premature Rupture of Membranes 

PROM  Premature Rupture of Membranes 

QQ plot Quantile-Quantile plot 

SLC4A8 Solute Carrier Family 4 Member 8 

SMG6  SMG6 Nonsense Mediated mRNA Decay Factor 

SNP  Single Nucleotide Polymorphism 

SRR  Serine Racemase 
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INTRODUCTION 

Maintaining a healthy pregnancy and carrying a baby to term can be a challenging experience 

for some women, and each pregnancy trimester comes with a range of potential risks and 

complications. For instance, the pregnancy may end in very early stages in some cases; in 

others, placenta-associated complications may arise and significantly disrupt the health of 

both the mother and the baby. 

Early pregnancy loss refers to various distinctive medical diagnoses, such as threatened 

abortion, missed abortion, spontaneous abortion and anembryonic gestation, all commonly 

regarded as miscarriage. Although different definitions are in use, depending on whether the 

context is clinical or scientific, according to the most recent guidelines issued by the World 

Health Organization and the European Society of Human Reproduction and Embryology, 

miscarriage is the loss of pregnancy up to 24 weeks of gestation [1,2]. It affects 

approximately 10–25% of pregnancies [3,4], with symptoms such as bleeding and severe 

abdominal pain. Influenced by genetic, environmental and lifestyle factors, miscarriage is a 

multifactorial condition, and the exact cause may vary between individuals. 

The largest comprehensive genetic study that mapped the maternal genetic susceptibility and 

underlying biology of miscarriage emerged in 2020 [5]. Combining data from different 

ancestries for sporadic and recurrent miscarriage, Laisk et al., 2020, showed that miscarriage 

has a clear heritable component comparable to other complex traits and that the genetic 

signals were linked to placental biology. Placenta is a central organ in pregnancy and, thus, 

is associated with many pregnancy complications [6,7]. However, the above-mentioned 

study combined several diagnosis codes, leaving open the question of the genetic risk factors 

of specific diagnoses. 

In the present study, we conduct genome-wide association study meta-analysis using 

Estonian Biobank and FinnGen data, to further investigate the genetic landscape of seven 

obstetrical diagnoses related to miscarriage and placental biology, classified according to the 

ICD-10 system [8]. The full diagnosis names and connected ICD-10 codes are: 

“hydatidiform mole” (O01), “other abnormal products of conception” (O02), “spontaneous 

abortion” (O03), “haemorrhage in early pregnancy” (O20), “premature rupture of 

membranes” (O42), “placenta previa” (O44) and “premature separation of placenta (abruptio 

placentae)” (O45). We believe that clearer understanding of the distinct features of each 

diagnosis could deepen the knowledge of the biology underlying these pregnancy 

complications and advance diagnosis identification and patient management. 



8 

 

1 LITERATURE REVIEW 

In this chapter, we will introduce each diagnosis and outline its prevalence, symptoms, and 

risk factors that increase susceptibility to developing the condition. When relevant, we will 

also mention interesting discoveries in genetic studies conducted in the past. Subsequently, 

we will familiarise the readers with the fundamentals of genome-wide association study. 

Throughout this thesis, we primarily use the term ‘diagnosis’ in the text. Still, readers should 

note that it is used interchangeably with the terms ‘trait’, ‘phenotype’, ‘condition’ and 

‘disease’, and refer to the same concept. 

1.1 Descriptions of Diagnoses 

1.1.1 Pregnancy with Abortive Outcome and Other Maternal Disorders 

Predominantly Related to Pregnancy 

According to the statistical data of the Estonian Medical Birth Registry and the Estonian 

Abortion Registry, the prevalence of spontaneous and other abortions (excl., legally induced 

abortions) is around 9% [9]. However, the actual prevalence is probably higher, as most 

miscarriages occur in such early stages that some women may not know they are pregnant, 

thus, leaving miscarriage clinically undetected. 

Hydatidiform Mole (O01). This gestational trophoblastic disease, commonly called molar 

pregnancy, occurs when placental tissue grows abnormally due to atypical oocyte 

fertilisation, and chromosomal abnormalities [10]. Contrary to a healthy pregnancy with a 

normal placenta and a fetus, in a complete molar pregnancy a mass of cysts that lack fetal 

tissue is formed [11]. In a partial molar pregnancy, the fetal tissue is present, but the fetus 

cannot survive. The prevalence in Europe is estimated to be around 1 in 1000 pregnancies 

[12]. Usually asymptomatic, sometimes symptoms include bleeding, uterine enlargement, 

and abnormal levels of pregnancy hormones [10,11]. Despite being considered benign, the 

hydatidiform mole can cause abnormal vaginal bleeding, and it is associated with an 

increased risk of developing gestational trophoblastic neoplasia, thus, becoming invasive 

[13]. Risk factors include young and old maternal age (under 20 and above 35 years old) 

[14], previous molar pregnancy, [15] and a family history of the hydatidiform mole [16], 

pointing to a heritable component. Although most cases are of androgenetic origin (zygote 

contains only paternal chromosomes), it is suspected that the oocyte immaturity is the 

underlying cause [11]. Several studies have reported mutations in the NLRP7 and KHDC3L 

genes as a cause of recurrent hydatidiform mole [17–19], implicating the maternal genetic 
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component and autosomal recessive inheritance [17]. However, it remains unclear if 

common genetic variation could also increase the risk. 

Other Abnormal Products of Conception (O02). This broad category encompasses 

several conditions related to abnormal development of the fetus and/or placenta, such as 

blighted ovum and nonhydatidiform mole (i.e., carneous, fleshy or unspecified intrauterine 

mole), missed abortion, and other specified or unspecified abnormal products of conception. 

The specific biology of each of these conditions may vary, but they all result in a pregnancy 

with an abortive outcome. Blighted ovum and nonhydatiform mole are condition in which a 

fertilised egg implants in the uterus but does not develop into an embryo (anembryonic 

pregnancy) due to chromosomal or cell division abnormalities, leaving an empty gestational 

sac [20]. Missed abortion, also known as a silent or delayed miscarriage, is a condition in 

which the fetus has died, but the maternal body has not expelled the pregnancy tissues [21]. 

The exact information on the prevalence of these conditions in Europe is unavailable. 

However, one validation study regarding miscarriage‐related codes in Finnish healthcare 

register [22] showed that out of 643 verified miscarriage diagnosis, 43.1% were classified 

as spontaneous abortion, 38.4% as missed abortion, 17.4% as blighted ovum and 1.1% as 

other abnormal products of conception. Early symptoms are identical to those in health 

pregnancy, but soon after, the signs of a miscarriage appear, such as abdominal cramps, 

vaginal spotting, and menorrhagia (heavy menstrual bleeding) [21]. Generally, the delivery 

of the abnormal products of conception is spontaneous. It is thought that embryonic 

chromosomal abnormalities and advanced maternal age, combined with environmental 

factors and lifestyle, all contribute to the inadequate development of the products of 

conception [20,21,23]. 

Spontaneous Abortion (O03). Spontaneous pregnancy termination resulting in the fetus’s 

death typically occurs in the first trimester [2] and affects roughly 10–25% of pregnancies 

[3,4]. Common symptoms include physical complications, such as bleeding, cramping pain 

in the lower abdomen, and expulsion of tissue [5]. Miscarriage can lead to anxiety and 

depression [24], and has been associated with long-term consequences, such as an increased 

risk of cardiovascular disease [25,26]. Studies conducted so far indicate that the risk of 

miscarriage increases with maternal age [3], while other common causes include parental 

and embryonic/fetal chromosomal abnormalities [27,28], infections [29], obesity [30], and 

underlying medical conditions, such as diabetes [31] or thyroid disorders [32]. 
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Haemorrhage in Early Pregnancy (O20). Women experience vaginal bleeding during their 

first trimester of gestation in approximately 20% of pregnancies [33]. Although relatively 

common and considered harmless since the embryo or fetus is alive, in half of the cases 

bleeding and lower abdominal pain are signs of miscarriage and specified as threatened 

abortion [10,34]. In cases where abortion does not happen, there are increased rates of later 

adverse pregnancy outcomes, such as preterm birth and premature separation of placenta 

[35]. The exact cause of threatened abortion is rarely known, and it can occur due to a variety 

of factors [10,36], including subchorionic haemorrhage, implantation bleeding, infections, 

ectopic, and molar pregnancy, and, thus, be a symptom of other diagnoses studied in this 

thesis. 

1.1.2 Maternal Care Related to the Fetus and Amniotic Cavity and Possible Delivery 

Problems 

The placenta is a central organ in pregnancy built up from maternal and fetal tissues. It 

intermediates maternal and fetal communication by creating a unique hormonal and 

immunological environment, transporting oxygen and nutrients to the fetus, and removing 

waste products [10]. Therefore, healthy placenta is essential for a healthy pregnancy and 

fetal development, and dysfunctional placenta can lead to various pregnancy complications, 

such as miscarriage, premature rupture of membranes, and stillbirth. 

Premature Rupture of Membranes (O42). Protective membranes around the embryo and 

later fetus, called the amnion (inner membrane) and the chorion (outer membrane), build up 

the amniotic sac, which is filled with amniotic fluid and connects to the allantois and placenta 

via an umbilical cord. Together with the yolk sac, they play a vital role in developing and 

protecting the embryo/fetus during pregnancy [10]. Normally, these membranes rupture 

during labour or in some cases within 24 hours before labour (PROM). However, if it 

happens before the 37th week of pregnancy, this event is diagnosed as preterm premature 

rupture of membranes (PPROM) [37]. Approximately 5–10% of pregnancies have a PROM 

diagnosis [38], while PPROM affects around 3% of pregnancies [39]. The most common 

symptom is a sudden leaking of amniotic fluid from the vagina alongside uterine 

contractions. The earlier it happens, the more serious the situation is for the mother and the 

baby, increasing the risk of preterm birth and other complications, such as perinatal 

infections [40,41]. Known risk factors are smoking [42], infections of the genital tract [43], 

twin pregnancy [44], and previous history of PROM or PPROM [45]. A small-scale genetic 
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study conducted with a subset of SNPs showed a two-fold increased risk of PPROM due to 

the variants in the maternal TIMP2 gene regulating extracellular matrix [46]. 

Placenta Praevia (O44). During labour, the cervix dilates so that the baby can enter the 

vaginal birth canal. However, this physiological process can be complicated by a 

dysfunctional placenta. Placenta previa is diagnosed when the placenta completely, partially, 

or marginally covers the cervix or when it lays close to the cervical os (so-called low-laying 

placenta) and prevents safe vaginal delivery of the baby [10]. The complications associated 

with this condition affect both the mother and the baby. The maternal complications are 

bleeding before, during and after childbirth, hysterectomy (removal of the uterus) [47], 

sepsis [48], and death [49]. The neonate complications are delays in growth, congenital 

malformations [50], anaemia, premature birth, and perinatal death [51]. The prevalence in 

Europe is low, affecting 3.6 per 1000 pregnancies (2.6 per 1000 pregnancies in Estonia) 

[52,9]. The typical symptoms appear in the second or third trimester as light red vaginal 

bleeding with or without pain, but ultrasound is necessary for a definitive diagnosis [10]. 

The exact cause is unclear, but identified risk factors are young and old maternal age (under 

20 and above 35 years old) [53], multiparity [54], previous Caesarean delivery [55] and 

substance abuse [56]. 

Premature Separation of Placenta (Abruptio Placentae) (O45). This term is used to 

describe an acute condition when the normally implanted placenta prematurely separates 

from the inner layer of the uterus [10]. As for placenta previa, it has been shown that abruptio 

placentae can cause maternal morbidity and perinatal mortality [57,58]. Its prevalence in 

European countries is 3–6 per 1000 pregnancies (9.8 per 1000 pregnancies in Estonia) 

[58,59,9]. The common symptoms, such as sudden abdominal and back pain, uterine 

contractions, bleeding, and fetal distress, vary based on the severity of the separation [10]. 

Advanced maternal age [59], smoking and cocaine use [56], chronic hypertension [60], 

leiomyomas [61], PPROM [62] and history of previous placental abruption [59] significantly 

increase the risk of premature separation of placenta. However, the etiology is yet to be 

explained. 

1.2 Genome-Wide Association Study 

From its first study conducted in 2007 [63], genome-wide association studies (GWAS) have 

proven to be an efficient and robust method for analysing the genetics of complex diseases 

and traits. Commonly occurring complex diseases, such as Alzheimer's disease [64,65], 

depression [66,67], type 1 diabetes [68], and type 2 diabetes [69], rarely have one decisive 
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cause. Instead, they result from the complex interaction between genetic, environmental, and 

lifestyle factors. The genetic component consists mostly of genetic variants common in the 

population, each with a small effect on the trait or disease risk [64,66,68]. 

In most GWA study designs, researchers attempt to identify genetic variants that are more 

common in one group of individuals that have a trait of interest and investigate variants' 

effect on developing that trait by comparing the genetic profiles to ancestry-similar 

individuals who do not have the same trait of interest [70]. As the most extensively studied 

type of genetic variation, millions of single-nucleotide polymorphisms (SNPs) are tested 

across the genome to detect statistically significant associations with the trait of interest. The 

p-values are visualised using a so-called Manhattan plot with the statistical significance 

threshold set to 5 × 10−8 to account for multiple testing. 

While numerous GWA studies have identified thousands of associations across different 

traits and disease domains, proposing underlying genes and biological pathways contributing 

to the development of the disease or trait [71–73], identification of causal genes and variants 

still remains a challenge. This is mainly due to the non-random correlations between alleles 

at different loci, referred to as linkage disequilibrium (LD) [74]. Therefore, the SNP with the 

lowest p-value in GWAS (often named the sentinel SNP, the lead SNP or lead signal) may 

merely be a proxy for surrounding SNPs since they are often inherited together as a group. 

Despite this challenge, it has been shown over the years that GWAS data can be used to 

identify individual genetic disease risks and variants contributing to gene-environment 

interactions and drug response [75,76]. Moreover, numerous methods have been developed 

to facilitate moving from association signals to the underlying biology [77–80]. 

As described earlier by Uffelmann et al., 2021, and illustrated in Figure 1, the key steps of 

GWAS workflow include the collection of DNA samples and phenotypic information 

(disease status, age, sex), genotyping using whole-genome sequencing (WGS) and genome-

wide SNP arrays, quality control, imputation of missing variants using haplotype phasing 

and reference populations, statistical association testing, and interpretation of the results 

using post-GWAS analyses. Additional steps, such as meta-analysis and independent 

replication, are used to increase the sample size, boost the discovery of novel variants, and 

seek confirmation of results. Throughout this thesis, each step will be explained in detail to 

ensure a better comprehension of the GWAS meta-analysis study design. 
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Figure 1. Overview of GWAS Workflow. The key steps of GWAS include data collection, 

genotyping, quality control, imputation, and association testing. The optional steps are meta-analysis, 

replication and post-GWAS analyses (e.g., prioritisation of candidate genes, genetic correlation 

analysis). The illustration was created with BioRender.com and adapted from Uffelmann et al., 2021. 
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2 THE AIMS OF THE THESIS 

The central objective of this study is to investigate the underlying biology of miscarriage 

and placenta-associated obstetrical diagnoses by performing large-scale genetic analyses. To 

achieve this, we aim to: 

• conduct genome-wide association study meta-analysis using Estonian Biobank and 

FinnGen GWAS summary statistics, 

• annotate and characterise genome-wide significant signals in more detail, 

• investigate the shared genetic background of the respective diagnoses between each 

other, with other female reproductive diagnoses and with a broad range of traits using 

publicly available summary statistics data. 
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3 EXPERIMENTAL PART 

The experimental part consists of seven different approaches. An overview of the 

experimental framework is presented in Figure 2. 

 

Figure 2. Overview of Experimental Workflow. Cohort-level GWAS was performed using 

Estonian Biobank data 200K freeze. GWAS meta-analysis was performed using Estonian Biobank 

and FinnGen GWAS summary statistics download from the FinnGen website release R7. The sample 

size in the figure reflects the approximate range for the number of cases and controls of all seven 

diagnoses (hydatidiform mole (O01), other abnormal products of conception (O02), spontaneous 

abortion (O03), haemorrhage in early pregnancy (O20), premature rupture of membranes (O42), 

placenta previa (O44) and premature separation of placenta (abruptio placentae) (O45)). Post-GWAS 

analyses included Multi-Trait Analysis of GWAS using GWAS meta-analysis summary statistics, 

functional annotation, and prioritisation of candidate genes. Additionally, we analysed genetic 

correlation and phenotype association using GWAS meta-analysis summary statistics. Figure was 

created with BioRender.com. 
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3.1 MATERIALS AND METHODS 

3.1.1 Materials 

Selection of Diagnoses. To select the relevant diagnoses, the International Statistical 

Classification of Diseases and Related Health Problems (ICD-10 Version:2019) was used 

[8]. Maintained by the World Health Organization, the ICD-10 system converts medical 

diagnoses into alphanumeric codes and provides systematic records on all epidemiological 

diagnostics and international statistics on mortality and morbidity. The same system is also 

used to store information on health outcomes at the Estonian Biobank (EstBB) [81]. This 

thesis focuses on several female-specific diagnoses from Chapter XV, titled Pregnancy, 

childbirth and the puerperium, encoded as “O” codes. These are “hydatidiform mole” (O01), 

“other abnormal products of conception” (O02), “spontaneous abortion” (O03), 

“haemorrhage in early pregnancy” (O20), “premature rupture of membranes” (O42), 

“placenta previa” (O44) and “premature separation of placenta (abruptio placentae)” (O45). 

The detailed information and classification of the selected diagnoses codes in the ICD-10 

system can be seen in Supplementary Table S1. 

Estonian Biobank Genotyping Details and Cohort-Level GWAS. More than 200,000 

individuals (20% of the country’s adult population, including over 135,000 females) are 

enrolled in the population-based EstBB, where each participant has signed a broad informed 

consent document. Ethical approval 1.1-12/624 for the study was obtained from the Estonian 

Committee on Bioethics and Human Research (Estonian Ministry of Social Affairs). The 

investigations detailed in this study used the 200K data freeze, and GWAS summary 

statistics were used in downstream analyses. Cases were identified using the following ICD-

10 codes: O01, O02, O03, O20, O42, O44 and O45. The control group for each analysed 

disease consisted of females who did not have respective diagnosis code. The median and 

range of age at agreement of cases and controls are presented in Supplementary Table S2. 

The initial analysis was performed with unselected controls, i.e., every female in EstBB 

(nulliparous, primiparous, and multiparous females) without respective diagnosis. To check 

the robustness of the results, the analysis was also performed with selected controls 

(primiparous and multiparous females), which showed that the results were not biased by 

control selection. Since the results were quite similar, we used the results from the analysis 

with unselected controls in downstream analyses and present only these results. 

Additionally, controls without connected health registry information to the EstBB were 
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excluded from the analyses. The total number of cases, unselected controls, and sample size 

of the EstBB cohort for each diagnosis are presented in Table 1. 

Table 1. Number of cases, controls, and total sample size of EstBB cohort. 

ICD-10 Code Diagnosis Name Cases Controls Sample Size 

O01 Hydatidiform mole 152 126,655 126,807 

O02 Other abnormal products of conception 6819 119,988 126,807 

O03 Spontaneous abortion 4817 121,990 126,807 

O20 Haemorrhage in early pregnancy 10,276 116,531 126,807 

O42 Premature rupture of membranes 8276 118,531 126,807 

O44 Placenta praevia 668 126,139 126,807 

O45 Premature separation of placenta (abruptio placentae) 600 126,207 126,807 

 

As previously described by Pujol Gualdo et al., 2022 [73], genotyping of the EstBB 

individuals was performed at the Core Genotyping Lab of the Institute of Genomics, 

University of Tartu, with Illumina GSAv1.0, GSAv2.0, and GSAv2.0_EST arrays. Illumina 

GenomeStudio v2.0.4 was used to create PLINK format files. Quality control and imputation 

steps were not done as a part of this study but were previously done by the Bioinformatics 

Core Lab of the Institute of Genomics, University of Tartu. Briefly, individuals with call-

rate <95%, and mismatched sex in phenotype data and sex defined by their X chromosome 

heterozygosity were excluded. Only variants with call-rate >95%, Hardy-Weinberg 

Equilibrium (HWE) p-value > 1 × 10−4, and minor allele frequency (MAF) > 1% were 

imputed, except for not using HWE filter for X chromosome. Build GRCh37 was used for 

position mapping of the variants, which were converted to be from the TOP strand using 

GSAMD-24v1-0_20011747_A1-b37.strand.RefAlt.zip files [82]. Eagle v2.3 software [83] 

was used for pre-phasing (number of conditioning haplotypes set to --Kpbwt=20000). 

Beagle v28Sep18.793 software [84] was used for imputation (Ne = 20,000), and 2297 whole 

genome sequencing (WGS) samples were used for the population-specific imputation 

reference [85]. 

To carry out the association testing, REGENIE v2.2.4 software [86] and its mixed logistic 

regression model was used, since it allows to keep relatives and adjust for covariates (year 

of birth and the first 10 principal components (PCs)). Among several genetic models, where 

each assumes different genetic effects, both additive and recessive genetic models were 



18 

 

evaluated for every diagnosis. Finally, variants with low imputation quality (INFO score < 

0.4) and minor allele count <5 were excluded from further analyses. 

FinnGen Study Cohort and Genotyping Details. The FinnGen project includes electronic 

health records of several registries and the Finnish biobank data on 309,154 individuals and 

more than 3000 disease endpoints [87]. As described by Kurki et al., 2022, genotyping of 

the FinnGen individuals was performed with Illumina and Affymetrix arrays. Population-

specific Sequencing Initiative Suomi (SISu) v3 reference panel with Beagle 4.1 

v08Jun17.d8b software [88] was used for imputation. SAIGE v0.35.8.8 software [89] was 

used to test for association analysis with age, sex, first 10 PCs, and genotyping batch as 

covariates. Only variants with imputation INFO score > 0.6 or MAF > 0.01% were included. 

Since FinnGen GWAS summary statistics of Chapter XV “Pregnancy, childbirth and the 

puerperium” diagnoses are not browsable using the ICD-10 codes, we searched for the 

diagnosis name (e.g., hydatidiform mole). For the GWAS meta-analysis, we downloaded 

publicly available GWAS summary statistics of the FinnGen genetic association study from 

the FinnGen website release R7 [90]. In FinnGen cohort, cases were identified using the 

corresponding ICD-10 codes (O01, O02, O03, O20, O42, O44 and O45) and assigned 

FinnGen codes (Table 2). The control group for each analysed diagnosis consisted of females 

who did not have respective ICD-10 superclass diagnosis codes (i.e., for “hydatidiform 

mole”, “other abnormal products of conception” and “spontaneous abortion”, controls were 

females who did not have codes from the ICD-10 superclass “Pregnancy with abortive 

outcome” (O00–O08)). The total number of cases, controls, and sample size for each 

diagnosis of the Finnish cohort are presented in Table 2. 

Table 2. Number of cases, controls, and total sample size of FinnGen cohort. 

FinnGen Code Diagnosis Name Cases Controls 
Sample 

Size 

O15_PREG_HYDAT Hydatidiform mole 306 124,547 124,853 

O15_CONCEPT_ABNORM 
Other abnormal products of 

conception 
8933 124,547 133,480 

O15_ABORT_SPONTAN Spontaneous abortion 13,354 124,547 137,901 

O15_HAEMORRH_EARLY_PREG Haemorrhage in early pregnancy 4811 152,785 157,596 

O15_MEMBR_PREMAT_RUPT Premature rupture of membranes 5066 142,734 147,800 

O15_PLAC_PRAEVIA Placenta praevia 917 142,734 143,651 

O15_PLAC_PREMAT_SEPAR Premature separation of placenta 465 142,734 143,199 
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3.1.2 Estonian Biobank and FinnGen GWAS Meta-Analysis 

For the GWAS meta-analysis, GWAS summary statistics data from two study cohorts 

(EstBB and FinnGen) was used, including up to ~285,000 females of European ancestry (the 

exact number of cases and controls for each diagnosis are presented in Table 3). GWAMA 

v2.1 open-source software [91] was used for meta-analysis using inverse variance weighted 

fixed-effects method with genomic control. 

Table 3. Number of cases, controls, and total sample size of EstBB and FinnGen data combined. 

ICD-10 Code Diagnosis Name Cases Controls Sample Size 

O01 Hydatidiform mole 458 251,202 251,660 

O02 Other abnormal products of conception 15,752 244,535 260,287 

O03 Spontaneous abortion 18,171 246,537 264,708 

O20 Haemorrhage in early pregnancy 15,087 269,316 284,403 

O42 Premature rupture of membranes 13,342 261,265 274,607 

O44 Placenta praevia 1585 268,873 270,458 

O45 
Premature separation of placenta (abruptio  

placentae) 
1065 268,941 270,006 

 

3.1.3 Functional Annotation of GWAS Signals 

GWAS summary statistics from EstBB cohort-level data, as well as EstBB and FinnGen 

meta-analysis, were annotated using the Functional Mapping and Annotation of Genome-

Wide Association Studies (FUMA v1.3.8 and FUMA v1.4.1, respectively) platform [77]. 

FUMA is one of the most integrative platforms for annotating SNPs and genes, where 

candidate gene expression patterns and shared molecular functions can be effectively 

visualised and interpreted. Several implemented tools used for functional annotation are 

ANNOVAR [78], CADD [92], RegulomeDB [93], and 15-core chromatin state [94]. 

According to FUMA, any variant causally associated with a trait should have a functional 

effect on a gene (by altering protein structure or transcription level). 

The significant threshold for lead SNPs and candidate SNPs identification was set to p < 5 

× 10−8. The threshold for the measure of linkage disequilibrium between two loci for 

independent significant SNPs was set to r2 >= 0.6. The reference population panel used in 

the analysis was 1000G Phase3 EUR. The maximum distance of LD blocks for merging into 

locus was set to <=250kb. For the rest of the parameters, the default settings in FUMA were 

used (e.g., minimum CADD score >= 12.37, maximum RegulomeDB score = 7, 15-core 
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chromatin state maximum state <= 7). CADD score is a measure of the SNPs 

deleteriousness, RegulomeDB is a measure of SNPs regulatory functionality (1 being the 

strongest evidence), and first seven 15-core chromatin state include only open chromatin 

states with active and regulatory regions. Additionally, genetic variants not present in both 

cohorts (n_studies < 2), variants with MAF < 1%, and the highly polymorphic and gene-

dense MHC region were excluded. In the results section, genomic risk loci are reported 

according to the lead SNP as defined by FUMA. Every identified lead SNP was further 

assessed if it passed a more stringent genome-wide significance threshold that accounts for 

the number of performed analyses (i.e., p < 5 × 10−8/14 = 3.6 × 10−9; 7 different traits and 

two genetic models (additive and recessive)) and if its heterogeneity index (I2; a measure of 

heterogeneity between cohorts in meta-analyses)) is of the reasonable magnitude. 

3.1.4 Prioritisation of Candidate Genes 

To nominate potential candidate genes at each locus and interpret broader biological context, 

several approaches were used, such as the nearest gene to the association signal, gene-based 

testing, data on expression quantitative trait loci (eQTLs), 3D chromatin interactions (Hi-C), 

data from mouse models databases, gene set, and tissue/cell type enrichment analyses 

(Figure 3). In this section, each approach will be briefly described. 

 

Figure 3. Strategy Used for Candidate Gene Mapping. To prioritise the most likely candidate 

genes at each associated locus, we have investigated the nearest gene to the association signal, output 

from MAGMA gene-based analysis, data on expression quantitative trait loci (eQTLs), 3D chromatin 

interactions (Hi-C), and from mouse models databases. To identify tissue-specific gene expression 

profiles, we have performed MAGMA and DEPICT tissue enrichment analysis. To search for 

enriched group of genes and associated biological pathway, we have performed MAGMA gene-set 

analysis. Figure was created with BioRender.com. 
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Firstly, the nearest gene to the lead association signal was investigated, as it is 

straightforward, yet comparably effective approach as other methods [95]. Next, using the 

MAGMA v1.08 tool [79] developed by De Leeuw et al., 2015, implemented in FUMA, joint 

association effect of all SNPs within a gene was tested, taking into consideration the LD 

structure. Specifically, in MAGMA gene analysis based on multiple linear PCs regression 

model and accounting for LD (reference panel 1000G Phase3 [96]), SNPs were mapped to 

18,895 protein-coding genes, while the genome-wide significant threshold was set at p = 

0.05/18895 = 2.646 × 10−6. In the results section we will report p-value and q-value (i.e.,  

p-value adjusted for the number of performed tests). 

Additionally, some SNPs in non-coding regions might have regulatory effects on genes [97–

99]. For example, they can be eQTLs (genetic variants previously associated with 

differences in RNA levels), or they are known to physically interact with promoter regions 

via chromatin interactions. In both analyses, we used predefined parameters and data sources 

built in FUMA (e.g., GTEx v6/v7/v8, BRAINEAC, eQTLGen, eQTL Catalogue, Hi-C of 21 

tissue/cell types from GSE87112, Hi-C loops from Giusti-Rodriguez et al., 2019 [100–104]). 

Although most of the tissues used in these datasets are not functionally relevant for the 

obstetrical and placenta-associated diagnoses, they have the potential to provide insights into 

the regulatory effects of genetic variants and suggest targets for future research, and, thus, 

are worth investigating [105]. Additionally, reported cis- and trans-eQTLs from several 

studies on eQTLs in human placenta [106,107] were investigated. Finally, data from 

experiments on mice (gene knockouts or overexpression) contributes to studying the 

function of genes, further disentangling the genetic determinants of complex traits. Here, we 

looked for mouse phenotypes that might be relevant for placental biology (phenotypes 

related to the reproductive tract or affecting embryonic development/viability) [108,109]. 

To identify tissue-specific gene expression profiles and, thus, potentially biologically 

relevant tissue or cell types, two complementary approaches were used, since currently no 

“gold standard” exists for the analytical approach. First, the GTEx (v8) 30 general tissue 

types dataset and the full distribution of SNP p-values were used in MAGMA gene-property 

analysis implemented in FUMA. Similarly, the Data-driven Expression Prioritized 

Integration for Complex Traits (DEPICT) tool [80] developed by Pers et al., 2015, 

implemented in Complex-Traits Genetics Virtual Lab (CTG-VL 0.5-beta) [110] was used to 

identify tissues that show enrichment for GWAS results. Compared with MAGMA, DEPICT 

has a broader catalogue to infer how different genes are related to different biological 
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processes using the reconstituted gene sets from databases such as GO [111], KEGG [112], 

REACTOME [113] and Mouse Genetics Initiative [114]. In DEPICT analysis, the p-value 

threshold was set to 1 × 10−5, meaning all variants with a p-value below this threshold were 

used in the analysis. Results from MAGMA and DEPICT are corrected for multiple testing 

using the Bonferroni and FDR correction (q-values), respectively. 

To search for enriched group of genes and associated biological pathways, in the MAGMA 

gene-set analysis, SNPs were mapped to 10,678 biologically and functionally related gene 

sets (4761 curated gene sets 4761 and 5917 GO terms) from Molecular Signatures Database 

(MSigDB v7.0) [115]. Also, Bonferroni correction (q-value) for the number of performed 

tests was applied to reduce the risk of false positives. 

3.1.5 Genetic Correlation 

To better understand the shared genetic background between the obstetrical diagnoses of our 

interest, with other female reproductive diagnoses we are studying in our research group, 

and with a broad range of traits from the public genetic correlation database, their pairwise 

genetic correlations was examined using the LDSC v1.0.1 Python command line tool 

[116,117]. We chose this method as it is a widely used and efficient tool for estimating 

genetic correlations (𝑟𝑔) and SNP-heritability (ℎ𝑆𝑁𝑃
2 ), allowing for sample overlap. 

Moreover, it performs well even with underpowered GWAS summary statistics data where 

no significant genome-wide signals are detected. The LDSC algorithm uses a combination 

of test statistics and LD scores to identify true polygenic signals and correct for biases. Test 

statistics are measures of the statistical significance of the relationship between a genetic 

variant and a trait, and LD scores are measures of the correlation strength between an SNP 

and other SNPs in the genome. To be precise, LDSC uses only those SNPs present in the 

HapMap 3 reference panel (i.e., common, well-imputed SNPs; ca. around 1.3 million SNPs). 

The initial genetic correlation analysis included 47 different phenotypes from Chapters II, 

IV, XIV and XV of the ICD-10 system, encompassing diagnoses related to female 

reproductive disorders, such as “benign and malignant neoplasms”, “polycystic ovarian 

syndrome”, “genitourinary diseases” and “pregnancy complications”. The GWAS summary 

statistics datasets were available from our work group, and the sample sizes ranged from 

~221,000 to ~300,000. To correct for the number of performed tests (n = 1081), the 

Benjamini-Hochberg method was applied. To highlight similarities and differences in 

genetic correlations between diagnoses, a correlation plot was created using R v4.2.1 

packages dplyr and a modified version of corrplot by Kanai et al., 2018 [118]. Diagnoses 
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were also clustered by the hierarchical clustering method to identify grouping patterns based 

on their genetic correlation estimate (𝑟𝑔). 

Secondly, in the LDSC batch genetic correlation analysis implemented in Complex-Traits 

Genetics Virtual Lab (CTG-VL 0.5-beta) [110], each diagnosis from our list was compared 

with 1403 traits available in a public genetic correlation database, including phenotypes 

related to anthropometric traits, cardiometabolic phenotypes, education, hormonal 

measurements, mental health, parents’ illnesses, pain, reproductive health, and smoking 

behaviour. Bonferroni correction (p < 0.05/1403 = 3.5 × 10−5) was applied to account for the 

number of performed tests. To visually compare the results, forest plot was created using R 

v4.2.1 packages tidyverse, forcats and ggplot2. 

3.1.6 SNP-Heritability 

In statistics, the proportion of variation in a trait attributed to all genetic factors is called total 

heritability (𝐻2). Part of this comes from so-called SNP-heritability (ℎ𝑆𝑁𝑃
2 ), or the proportion 

of variation in the trait explained by additive effects of commonly occurring genetic variants 

(SNPs) from GWAS. 

To calculate SNP-heritability, LDSC v1.0.1 tool [116,117] was used. The estimates on the 

observed scale from the LDSC were converted to the liability scale according to the work of 

Lee et al., 2011 [119], and assuming that the population prevalence is equal to the sample 

prevalence. This conversion allows better interpretation and accounts for ascertainment bias 

when studying binary traits (i.e., diseases with one of two possible states: 

affected/unaffected). Visual representation of results was created using R v4.2.1 packages 

tidyverse, forcats and ggplot2. 

3.1.7 Multi-Trait Analysis of GWAS 

In most recent studies, the Multi-Trait Analysis of GWAS (MTAG v1.0.8) [120] has been 

used to perform a joint GWAS analysis of the traits with high genetic correlation and SNP-

heritability. This fast-computing command line tool can generate trait-specific association 

statistics using the generalisation of inverse-variance-weighted meta-analysis. The main idea 

is to boost the number of genome-wide significant loci in each trait and possibly unravel 

novel loci by leveraging power from its related traits. 

Diagnoses selection was made according to the formed clusters in the genetic correlation 

plot. Therefore, diagnoses “ectopic pregnancy” (O00, 𝑛𝑐𝑎𝑠𝑒𝑠  = 7070, 𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠 = 248,810), 
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and “preterm labor and delivery” (O60, 𝑛𝑐𝑎𝑠𝑒𝑠 = 10,968, 𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠 = 259,753) were included 

due to their high genetic correlation with our diagnoses of interest. GWAS meta-analysis 

summary statistics files of diagnoses “ectopic pregnancy” (O00), “other abnormal products 

of conception” (O02), “spontaneous abortion” (O03) and “haemorrhage in early pregnancy” 

(O20) were formatted according to the requirements of MTAG. Only variants present in both 

cohorts (n_studies == 2) were included. Special option flag “--force” was added in the bash 

script to override the tool’s default configuration to stop the computation if the mean ꭓ2 

statistic is lower than 1.02. The output files of individual traits were uploaded to FUMA as 

described in Section 3.1.3. The same steps were applied to conduct the MTAG pairwise 

analysis for diagnoses “premature rupture of membranes” (O42) and “preterm labor and 

delivery” (O60). 

3.1.8 Phenotype Association 

In addition to the genetic correlation, the extent of overlap between obstetrical diagnoses and 

other phenotypes was examined through the phenome-wide phenotype association analysis 

(phepheWAS) between each diagnosis from our list and the other ICD-10 diagnoses present 

in the EstBB 200K data freeze (~2000 diagnosis codes). The analysis was based on the 

framework described by Pujol Gualdo et al., 2022 [121]: one diagnosis case-control status 

was tested against all the other ICD-10 diagnosis case-control statuses in a logistic regression 

framework. Diagnoses in ICD-10 system are grouped into following Chapters: I - “Certain 

infectious and parasitic diseases” (A00–B99), II - “Neoplasms” (C00–D48), III - “Diseases 

of the blood and blood-forming organs and certain disorders involving the immune 

mechanism” (D50–D89), IV - “Endocrine, nutritional and metabolic diseases” (E00–E90), 

V - “Mental and behavioral disorders” (F00–F99), VI - “Diseases of the nervous system” 

(G00–G99), VII - “Diseases of the eye and adnexa” (H00–H59), VIII - “Diseases of the ear 

and mastoid process” (H60–H95), IX - “Diseases of the circulatory system” (I00–I99), X - 

“Diseases of the respiratory system” (J00–J99), XI - “Diseases of the digestive system” 

(K00–K93), XII - “Diseases of the skin and subcutaneous tissue” (L00–L99), XIII - 

“Diseases of the musculoskeletal system and connective tissue” (M00–M99), XIV - 

“Diseases of the genitourinary system” (N00–N99), XV - “Pregnancy, childbirth and the 

puerperium” (O00–O99), XVI - “Certain conditions originating in the perinatal period” 

(P00–P96), XVII - “Congenital malformations, deformations and chromosomal 

abnormalities” (Q00–Q99), XVIII - “Symptoms, signs and abnormal clinical and laboratory 

findings, not elsewhere classified” (R00–R99), XIX - “Injury, poisoning and certain other 
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consequences of external causes” (S00–T98), XX - “External causes of morbidity and 

mortality” (V01–Y98), XXI - “Factors influencing health status and contact with health 

services” (Z00–Z99) and XXII - “Codes for special purposes” (U00–U89). 

The findings from this analysis provide insight into the likelihood of having co-occurring 

diagnoses, i.e., whether cases of a particular diagnosis compared to the controls have some 

other common diagnoses. The model was adjusted for year of birth and ten genetic PCs, and 

Bonferroni correction was applied to account for the number of performed tests (p < 

0.05/2001 = 2.5 × 10−5). All first- and second-degree relatives were excluded, and the 

analysis was conducted using unselected controls. The results were visualised using R v4.1.3 

packages stringr, dplyr, slam, qdap and PheWAS. 
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3.2 RESULTS 

3.2.1 Characterisation of Genomic Loci 

Estonian Biobank and FinnGen Cohort-Level GWAS Results. EstBB GWAS included 

a total number of 126,807 females of European ancestry (Table 1). Assuming an additive 

genetic model, significant locus was detected only in diagnosis “haemorrhage in early 

pregnancy”, as shown in Figure 4a. The lead SNP on chromosome 17 (rs58568636, p = 3.25 

× 10−12, MAF = 34%) is an intronic variant of the SMG6 gene. Downstream of the same 

gene, we detected an independent significant SNP (rs2236374, p = 3.85 × 10−8, MAF = 

40%). No evidence was found for significant genetic associations in other diagnoses. 

When using a recessive genetic model, similar results were observed (Figure 4b), as we 

detected a significant association only for the “haemorrhage in early pregnancy” diagnosis. 

The significant locus on chromosome 17 is near the same SMG6 gene, but with different 

lead SNP (rs216224, p = 2.71 × 10−9, MAF = 36%) and no additional independent significant 

SNPs. 

a) 

 

rs58568636, p = 3.25 × 10−12 
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b) 

 

Figure 4. Manhattan Plots Made in FUMA of EstBB Cohort-Level GWAS for Diagnosis 

Haemorrhage in Early Pregnancy Assuming a) Additive Genetic Model and b) Recessive 

Genetic Model. On the x-axis are represented chromosomes and each dot is a genetic variant (SNP), 

while on the y-axis is the −log10 p-value from the analysis. The red dashed line marks the genome-

wide significance set at 5 × 10−8. The orange dots are statistically significant SNPs, while the 

annotated dot is the lead SNP. Corresponding QQ plots of GWAS summary statistics are presented 

in Supplementary Figure S1. 

For comparison, in the FinnGen GWAS of the total sample size ranging from ~120,000–

150,000 females, no significant SNPs were detected in any of the seven diagnoses. 

Estonian Biobank and FinnGen GWAS Meta-Analysis Results. To conduct the GWAS 

meta-analysis, we combined the EstBB additive model and the FinnGen GWAS summary 

statistics increasing the total sample size up to ~285,000 females in the analyses (Table 3). 

As expected due to the increase in sample size, the meta-analyses identified novel loci in 

two out of seven diagnoses (Table 4). 

Table 4. Identified Lead SNPs in GWAS Meta-Analysis 

ICD-10 

Code 
Diagnosis Name 

Cytogenetic 

Region 

rs ID 

(EA/NEA) 
p-value EAF 

OR (EA) 

(95% CI) 

O20 
Haemorrhage in early 

pregnancy 
17p13.3 

rs11657636 

(C/T) 
1.65 × 10−12 0.326 

0.91 

(0.89–0.93) 

O42 
Premature rupture of 

membranes 
12q13.13 

rs4237901 

(C/T) 
5.2 × 10−10 0.731 

0.91 

(0.86–0.94) 

EA–effect allele; NEA–non-effect allele 

rs216224, p = 2.71 × 10−9 
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Diagnoses “hydatidiform mole”, “other abnormal products of conception”, and 

“spontaneous abortion” did not have significant signals. In “haemorrhage in early 

pregnancy”, we detected a genome-wide significant locus on chromosome 17 (rs11657636, 

p = 1.65 × 10−12, MAF = 33%). For the placental phenotypes, we found significant signals 

on chromosome 12 (rs4237901, p = 5.2 × 10−10, MAF = 27%) for “premature rupture of 

membranes”, while the diagnoses “placenta previa” and “premature separation of placenta” 

did not have statistically significant associations. The first mentioned lead variant showed 

higher heterogeneity index (rs11657636, I2 = 61%) due to the higher number of cases present 

in EstBB and, thus, greater statistical power of the cohort data. The other lead variant showed 

no heterogeneity (rs4237901, I2 = 0%). Additionally, Q-Cochran p-values of 0.1 and 0.5 

suggested no heterogeneity between Estonian and Finnish cohorts. The Manhattan plots 

from the GWAS meta-analyses are presented in Figure 5, while the corresponding QQ plots 

are in Supplementary Figure S1. 

a) 

 

b) 

 

Figure 5. Manhattan Plots Made in FUMA of EstBB and FinnGen GWAS Meta-Analysis for 

Diagnoses a) Haemorrhage in Early Pregnancy, and b) Premature Rupture of Membranes. On 

rs11657636, p = 1.65 × 10−12 

 

rs4237901, p = 5.2 × 10−10 
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the x-axis are represented chromosomes and each dot is a genetic variant (SNP), while on the y-axis 

is the −log10 p-value from the meta-analysis. The red dashed line marks the genome-wide 

significance set at 5 × 10−8. The orange dots are statistically significant SNPs, while the annotated 

dot is the lead SNP. Corresponding QQ plots of GWAS summary statistics are presented in 

Supplementary Figure S1. 

3.2.2 Functional Annotation and Candidate Genes Prioritisation 

Studying the lead SNPs associated with a trait of interest is the first, but insufficient step for 

understanding underlying biological mechanisms. To reliably explain observed associations 

and propose the most likely biologically relevant variants, we assessed outputs from 

databases integrated in FUMA, such as CADD scores, RegulomeDB scores, and 15 

chromatin state marks for individual variants. Additionally, using an approach described in 

Section 3.1.4, we combined several layers of data, such as the nearest gene to the association 

peak, MAGMA gene-based testing, data on eQTLs, chromatin interactions (Hi-C) and from 

mouse models databases, to propose the most likely candidate genes at each associated locus. 

These findings are discussed in more detail below and summarised in Table 5. 

For the diagnosis “haemorrhage in early pregnancy”, the top lead SNP is in the intronic 

region of the protein coding gene SMG6, and also tags an exonic SNP (rs216195, p = 1.32 × 

10−8, r2 = 0.74) that has a high CADD score (23.1), indicating potentially detrimental 

functional consequences of this variation. The same SMG6 gene was also highlighted in the 

gene-based analysis (p = 3.97 × 10−8, q = 0.0008), while another gene in the same region, 

HIC1, also passed the statistical significance threshold (p = 3.02 × 10−7, q = 0.003) (Figure 

6a). Interestingly, in the intron of the HIC1 gene, we found one suggestively significant SNP 

(rs4455005, p = 3.5 × 10−6, r2 = 0.71) with a high CADD score (22.6), which 15-core 

chromatin state revealed overlap with transcription start sites in fetal lung, ESC derived cells 

and placenta. Regarding diagnosis “premature rupture of membranes”, the lead SNP is in the 

intronic region of the protein-coding gene SLC4A8, which is next to the GALNT6 gene. 

Gene-based analysis revealed two statistically significant protein-coding genes SLC4A8 (p 

= 4.38 × 10−8, q = 0.0008) and TSPAN32 (p = 2.17 × 10−6, q = 0.02) (Figure 6b). 
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a) 

 

b) 

 

Figure 6. Manhattan Plots Made in FUMA of MAGMA Gene-Based Testing for Diagnoses a) 

Haemorrhage in Early Pregnancy and b) Premature Rupture of Membranes Using EstBB and 

FinnGen Data. In the gene-based analysis, SNPs were mapped to 18,895 protein-coding genes. On 

the x-axis are represented chromosomes and each dot is a gene, while on the y-axis is the −log10 p-

value from the meta-analysis. The red dashed line marks the genome-wide significance set at p = 

0.05/18895 = 2.646 × 10−6. The orange dots are statistically significant highlighted genes. 

Corresponding QQ plots of MAGMA gene-based test are presented in Supplementary Figure S2. 

Next, according to eQTL and chromatin interaction data (Supplementary Figure S3) 

implemented in FUMA, for “haemorrhage in early pregnancy” the following 11 genes on 

the chromosome 17 were proposed as candidate genes for this locus: PAFAH1B1, SGSM2, 

AC006435.1, MNT, SMG6, SRR, RTN4RL1, DPH1, HIC1, OVCA2, TSR1. The genes linked 

by only eQTLs were ERBB2 and RPA1. Chromatin interactions individually identified 

interaction with another 11 different genes: INPP5K, SERPINF1, PRPF8, WDR81, TLCD2, 

SERPINF2, PFN1, ENO3, SLC25A11, RNF167, SPAG7. Concerning “premature rupture of 

membranes”, both analyses associated lead SNP with the two additional genes on 
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chromosome 12: CSRNP2 and AC068987.1. Chromatin interactions alone identified 

interaction with additional 10 different genes: ANKRD33, ACVR1B, CELA1, BIN2, SMAGP, 

DAZAP2, LETMD1, SLC11A2, TMPRSS12, ATF1, while the genes linked by only eQTLs 

were: GALNT6, POU6F1, KRT75 and METTL7A. Previously reported placental eQTLs were 

not in LD with any of our candidate SNPs (r2 >= 0.6). 

To obtain more insights into the potential functional roles of these genes, we used data from 

a mouse genotype database [108,109]. Experiments on mice showed that transgene insertion 

into one of the introns of the SMG6 gene causes the death of the embryo. Moreover, 

homozygous knock-out mutants of the same gene died before birth, while those homozygous 

for the conditional allele resulted in defective gene functionality. Regarding HIC1 gene, 

homozygous mutants with null mutation died in the later pregnancy stages due to the various 

abnormalities, while the heterozygotes developed malignant neoplasms in several organ 

systems. In diagnosis “premature rupture of membranes”, knock-out mutants of the SLC4A8 

gene resulted in abnormal sodium and chloride ion excretion. Additionally, homozygous null 

mice of the genes noted in the Table 5 for diagnoses “haemorrhage in early pregnancy” 

(PAFAH1B1, INPP5K, SERPINF1, PFN1, SLC25A11 and RPA1) and “premature rupture of 

membranes” (AC068987.1, ACVR1B, SLC11A2 and TMPRSS12) all led to embryonic 

lethality, indicating their potential relevance for the embryonic development. 

Based on all these diverse data sources, we propose as the most likely candidate genes 

SMG6, HIC1 and SRR for “haemorrhage in early pregnancy” at the associated risk locus on 

chromosome 17, and SLC4A8 and GALNT6 genes for “premature rupture of membranes” at 

the associated risk locus on chromosome 12. 

Following Bonferroni multiple test corrections, no significant enrichment was observed in 

any of the tissues examined for both diagnoses. However, as shown in Figure 7, the top 

nominally associated tissue was the uterus (p = 0.04, q = 0.49) for “haemorrhage in early 

pregnancy”, and the stomach (p = 0.03, q = 0.44) for “premature rupture of membranes”. 

Using a different tissue enrichment testing approach (the DEPICT software), we also 

observed a nominally significant enrichment (p = 0.0014, q = 0.3) in embryoid bodies for 

“haemorrhage in early pregnancy”. Embryoid bodies (EB) are spherical embryonic stem cell 

aggregates often used as a model system of gene regulation and embryonic development 

[122], as the embryonic stem cells in EB differentiate and specialise into three germ layers 

– endoderm, ectoderm, and mesoderm. 
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a) 

 

b) 

 

Figure 7. The Bar Plots Made in FUMA of MAGMA Tissue Enrichment Analysis of GTEx v8 

(Including 30 General Tissue Types) for Diagnoses a) Haemorrhage in Early Pregnancy and 

b) Premature Rupture of Membranes. The p-values were transformed to log scale for clearer 

results. 

Finally, gene-set analysis revealed nominally significant enrichment in global genome 

nucleotide excision repair pathway involved in DNA repair for “haemorrhage in early 

pregnancy” (p = 7.2895 × 10−7, q = 0.011) and the negative regulation of dendrite 

morphogenesis (p = 1.9714 × 10−5, q = 0.31) for “premature rupture of membranes”. 

 



Table 5. Summary Table of Candidate Gene and Enriched Tissues Mapping. 

The most plausible candidate genes we propose are marked in bold. 

Diagnosis 

Name 

Nearest 

Gene 

MAGMA 

(gene-based) 
eQTLs Hi-C 

Mouse  

Models 

MAGMA 

(tissue 

enrichment) 

DEPICT 

(tissue  

enrichment) 

MAGMA 

(gene-set) 

Haemorrhage 

in early 

pregnancy 

SMG6 • SMG6 

• HIC1 

• PAFAH1B1 
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3.2.3 Genetic Correlation 

The genetic correlation between obstetrical diagnoses related to miscarriage and placenta, 

with female reproductive diagnoses and other traits from publicly available genetic 

correlation database was tested using the LDSC v1.0.1 tool [116,117]. 

Firstly, the pairwise correlation analysis amongst female reproductive diagnoses revealed 

that certain diagnoses tend to cluster in distinct groups. Specifically, the diagnoses with 

abortive outcomes formed a separate cluster from the placenta-associated pregnancy 

complications. In particular, diagnoses “other abnormal products of conception” (O02), 

“spontaneous abortion” (O03), and “haemorrhage in early pregnancy” (O20) were more 

strongly correlated with one another (lowest: 𝑟𝑔 = 0.82, p = 4.8 × 10−3, highest: 𝑟𝑔 = 0.91, p 

= 5.75 × 10−5) and with the diagnosis “ectopic pregnancy” (O00) (𝑟𝑔 = 0.45–0.62, p < 2 × 

10−2), thus, creating a smaller cluster nested within the larger cluster, which included 

diagnoses “female infertility of uterine origin” (N97.2), “excessive, frequent and irregular 

menstruation” (N92), umbrella phenotype of menstrual disorders (N91.N92.1.N92.5.N92.6), 

“inflammatory disease of uterus” (N71) and “other inflammation of vagina and vulva” 

(N76). As for placenta-associated diagnosis “premature rupture of membranes” (O42), it had 

the strongest positive correlation with the diagnosis “preterm labour and delivery” (O60) (𝑟𝑔 

= 0.68, p = 2 × 10−4), and negative correlation with the “diseases of Bartholin gland” (N75) 

(𝑟𝑔 = −0.54, p = 6.7 × 10−2), “liver disorders in pregnancy, childbirth and puerperium” 

(O26.6) (𝑟𝑔 = −0.28, p = 9.2 × 10−2), “female infertility associated with anovulation” (N97.0) 

(𝑟𝑔 = −0.46, p = 9.5 × 10−2) and “polycystic ovarian syndrome” (E28.2) (𝑟𝑔 = −0.41, p = 3 × 

10−2). The pairwise correlation analysis results of 38 female reproductive diagnoses and their 

clustering based on the genetic correlation estimate (𝑟𝑔) are presented in Figure 8a, while 

obstetrical diagnoses of our interest and their exact 𝑟𝑔 values are presented in Figure 8b. Due 

to the insufficient sample size (𝑛𝑐𝑎𝑠𝑒𝑠 < 5000) and unreliable estimates, diagnosis 

“hydatidiform mole” (O01), “placenta previa” (O44) and “premature separation of placenta 

(abruptio placentae)” (O45) had to be excluded. 
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Figure 8. Results of Pairwise Genetic Correlation Analysis of a) 38 Female Reproductive 

Diagnoses and b) Obstetrical Diagnoses Related to Miscarriage and Placenta. Column and row 

names are diagnosis ICD-10 codes. Positive correlations are shown in red colour, and negative ones 

are in blue. Larger squares correspond to lower p-values. Asterisks indicate significant correlations 

after Benjamini-Hochberg correction for multiple testing (n = 1081). Light blue colour highlights 

clusters containing diagnoses of our interest (“other abnormal products of conception” (O02), 

“spontaneous abortion” (O03), “haemorrhage in early pregnancy” (O20), and “premature rupture of 

membranes” (O42)). The numbers in subfigure b) are exact 𝑟𝑔 values. 

Secondly, from the LDSC batch genetic correlation analysis, where we compared each 

diagnosis of our interest with 1403 independent traits available in a public genetic correlation 

database from the Complex Traits Genetics Virtual Lab [110], we found that after Bonferroni 

correction for multiple testing (p < 0.05/1403 = 3.5 × 10−5), only diagnosis “haemorrhage in 

early pregnancy” had significant genetic correlations with any other traits (99 different 

traits). Figure 9 illustrates genetic correlations of “haemorrhage in early pregnancy” with 

selected relevant traits from several categories spanning smoking, reproductive, 

cardiometabolic diseases, and other diseases. We observed the largest number of traits from 

cardiometabolic disorders category, and the highest genetic correlations with maternal heart 

disease (𝑟𝑔 = 0.48, p = 1.08 × 10−5), diseases of genitourinary system (𝑟𝑔 = 0.46, p = 4.6 × 

10−6), and maternal age at first live birth (𝑟𝑔 = −0.52, p = 2.5 × 10−11). 

b) 
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Figure 9. LDSC Batch Genetic Correlation Analysis of Diagnosis Haemorrhage in Early 

Pregnancy with Selected Relevant Traits. Exact 𝑟𝑔 estimates are marked with the dot, while the 

error bars are 95% confidence interval. The red dashed line represents zero genetic correlation. 

3.2.4 SNP-Heritability 

To calculate SNP-heritability (ℎ𝑆𝑁𝑃
2 ), we have transformed observed SNP-heritability 

estimates outputted by LDSC v1.0.1 tool [116,117] to the liability scale, assuming that the 

population prevalence is equal to the sample prevalence. The highest SNP-heritability of 4% 

was estimated for the diagnosis “haemorrhage in early pregnancy”, while for the other three 

diagnoses was as follows: “premature rupture of membranes” - 2%, “other abnormal 

products of conception” - 2% and “spontaneous abortion” - 1%. Due to the insufficient 

sample size, SNP-heritability estimates were unreliable for three diagnoses (“hydatidiform 

mole”, “placenta previa”, and “premature separation of placenta (abruptio placentae)”) and, 

thus, excluded. Detailed results are presented in Figure 10 and Supplementary Table S3. 
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Figure 10. SNP-Heritability (𝒉𝑺𝑵𝑷
𝟐 ) Estimates for Four Diagnoses of Interest. Exact 

ℎ𝑆𝑁𝑃
2 𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 estimates are marked with the dot, while the error bars are 95% confidence interval. 

The red dashed line represents zero ℎ𝑆𝑁𝑃
2 𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 estimates. 

3.2.5 MTAG Results 

To boost the power of our GWAS meta-analyses and possibly detect novel significantly 

associated loci, we performed MTAG analysis. After combining diagnoses “ectopic 

pregnancy” (O00), “other abnormal products of conception” (O02), “spontaneous abortion” 

(O03) and “haemorrhage in early pregnancy” (O20), a significant novel locus was detected 

only in diagnosis “haemorrhage in early pregnancy” on chromosome 10 (rs192543502, p = 

2.45 × 10−8, MAF = 1.2%). The p-value of the same SNP in the original meta-analysis was 

1.32 × 10−7. However, the mean ꭓ2 statistic (i.e., a measure of the overall statistical power of 

GWAS) for the individual diagnoses was as follows: O00 - 1.005, O02 - 0.996, O03 - 0.995, 

and O20 - 1.001. Similarly, in the pairwise analysis of the diagnoses “premature rupture of 

T
ra

it
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membranes” (O42) and “preterm labor and delivery” (O60), the mean ꭓ2 statistic for O42 

was 0.988 and for O60 was 1.007. 

Authors of the method have specified that the robustness of calculations was not thoroughly 

tested when the mean value of the ꭓ2 statistic is lower than 1.02. Considering the low 

heritability of the individual diagnosis, the results may have incorrect estimates, which can 

inflate the type I (false-positive) error rate. Therefore, MTAG analysis did not yield reliable 

novel results. 

3.2.6 Associated Phenotypes 

To further explore four diagnoses with significant genetic correlation results (“other 

abnormal products of conception”, “spontaneous abortion”, “haemorrhage in early 

pregnancy” and “premature rupture of membranes”) and to gain a more comprehensive 

understanding of their relationship with different diagnoses, we also performed a 

phepheWAS analysis using in-house R scripts. Specifically, we used a logistic regression 

framework adjusted for age and ten genetic PCs to explore which other ICD-10 diagnoses 

in the EstBB 200K database are more common among cases of respective obstetrical 

diagnoses. 

According to the results, all diagnoses analysed in this analysis were associated with an 

increased occurrence of “diseases of the genitourinary system” (N00–N99), diagnoses 

related to “pregnancy, childbirth and the puerperium” (O00–O99) and “health services in 

circumstances related to reproduction” (Z30–Z39). Additionally, “other predominantly 

sexually transmitted diseases” (A63), “candidiasis” (B37), “iron deficiency anaemia” (D50), 

“ovarian dysfunction” (E28), “abdominal and pelvic pain” (R10) emerged as significant 

associations from their distinctive categories in cases diagnosed with “other abnormal 

products of conception”, “spontaneous abortion”, and “haemorrhage in early pregnancy”. 

Interestingly, we found that “haemorrhage in early pregnancy” has exceptionally strong 

association with “other abnormal products of conception” (O02), “spontaneous abortion” 

(O03), and “female infertility” (N97), while “premature rupture of membranes” had with 

“preterm labour and delivery” (O60), “infections of genitourinary tract in pregnancy” (O23) 

and “haemorrhage in early pregnancy” (O20). Figure 11 illustrates the statistically 

significant associations of other diagnoses in cases diagnosed with “haemorrhage in early 

pregnancy” and “premature rupture of membranes”. The results for the other two diagnoses 

are presented in Supplementary Figure S4. 
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Figure 11. Associated Phenotypes in Cases Diagnosed with a) Haemorrhage in Early Pregnancy 

(O20) and b) Premature Rupture of Membranes (O42). The pheWAS plot illustrates the p-values 

of logistic regression phenotype association testing of the other diagnoses (e.g., the triangles’ 

orientation (upwards/downwards) indicates whether the cases diagnosed with “haemorrhage in early 

pregnancy” have an increased or decreased odds of having another diagnosis). On the x-axis are 

represented phenotypes/diagnoses categories from the ICD-10 system color-coded by the chapters, 

while on the y-axis is the −log10 p-value level of statistical significance. Each triangle is one 

diagnosis code. The red line marks the Bonferroni correction set at 2.5 × 10−5. The most significantly 

associated phenotypes are labelled. 

  

a) 

b) 
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3.3 DISCUSSION 

To elucidate causal mechanisms of adverse pregnancy outcomes, we conducted the first 

exploratory large-scale genetic analysis of four unique diagnoses related to miscarriage 

(“hydatidiform mole”, “other abnormal products of conception”, “spontaneous abortion”, 

“haemorrhage in early pregnancy”) and three placenta-associated obstetrical diagnoses 

(“premature rupture of membranes”, “placenta previa” and “premature separation of 

placenta (abruptio placentae)”). After including up to 18,171 cases and 269,316 controls in 

GWAS meta-analyses, we detected two novel susceptibility loci and proposed the most 

likely candidate genes in each locus: 17p13.3 risk locus with SMG6, HIC1 and SRR genes 

associated with the diagnosis “haemorrhage in early pregnancy” and 12q13.13 risk locus 

with SLC4A8 and GALNT6 genes associated with the diagnosis “premature rupture of 

membranes”. We further presented evidence of shared genetic background between the 

studied traits of our interest, and their phenotypic association with “diseases of the 

genitourinary system”, diagnoses related to “pregnancy, childbirth and the puerperium”, and 

“health services related to reproduction”. 

We characterised SNP-heritability for four diagnoses, and found it to be low, ranging from 

1 to 4% (lowest in “spontaneous abortion” and highest in “haemorrhage in early 

pregnancy”), whereas for other three diagnoses (“hydatidiform mole”, “placenta praevia” 

and “premature separation of placenta”) the sample sizes were too low to estimate SNP-

heritability. This is also mirrored in our variant level analysis, where we could not find 

genetic associations for traits with lower heritability. However, this low heritability makes 

sense from an evolutionary point of view, since a “genetic profile” that results in embryonic 

lethality cannot be passed onto next generations, and, thus, we would expect very small 

effects from common variants, which are the focus of this study. 

Next, our entirely data-driven approach confirmed genetic similarities between pregnancies 

with abortive outcomes and placenta-associated pregnancy complications. From the genetic 

correlation analysis across a wide variety of publicly available trait domains, we observed 

statistically significant genetic correlations only in diagnosis “haemorrhage in early 

pregnancy”, which aligns with expectations, given that this diagnosis had the highest 

estimated SNP-heritability. Specifically, we observed positive correlations and shared 

genetic basis with diseases of genitourinary, and circulatory system. Interestingly, in the 

diagnosis “haemorrhage in early pregnancy”, we found positive correlations with maternal 

and siblings cardiometabolic diseases implicating a potential multigenerational or long-term 
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effect of these complex diseases on adverse pregnancy outcomes. However, this result, 

consistent with some studies [123,124], but not universally supported [125], must be 

interpreted cautiously, since it may also reflect other confounders, such as socioeconomic 

status. Similarly, revealed negative correlation with maternal age at first/last live birth may 

point towards shared genetics, but could also stem from the fact that younger maternal age 

at first birth means more pregnancies, and, thus, a statistically higher chance of having 

pregnancy complications, as suggested in previous work [3,53,54]. Additionally, we 

observed that direction of the effect of environmental factors and lifestyle choices modifying 

genetic susceptibility to developing the condition is in line with discoveries of 

epidemiological studies [31,126]. 

The phenotype-level analysis showed a strong association between diagnoses “other 

abnormal products of conception”, “spontaneous abortion”, and “haemorrhage in early 

pregnancy”, which confirms that “haemorrhage in early pregnancy” often leads to 

miscarriage. Associations with “other predominantly sexually transmitted diseases” and 

“candidiasis” require cautious interpretation. Although it may indicate that infectious 

diseases are a risk factor, it can be confounding due to the fact that pregnant women are 

screened more often for these diseases. Regarding diagnosis “premature rupture of 

membranes”, while it exhibited the strongest association with “preterm labour and delivery” 

and “haemorrhage in early pregnancy”, considering the results of genetic correlations, there 

is more likely to be shared molecular mechanism only with “preterm labour and delivery”. 

However, this provides supporting evidence to the study of Saraswat et al., 2010 [35], that 

“haemorrhage in early pregnancy” can also be a predictor of third-trimester pregnancy 

complications. 

We discovered a novel susceptibility locus at 17p13.3 associated with diagnosis 

“haemorrhage in early pregnancy”, which has been previously reported in several studies on 

malignancies [127–129]. The lead SNP (rs11657636) in the intronic region of the protein-

coding gene SMG6 was in high LD with an exonic variant (rs216195) of the same gene. 

SMG6 gene is involved in two important cellular processes: it encodes the part of a 

telomerase ribonucleoprotein complex that ensures chromosome end maintenance and 

meiotic progression [130], and its protein also participate in initiation of the nonsense-

mediated mRNA decay (NMD) pathway needed for the degradation of aberrant mRNAs 

[131]. Several studies have shown that NMD components are essential for normal embryonic 

development. For example, when genes encoding key NMD factors, such as SMG1 [132], 
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UPF1 [133], SMG6 [134], and SMG9 [135] were knocked out in mice, the researchers 

observed embryonic death. Specifically, SMG6 is involved in regulating the differentiation 

and reprogramming of embryonic stem cells. Another gene implicated by gene-based test 

was HIC1, a nuclear modulator of the Wnt/β-catenin signalling pathway and tumour 

suppressor [136]. Wnt/β-catenin pathway is involved in cell proliferation, polarisation, and 

fate determination during embryogenesis [137]. Also, previous studies reported a connection 

between SMG6 and HIC1 gene. Namely, the expression of HIC1 is directly regulated by 

interaction of retinoic acid (RA) and RA receptors found within an intron of the SMG6 gene 

[138,139]. Another important gene to mention in this locus is the SRR gene, located right 

next to the SMG6 gene, and mapped by both eQTLs and Hi-C. SRR gene product (serine 

racemase) catalyses the synthesis of D-serine, an amino acid important in fetal brain 

development [140,141]. Moreover, one study provides evidence that placenta could be 

directly involved in supplying D-serine to the fetal circulation, [142] as they have found 

mRNAs of serine racemase in it. However, our results must be interpreted cautiously because 

“haemorrhage in early pregnancy” is a heterogenous ICD-10 code and a common symptom 

of various diagnoses (cervical problems, placental complications, miscarriage). To validate 

our findings, future studies should filter for severe cases or per specific cause of bleeding. 

Furthermore, accurately measuring the quantity and severity of bleeding, and assessing for 

potential comorbidities would be preferable. This is difficult to do in a population-based 

biobank setting, therefore large cohorts with relevant clinical data would be needed. 

We also described a novel susceptibility locus at 12q13.13 associated with diagnosis 

“premature rupture of membranes”. The lead variant (rs4237901) is located in the intronic 

region of protein-coding gene SLC4A8, which is next to the GALNT6 gene. SLC4A8 encodes 

NDCBE1 membrane protein, which transports sodium and bicarbonate ions across the cell 

membrane, thereby regulating the pH balance of the intracellular and extracellular 

environments, especially in neurons [143]. Study on mouse models suggests that the SLC4A8 

gene also contributes to renal fluid homeostasis and electrolyte balance [144]. Neighbouring 

GALNT6 gene, also mapped by eQTLs, is mainly involved in the glycosylation of proteins 

[145] and highly expressed in many types of cancer [146–148]. Moreover, GALNT6 gene 

has been seen as the potential candidate for the synthesis of oncofetal fibronectin [149], 

which has been evaluated as a predictor of premature birth in a low sample size study [150]. 

Also, elevated levels of vaginal fetal fibronectin have been found in women who experience 

PPROM [151]. All this warrants for further exploration of the GALNT6 gene, since the 

PPROM is a common cause of premature birth. 
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Although GWAS is an efficient tool for studying disease biology, we acknowledge that it 

has limitations. We could not detect any genetic associations in five diagnoses 

(“hydatidiform mole”, “other abnormal products of conception”, “spontaneous abortion”, 

“placenta previa”, and “premature separation of placenta”), indicating we most likely lack 

the statistical power with the current sample sizes. In general, investigation of common 

variants with small effect sizes requires large sample sizes. The estimation of the required 

number of cases and total sample size is difficult, as it may vary widely, depending on the 

heritability, the underlying genetic architecture of the trait, and the population characteristics 

[152]. We also could not replicate significantly associated SNPs and loci reported in Laisk 

et al., 2020 study. Our study’s lack of supporting evidence may be due to the different 

phenotype definition, sample size or population ancestry. 

In the underpowered GWA studies that yield few genome-wide significant signals, pathway 

and tissue analyses are often ineffective in providing significant results. Although we could 

not find statistically significant tissue enrichments for our GWAS signals in diagnoses 

“haemorrhage in early pregnancy” and “premature rupture of membranes”, nominal 

associations with tissues, such as uterus and blood vessels, may still provide some insight 

into the pathogenesis of these conditions. It is important to emphasise that it is a commonly 

recognised limitation that the datasets used for these types of enrichment analyses (such as 

the GTEx database) lack sufficient information from tissues/timepoints relevant for female 

reproductive health and pregnancy. 

Finally, studies of early pregnancy complications are limited partly due to ethical concerns 

that arise when studying pregnancies and developing fetuses, especially pregnancies that 

result in miscarriage [153]. With the current EstBB and FinnGen population-based biobank 

setting, we were able to explore only maternal genetic variation contributing to the 

development of obstetrical diagnoses related to miscarriage and placental biology. 

Additional large-scale genetic studies of the paternal and fetal genomes are needed to 

develop a complete picture of the underlying biology of adverse pregnancy outcomes. 

Moreover, combination with human placental gene expression and placental histology data 

could significantly improve our understanding of the placentation and how its alterations 

may contribute to miscarriage and adverse pregnancy outcomes. 
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SUMMARY 

In this thesis, we set out to characterise the maternal genetic basis of seven specific 

obstetrical diagnoses related to miscarriage and placental biology: “hydatidiform mole”, 

“other abnormal products of conception”, “spontaneous abortion”, “haemorrhage in early 

pregnancy”, “premature rupture of membranes”, “placenta previa” and “premature 

separation of placenta (abruptio placentae)”. Additionally, we attempted to comprehend the 

extent of the shared genetic and phenotypic background of the respective diagnoses between 

each other, with other female reproductive diagnoses and with a broad range of traits. 

Using the Estonian and FinnGen Biobank GWAS summary statistic data in a robust GWAS 

meta-analysis, and a set of established bioinformatics tools for large-scale genetic analyses, 

we discovered genomic risk loci associated with diagnoses “haemorrhage in early 

pregnancy” and “premature rupture of membranes”. For “haemorrhage in early pregnancy”, 

we dissected the 17p13.3 risk locus in detail and proposed several potentially involved genes, 

among which we highlight SMG6, HIC1, and SRR genes for follow-up studies. Similarly, 

for diagnosis “premature rupture of membranes”, we propose SLC4A8 and GALNT6 genes 

as potential candidate genes at 12q13.13 genomic locus. For other diagnoses, we could not 

draw clear conclusions about involved genetic factors due to the low estimated SNP-

heritability and the limited statistical power of the data. Nonetheless, our genetic correlation 

and phenotype-level analyses provide supporting evidence of shared biology and risk 

factors. However, these results require careful interpretation, as they might reflect 

socioeconomic status and potential comorbidities. 

In conclusion, the rich genomic and health-related data of Estonian and Finnish population-

based biobanks enabled us to obtain novel insights into understudied obstetrical 

complications that lack suitable animal models, and relevant gene expression and tissue 

enrichment information. Further study in an independent cohort is needed to validate our 

results. Given the substantial genetic and phenotypic overlap we characterised between 

investigated diagnoses, additional efforts are needed to distinguish between these closely 

related conditions. We suggest continuing the research on obstetrical diagnoses with larger 

and more diverse datasets and approaching the topic from several perspectives (large-scale 

genetic analyses of maternal, paternal, fetal, and placental genomes) to move the field of 

female reproductive health and neonatal care forward. 
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Appendix 

I. Supplementary Materials 

Table S1. Selected Diagnoses and Corresponding ICD-10 Codes. The exact diagnosis codes used 

in analyses are marked in bold. 

ICD-10 Code Category and Diagnosis Name 

 Pregnancy with abortive outcome 

O01       Hydatidiform mole  

      O01.0             Classical hydatidiform mole 

      O01.1             Incomplete and partial hydatidiform mole 

      O01.9             Hydatidiform mole, unspecified 

O02       Other abnormal products of conception  

      O02.0             Blighted ovum and nonhydatidiform mole 

      O02.1             Missed abortion  

      O02.8             Other specified abnormal products of conception 

      O02.9             Abnormal product of conception, unspecified 

O03       Spontaneous abortion 

 Other maternal disorders predominantly related to pregnancy 

O20       Haemorrhage in early pregnancy 

      O20.0             Threatened abortion 

      O20.8             Other haemorrhage in early pregnancy 

      O20.9             Haemorrhage in early pregnancy, unspecified 
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 Maternal care related to the fetus and amniotic cavity and possible delivery 

problems 

O42       Premature rupture of membranes 

      O42.0             Premature rupture of membranes, onset of labour within 24 hours 

      O42.1             Premature rupture of membranes, onset of labour after 24 hours 

      O42.2             Premature rupture of membranes, labour delayed by therapy 

      O42.9             Premature rupture of membranes, unspecified 

O44       Placenta praevia 

      O44.0             Placenta praevia specified as without haemorrhage 

      O44.1             Placenta praevia with haemorrhage 

O45       Premature separation of placenta (abruptio placentae) 

      O45.0             Premature separation of placenta with coagulation defect 

      O45.8             Other premature separation of placenta 

      O45.9             Premature separation of placenta, unspecified 

 

Table S2. Median and Range of Age at Agreement Group of Cases and Controls Used in EstBB 

Cohort-Level GWAS. 

ICD-10 Code 
Cases (age at agreement) Controls (age at agreement) 

median range median range 

O01 (36) (19–58) (44) (18–105) 

O02 (36) (18–64) (45) (18–105) 
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O03 (37) (18–79) (44) (18–105) 

O20 (35) (18–75) (45) (18–105) 

O42 (35) (18–67) (45) (18–105) 

O44 (36) (18–82) (44) (18–105) 

O45 (36) (18–69) (44) (18–105) 

 

Table S3. SNP-Heritability (𝒉𝑺𝑵𝑷
𝟐 ) Estimates for Diagnoses Other Abnormal Products of 

Conception (O02), Spontaneous Abortion (O03), Haemorrhage in Early Pregnancy (O20) and 

Premature Rupture of Membranes (O42). Table contains SNP-Heritability on the observed scale 

and standard errors outputted by LDSC v1.0.1 tool [116,117], calculated proportion of cases in meta-

analysis (𝑛𝑐𝑎𝑠𝑒𝑠 / ( 𝑛𝑐𝑎𝑠𝑒𝑠 + 𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠)), population and sample prevalence used in calculation for 

SNP-heritability conversion by Lee et al., 2011 [119] and converted SNP-heritability on the liability 

scale and standard errors. Estimates for three diagnoses (“hydatidiform mole” (O01), “placenta 

previa” (O44) and “premature separation of placenta (abruptio placentae)” (O45)) were excluded due 

to the insufficient sample size and unreliable estimates. 

ICD-10 

Code 
ℎ𝑆𝑁𝑃
2  

(observed) 

Standard 

Error 

(observed) 

Proportion of Cases in 

Meta-Analysis 

Population/Sample 

Prevalence 
ℎ𝑆𝑁𝑃
2  

(liability) 

Standard 

Error 

(liability) 

O02 0.0043 0.0018 0.06 0.06 0.02 0.007 

O03 0.0038 0.0018 0.07 0.07 0.01 0.007 

O20 0.0089 0.0019 0.05 0.05 0.04 0.008 

O42 0.0046 0.0019 0.05 0.05 0.02 0.009 
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a)

 

b)

 

c)

 

d)

 

Figure S1. QQ Plots of GWAS Summary Statistics Made in FUMA of EstBB Cohort-Level 

GWAS for Diagnosis Haemorrhage in Early Pregnancy Assuming a) an Additive Genetic 

Model and b) a Recessive Genetic Model, and of EstBB and FinnGen GWAS Meta-Analysis 

for Diagnoses c) Haemorrhage in Early Pregnancy, and d) Premature Rupture of Membranes. 

The plots depict distribution of −log10 transformed observed p-values versus −log10 transformed 

expected p-values under a theoretical null model (no significant association). The red dashed line 
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follows the expected null distribution, while the deviation from the line indicates true genetic 

associations. 

a)

 

b)

 

Figure S2. QQ Plots of MAGMA Gene-Based Test Made in FUMA of EstBB and FinnGen 

GWAS Meta-Analysis for Diagnoses a) Haemorrhage in Early Pregnancy, and b) Premature 

Rupture of Membranes. The plots depict distribution of −log10 transformed observed p-values 

versus −log10 transformed expected p-values under a theoretical null model (no significant 

association). The red dashed line follows the expected null distribution, while the deviation from the 

line indicates true genetic associations. 
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b) 

 

Figure S3. Circos Plots Made in FUMA of Mapped Genes by eQTLs and Chromatin 

Interactions at Risk Locus in Diagnosis a) Haemorrhage in Early Pregnancy and b) Premature 

Rupture of Membranes. The most outer ring of the plot is the Manhattan plot with labelled rsID of 

the lead SNP, while the other SNPs (p-value < 0.05) are as dots coloured by their maximum r2 value 

to the one of the independent significant SNPs (red dot – r2 > 0.8, orange dot – r2 > 0.6, green dot – 

r2 > 0.4 and blue dot – r2 > 0.2; grey dot – r2 <= 0.2). Middle and inner ring are representation of 

chromosome, with only difference of middle ring having chromosome coordinates. The area marked 

in dark blue is genomic risk loci. Genes mapped by eQTLs, chromatin interactions and both are 

coloured green, orange, and red, respectively. 
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Figure S4. Associated Phenotypes in Cases Diagnosed with a) Other Abnormal Products of 

Conception (O02) and b) Spontaneous Abortion (O03). The pheWAS plot illustrates the p-values 

of logistic regression phenotype association testing of the other diagnoses (e.g., the triangles’ 

orientation (upwards/downwards) indicates whether the cases diagnosed with “other abnormal 

products of conception” have an increased or decreased odds of having another diagnosis). On the x-

axis are represented phenotypes/diagnoses categories from the ICD-10 system color-coded by the 

chapters, while on the y-axis is the −log10 p-value level of statistical significance. Each triangle is 

one diagnosis code. The red line marks the Bonferroni correction set at 2.5 × 10−5. The most 

significantly associated phenotypes are labelled. 

  

a) 

b) 
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