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ABSTRACT 

Introduction 

Pre-eclampsia (PE) is a pregnancy specific disorder with a strong genetic component (heritability 

50%) which affects 5-8% of all women worldwide. It is a disorder that affects both the mother 

and the fetus and if left untreated can quickly progress to a life threatening disorder called 

eclampsia. Delivery of the baby along with the placenta remains the only cure, and the exact 

pathophysiology of the disorder is relatively unknown. Identifying susceptibility genes that carry 

variants associated with the risk of PE may provide greater insight into the pathophysiology of 

this complex disease. It will also aid biomarker discovery facilitating early diagnosis and 

detection. Numerous genetic studies have been conducted in the past to elucidate the genetics of 

PE. These include different candidate gene studies, genome-wide linkage studies, genome-wide 

association studies (GWAS) and a recent exome-wide screening study to identify PE 

susceptibility genes. Whole genome sequencing (WGS) is now the gold standard for genetic 

analysis of human disease but until now has not been employed in genetic studies on PE. 

This thesis describes three distinct studies with the common objective of making a contribution 

to knowledge on genetic risk of PE. The first study described in Chapter 3 aimed to identify single 

nucleotide variants (SNVs) which may contribute to an increased susceptibility to PE through 

WGS in a family based study design. The second study described in Chapter 4 aimed to identify 

copy number variants (CNVs) that may play a role in the risk of PE using the family-based WGS 

data. To our knowledge, this is the first study to identify rare and novel SNVs and CNVs in 

families with multiple PE cases by using paired-end WGS data. The third study described in 

Chapter 5 aimed to determine if SNVs in the candidate susceptibility gene RGS5 are associated 

with an increased risk of developing PE. Variants in the RGS5 gene have been associated with 

gestational hypertension in previous animal studies and hypertension in human studies. Previous 

studies have also demonstrated reduced expression of RGS5 mRNA in the myometrial arteries of 

preeclamptic women. This is the first targeted sequencing based study conducted to test the 

association of SNVs in the human RGS5 gene with an increased risk of PE. 

Main findings 

SNV analysis: Through whole genome sequencing of 48 individuals from 5 families this study 

identified 14 SNVs which showed preliminary association with PE. Of the 14 SNVs, two findings 

were significant. Of these, one is a novel SNV at position (chr13: 111109624) located in intron 

20 of the COL4A2 gene. This variant is also located in exon 5 of the COL4A2-AS2 antisense 2 

gene on the opposite strand. The second, a known variant (rs749126935) is located in the SETD1B 

gene. Both of these variants show association with PE that remains significant post Bonferroni 

correction for multiple testing (p-alpha (corrected) = 4.67E-06). 
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The COL4A2 gene was identified by the Australian PE Genetics Group as a positional candidate 

susceptibility gene in earlier linkage and fine mapping studies (1) and shown to be differentially 

expressed in PE decidual mRNA expression studies (2), (3). Secondary findings of the SNV 

analysis included identification of SNVs in the ICAM-1 gene which is a known candidate PE 

susceptibility gene. Additionally the SNV analysis identified variants in genes that may play a 

role in the pathophysiology of CVD, for example SETD1B, LDB3, TRIM72 and GGT1 genes. 

Since PE and CVD share risk factors and PE is associated with later life risk of CVD, these 

variants warrant future genetic and functional studies. 

CNV analysis: This study identified novel and rare CNVs in positional candidate genes under 

known linkage peaks, including a novel duplication in the COL4A1 and COL4A2 genes in one 

family which warrants further genetic and functional studies. The study also identified novel or 

rare CNVs spanning exons of previously known PE susceptibility genes (LRP1B, KYNU, ALPP, 

HLA-DQA1, CD36, DEFA4, IL32, MMP25 among others) indicating they may play a role in the 

pathophysiology of the disease. 

Candidate gene study: The targeted sequencing study in RGS5, a candidate susceptibility gene, 

identified SNVs and a haplotype that showed preliminary association with PE. Haplotype AA 

comprising of SNVs (rs4132247, rs4132246) showed association with PE (p-value = 0.0015), 

which remains statistically significant after correction for multiple testing (Bonferroni method p-

value (corrected) = 0.0055). Among the SNVs showing preliminary association with PE in the 

current study, 3 SNVs were associated with systolic and diastolic blood pressure phenotypes in 

earlier human studies. 

Conclusions 

The results of the SNV and CNV analysis identified variants in the Type IV collagen family genes 

COL4A1 and COL4A2 that are important components of the basement membrane and have been 

previously implicated in the pathophysiology of PE. Variants in other Type IV collagen genes are 

known to cause Alport’s Syndrome, characterised by kidney disease and tentatively linked to PE 

in earlier case studies. The novel SNV and CNV candidate susceptibility variants now identified 

in these genes will be the subjects of future genetic and functional studies. The candidate gene 

study was based on strong evidence for a role of RGS5 in gestational hypertension in murine 

models. The preliminary genetic association results of the current study provide evidence to 

support a role for this gene in risk of PE and further studies in other large population cohorts will 

be required to confirm these findings before future functional studies are performed to determine 

the role of these variants in the pathophysiology of PE. 
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1 INTRODUCTION 

This chapter is an introduction to Pre-eclampsia (PE), a pregnancy specific disorder. PE is a 

multifactorial complex disease which has a strong genetic component. Elucidating the underlying 

genetic causes of PE is an ongoing quest. Advances in genomic technologies especially over the 

last decade have enabled researchers with the means to study all forms of human variation and 

determine their association with human disease. This chapter also introduces these advances made 

in the field of genomics and gives an insight into the spectrum of human genetic variation and 

their role in complex diseases.  
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1.1 Pre-eclampsia (PE) 

1.1.1 History of Discovery  

The first records of eclampsia date back to ancient papyrus references from Egypt. Ancient Greek 

records mention eclampsia before the time of Hippocrates (4). The Greek word ‘eklampsis’ 

meaning lightning was used to describe the sudden onset of seizures and convulsions during 

pregnancy (5), (6). In the first century Celsus noted seizures in pregnant women which terminated 

with the delivery of the baby (7).The French obstetrician Francois Mauriceau recognized 

eclamptic convulsions were specific to pregnancy in the period from 1668-1710. Bossier de 

Sauvages was the first to distinguish eclamptic convulsions from epilepsy in 1739 (8). 

In the 1800s, it was discovered that patients who presented with eclampsia also had proteinuria. 

This syndrome was different from glomerular nephritis and the presence of proteinuria was 

acknowledged as a part of the syndrome which occurs before eclampsia, hence the term pre-

eclampsia (PE). The presence of new onset hypertension in pregnancy was discovered later as 

non-invasive means to monitor blood pressure were discovered (9), (10).  

1.1.2 Definition 

PE is clinically recognized as the de novo development of hypertension (two blood pressure 

measurements ≥140/90 mm Hg, more than 4 hours apart) accompanied with proteinuria (≥ 

300mg/L in 24h) at or after 20 weeks of gestation. (11), (12), (13). 

The classification criteria for hypertensive disorders of pregnancy as stated by the International 

Society for the Study of Hypertension in Pregnancy (ISSHP) in a revised statement (2014) are as 

follows (14), (15), (16). 

 Chronic hypertension 

 Gestational hypertension 

 PE either de novo or superimposed on chronic hypertension 

 White coat hypertension 

Clinically PE presents as hypertension, edema and proteinuria. The diagnostic criteria for PE are 

shown in Table 1-1 
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Table 1-1: Diagnostic criteria for PE as adapted from the ISSHP guidelines 

Diagnostic criteria for PE  

Criteria Condition Measurements 

Primary criteria 

Hypertension developing 

after 20 weeks of gestation 

along with the presence of 

one or more of the following 

criteria 

(two blood pressure 

measurements ≥140/90 mm Hg, 

more than 4 hours apart) 

Other new onset conditions Proteinuria 

(spot urine protein/creatinine ≥ 

30mg/mmol or ≥ 300mg/L in 

24h or at least 1g/L [‘+2’] on 

dipstick testing) 

Other maternal organ dysfunction 

Renal insufficiency (creatinine ≥90umol/L) 

Liver involvement 

Epigastric pain / severe right 

upper quadrant pain and or 

elevated transaminases  

Neurological complications 

Eclampsia, altered mental status, 

blindness, stroke or hyperreflexia 

when accompanied by clonus, 

severe headaches when 

accompanied by hyperreflexia, 

persistent visual scotomata 

Haematological 

complications 

Thrombocytopenia-platelet count 

below 150,000/dL, DIC, 

haemolysis 

Uteroplacental dysfunction Fetal growth restriction  

The above table shows the diagnostic criteria for PE as adapted from the ISSHP guidelines (14) 

Depending on the time of onset of clinical symptoms and recognition of the disease PE is 

classified into two subtypes, early onset (≤ 34 weeks of gestation) or late onset (≥ 34 weeks of 

gestation) (17). The early onset subtype is less frequent but has been associated with higher rates 

of maternal and fetal morbidity (18). 

1.1.3 Disease Burden 

PE is a potentially life threatening pregnancy specific disease which is known to complicate 5-

8% of all pregnancies worldwide (12), 2-4% of all pregnancies in the United States and the United 

Kingdom (19), (20) and the number is higher in developing countries (21). PE has been a 

significant contributor to maternal and fetal mortality for over a 100 years (22). The Millennium 

development goals for the 21st century have emphasised on maternal health and the need for 

efforts to reduce maternal mortality ratios (11). The 2016 World health organization report has 

determined Pregnancy induced high blood pressure to contribute 14% to the global estimate of 

the causes of maternal morbidity (23), (24). 
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PE has the potential to progress into a multi-system disorder affecting both the mother and the 

fetus. In the mother it is a major cause of maternal morbidity, pre-term birth while it is the cause 

of intrauterine growth restriction (IUGR) in the fetus (25). Apart from contributing to maternal 

and fetal mortality PE also leads to thrombocytopenia, deranged liver function, renal impairment 

and pulmonary oedema. An offshoot of PE is the HELLP (Haemolysis, Elevated Liver enzymes 

and Low platelets) syndrome. Untreated PE may lead to full-fledged eclampsia involving all the 

above symptoms with convulsions, or other maternal complications (26).  

The only curative treatment for PE is delivery of the baby (and placenta) irrespective of gestation 

posing a further health risk to both the mother and her new-born baby (12). It is further known 

that women affected by PE are more prone to developing chronic hypertension, diabetes, renal 

disease, dyslipidaemia and cardiovascular disease (CVD) in later life (27), (28), (29). This 

suggests that PE may share susceptibility genes with these conditions which may be used as 

markers to predict the incidence of CVD in the future (30). This has been the impetus for research 

on PE since it is among the leading causes of maternal and fetal death and a lot remains to be 

learnt about its disease mechanisms and pathophysiology at the molecular level (26). 

1.2 Pathophysiology of PE 

Extensive research in this area has now led researchers to believe that the pathophysiology of PE 

depends on a wide range of factors including preconception conditions, the maternal and fetal 

genotype and also on maternal capability to deal with the condition (12). The placenta plays a 

central role in the pathogenesis of PE, as the clinical symptoms of the disease do not manifest in 

the absence of the placenta and delivery of the placenta along with the fetus is the only known 

cure for PE (31). The steps in normal placentation and PE placentation are discussed below. 

1.2.1 Placenta 

The term placenta has Latin roots with the name meaning a flat “cake”, and was introduced by 

Realdus Columbus in the Renaissance period (32). The placenta is a fetomaternal organ, which 

functions primarily as a site of nutrient and gas exchange between the mother and fetus. In 

addition to this the placenta performs all fetal functions during pregnancy serving as a substitute 

for the still developing fetal organs. For example it performs gas transfer (in place of the lungs), 

excretory functions (in place of the renal system), catabolic and absorptive functions (in place of 

the gastro-intestinal system) and secretory functions (in place of the endocrine system). It is 

involved in temperature regulation, heat transfer and offers protection to the fetus by taking on 

the role of the immune system (33). 
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1.2.1.1 Structure of the Placenta 

The placenta is a unique organ composed of both the maternal and fetal tissues. The fetal part of 

the placenta is termed as the chorionic plate derived from the chorionic sac while the maternal 

part is termed the basal plate and is derived from the endometrium. The intervillous space lies 

between the chorionic plate and the basal plate and contains the chorionic villi which are the main 

functional units of the placenta. The chorionic villi are tree-like projections arising from the 

chorionic plate and projecting into the intervillous space. The terminal regions of the chorionic 

villi are the sites of maternal fetal exchange (33), (34). The schematic representation of the human 

placenta is shown in Figure 1-1 below. 
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Figure 1-1: Schematic representation of the human placenta  

The above figure shows the chorionic plate which is the fetal part of the placenta and the basal plate which is the maternal part of the placenta. The placental septa 

divide the fetal part of the placenta into cotyledons. Each cotyledon comprises of two or more stem villi and their branch villi which form the vascular network in 

the placenta.The cytotrophoblastic shell is the external layer of trophoblastic cells which attaches the fetal part of the placenta (villous chorion) to the maternal part 

(decidua basalis). Figure adapted from Sood et al. and Netter’s Atlas of Human Embryology (35), (36). 
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1.2.2 Steps in normal placentation 

1.2.2.1 Implantation 

The blastocyst loses the zona pellucida and attaches to the endometrial epithelium. Prior to the 

attachment of the blastocyst, the endometrial epithelium undergoes physiological changes which 

prepare it to receive the blastocyst. These changes are caused by the cyclic secretion of 17β-

estradiol and progesterone. By days 7-8 post conception the blastocyst has crossed the 

endometrial epithelium and has embedded itself in the endometrium. The attachment of the 

blastocyst to the endometrial epithelium triggers the differentiation of the trophoblast cell layer 

into an inner cell layer of cytotrophoblast stem cells and an outer multinucleated cell mass called 

syncytiotrophoblasts (37), (38). 

1.2.2.2 Decidualization 

The tissue remodelling process undertaken by the cycling endometrium in preparation for 

implantation of the blastocyst is called decidualization. The levels of estrogen and progesterone 

play a role in the process of decidualization (39). 

1.2.2.3 Trophoblast differentiation 

The embryonic or fetal part of the placenta is formed by trophoblast cells.’Trophe’ stands for 

nutrition and this the first cell lineage to differentiate during development (34). The implantation 

of the blastocyst triggers the trophoblast differentiation process. The trophoblast differentiation 

process is depicted in Figure 1-2 below. 
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Figure 1-2: Trophoblast differentiation 

The figure shows the steps in the differentiation of trophoblasts during development. 

 

The chorionic villi are covered in two layers of trophoblast cells. The outer layer is composed of 

the multinucleated syncytiotrophoblasts which carry out the functions of transport and hormone 

production. The syncytiotrophoblast cells invade the endometrial epithelium and connective 

tissues causing them to degrade. The growing embryo derives its nourishment from the degrading 

connective tissues. The lower layer is a polarized layer comprised of mononuclear 

cytotrophoblastic progenitor or stem cells. These cells also called villous CTBs differentiate at 

the maternal-fetal interface (40) to perform two functions, 

 They fuse to form syncytiotrophoblast layer. 

 They aggregate to form the anchoring villous trophoblast. These serve to anchor the fetus 

to the uterus. The anchoring villous trophoblast further differentiate into two populations. 

Cytotrophoblasts from the anchoring villous break through the syncytium and form columns of 

unpolarised cells which attach to the uterine wall. These cells are called extravillous 

cytotrophoblast cells (EVT). The EVTs are involved in the spiral artery remodelling process. The 

EVTs follow two different pathways of invasion, 

 Interstitial invasion: where the EVTs invade the uterine wall, decidualized endometrium 

and inner myometrium. 

 Endovascular invasion: where the EVTs invade blood vessels especially the lumen of 

maternal spiral arteries. 
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Figure 1-3: Trophoblast invasion 

The figure shows 1) Decidual Capsularis, 2) The villous cytotrophoblast layer and the villous 

syncytiotrophoblast layer. 3) The columns of EVT invading the maternal deidua basalis. Figure 

adapted from (41) 

 

The EVTs following the endovascular invasion pathway, develop a more endothelial cell like 

phenotype. They invade the uterine arteries up to one third of the myometrial segments. Inside 

the spiral arterioles EVTs co-exist with endothelial cells. CTBs influence the expression of cell 

adhesion molecules, for example they downregulate the expression of E-cadherin which inhibits 

invasion (42). The CTBs also upregulate the expression of other types of cell adhesion molecules 

for example VE-cadherin, neural cell adhesion molecules, Eph/ephrin and members of the notch 

family which enable them to mimic the endothelial and vSMC phenotype (43), (44). They also 

influence the expression of cell migration and cell-cell communication molecules (45). 

1.2.2.4 Steps in the formation of placental circulation 

Human placenta is haemochorial in nature where maternal blood comes in direct contact with 

placental trophoblast cells.  

1.2.2.4.1 Angiogenesis in placental development 

The process of placental vascular development entails, vasculogenesis which is the de-novo 

formation of blood vessels and angiogenesis which is the formation of new blood vessels from 

existing blood vessels (46). The process of vasculogenesis occurs in the first few weeks of 
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gestation which is followed by the process of angiogenesis which begins 21 days post conception. 

Vasculogenesis involves the differentiation of the hemangiogenic stem cells into hemangioblastic 

stem cells that give rise to angioblastic stem cells which are progenitors of endothelial cells and 

to hemangioblastic cells which are progenitors of hematopoietic cells. Differentiation and 

subsequent assembly of the endothelial precursor cells gives rise to the formation of primitive 

blood vessels in the placenta. By 32 days post conception, most placental villi show the presence 

of capillary structures (47). 

The process of angiogenesis depends on the growth factors and angiogenic factors secreted by the 

trophoblast cells. During this phase the endothelial tube segments formed through vasculogenesis 

get transformed into an organised vascular network. This process is carried out by branching 

angiogenesis which involves the branching of new blood vessels from pre-existing sprouts (48). 

In branching angiogenesis, the endothelial cells degrade the vascular basement membrane, invade 

the surrounding tissue and proliferate in response to angiogenic factors. This process of branching 

angiogenesis continues until 25 days post conception after which there is a switch to the non-

branching angiogenesis process. In non-branching angiogenesis the capillaries increase in length 

by elongation of existing capillary loops (49). 

Pro-angiogenic factors 

VEGF: 

The vascular endothelial growth factor (VEGF) family comprises of VEGF-A, VEGF-B, VEGF-

C, VEGF-D, VEGF-E and placental growth factor (PIGF). Of these, VEGF-A is one of the most 

potent endothelial growth factors and plays a role in vasculogenesis and angiogenesis by inducing 

the proliferation of endothelial cells (50). Trophoblast cells and Hofbauer cells in the placenta are 

a source of VEGF. All members of the VEGF family stimulate cellular responses through the 

action of tyrosine kinase receptors. Two tyrosine kinase receptors of VEGF are VEGFR-1 or fms-

related tyrosine kinase-1(Flt1) and VEGFR-2 or Flk-1 also known as kinase insert domain 

receptor (KDR) (51). 

PIGF: 

The placental growth factor (PIGF) is responsible for the switch from branching angiogenesis to 

a non-branching phenotype. This factor has similar functions as the VEGF family (52). 

Anti-angiogenic factors 

sFlt-1: 

Soluble fms-related tyrosine kinase-1 (sFlt-1) is the soluble form of the vascular endothelial 

growth factor receptor -1 (VEGFR-1). It is generated by alternate splicing and lacks the 

transmembrane and cytoplasmic domains (49). 
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sEng: 

Endoglin has a crucial role in angiogenesis and is an auxillary receptor for TGF-β receptor 

complex. Moreover the levels of soluble endoglin are higher in the plasma of women with PE 

indicating endoglin may interfere with TGF-β signalling pathways (53), (54). 

The uteroplacental circulation is not completely established until the end of the first trimester. 

The trophoblast cells are involved in the development of uteroplacental circulation space (UPCS) 

during early stages of pregnancy. The UPCS is comprised of the maternal spiral arteries, decidua 

on the maternal side and placental villi on the fetal side, the intervillous space between these two 

boundaries is the site of oxygen and nutrient exchange (55). The development of the UPCS 

involves two stages,  

 Endovascular plugging of the spiral arteries by trophoblast cells 

 Spiral artery remodelling 

1.2.2.4.2 Endovascular plugging 

The trophoblast cells obstruct maternal blood flow to the intervillous space until the end of the 

first trimester by forming plugs. This contributes to the hypoxic environment in the placenta in 

the initial stages of pregnancy (32). 

1.2.2.4.3 Spiral artery remodelling 

The supply of nutrients to the placenta and fetus is the primary function of the uterine spiral 

arteries. In order to achieve this the muscular spiral arteries have to be remodelled into dilated 

vessels. This function is achieved by the invading trophoblast cells (56).This remodelling process 

is essential for a successful pregnancy. Cytotrophoblast cells invade the spiral arteries reaching 

the inner third of the myometrium. During invasion the trophoblasts replace the musculoelastic 

maternal endothelial lining with fibrinoid material thus increasing placental perfusion. 

1.2.3 Factors contributing to the pathogenesis of PE 

The pathogenesis of PE although not elucidated completely, is thought to be a 2-step process with 

the first step being defective placentation and the second being a maternal response to defective 

placentation. It is suspected that abnormal interaction between maternal and fetal tissues during 

the early stages of placentation leads to placental ischemia which triggers off a cascade of events 

that collectively form a part of the PE syndrome and pathophysiology. Although the clinical 

manifestation of PE occurs after the 20th week of gestation the actual onset of the disease occurs 

at the time of trophoblast invasion into the maternal tissue during the early stages of pregnancy 

(57). The pathophysiology of PE involves both maternal and fetal factors. It is described as a 2 

stage process shown in figure below. 
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Figure 1-4: The two stages of PE  

The above figure shows the two stages in the pathogenesis of PE. The first 

stage is characterised by abnormal placentation while the second stage is the 

maternal endothelial dysfunction which is a consequence of abnormal 

placentation. The maternal endothelial dysfunction manifests as the clinical 

symptoms of PE. Figure adapted from (58), (59). 
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1.2.3.1 Abnormal placentation in PE 

The trigger for abnormal placentation is not yet discovered however some of the factors that may 

affect abnormal placentation include defects in trophoblast differentiation, vascular factors, 

environmental factors, immunological factors and genetic factors (60). 

1.2.3.1.1 Impaired spiral artery remodelling 

Impaired spiral artery remodelling is one of the characteristic features of both PE and fetal growth 

restriction (FGR) and has been linked with clinical outcomes (61). Incomplete spiral artery 

modelling and reduced trophoblast invasion are two separate processes that have also been 

implicated in abnormal placentation in PE (62). In PE the cytotrophoblast invasion of the uterine 

spiral arteries is shallow (63). The cytotrophoblast cells can only infiltrate the decidual portion of 

the spiral arteries but cannot penetrate the myometrial portions. As a result the vessels remain 

narrow which causes placental hypo perfusion (64).  

 

Figure 1-5: Impaired spiral artery remodelling in  PE 

Physiological transformation of the spiral arteries occurs in a normal pregnancy which transforms 

them into large diameter vessels enabling placental perfusion. This process is imparied in PE and 

spiral arteries in PE remain narrow causing placental hypoperfusion. Figure adapted from (59). 

 

1.2.3.1.2 Defects in trophoblast differentiation 

Defects in the differentiation stage and the failure to develop an endothelial cell like phenotype 

may result in shallow invasion by the cytotrophoblasts in PE. During normal invasion there is an 

alteration in the expression of a number of different classes of molecules, e.g. cytokines, adhesion 
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molecules, components of the extra cellular matrix, metalloproteinases, MHC molecules like 

HLA-G (65) which enable the cells to acquire an endothelial cell like phenotype. For example, 

the cells now express endothelial molecules like integrin alpha 1/beta 1, alpha V/beta 3 and VE-

cadherin instead of integrin alpha 6/beta 1, alpha V/ beta 5 and E-cadherin which are characteristic 

of epithelial cells. This process is termed as pseudovasculogenesis (52). Failure to develop an 

endothelial phenotype and absence of pseudovasculogenesis leads to shallow invasion and has 

been implicated in the pathogenesis of PE (66). 

1.2.3.2 Reduced placental perfusion / hypoxia /ischemia 

Hypo perfusion is one of the consequences of abnormal placentation and is believed to contribute 

to the development of placental lesions (67). Impaired spiral artery remodelling, shallow 

trophoblast invasion which cause abnormal placentation, worsen the already hypoxic conditions 

in normal pregnancy causing increased stress to the syncytiotrophoblasts. The 

syncytiotrophoblast cells then release excess placental debris including the shedding of 

syncytiotrophoblast micro particles (STMBs) (68). The STMBs are suspected to cause proteolytic 

cleavage or mechanical disruption of soluble endoglin an extracellular component expressed by 

the syncytiotrophoblasts.  

1.2.3.3 Immune factors 

The placenta and the implanted embryo comprise of both maternal and fetal genes. The fetal genes 

are paternally derived hence the placenta, embryo can be considered as a ‘semi-allograft’ to the 

maternal immune system (69). Despite this the maternal immune system does not mount an 

immune response against the placenta in a normal pregnancy. One of the reasons for this are the 

mechanisms by which trophoblast cells avoid detection by the maternal immune system (70). 

Instead of expressing class I (HLA-A and B) and II MHC, trophoblast cells express a unique 

combination of HLA-C (class Ia), HLA-G and HLA-E (class Ib) MHC molecules which helps 

them to avoid detection by the maternal immune system (71). Interaction of HLA-G with the 

receptors on cytotoxic T-lymphocytes and natural killer cells inhibits their ability to cause cell 

lysis. Thus the invading trophoblast cells are able to co-exist with maternal immune cells (72). 

Decidual natural killer (dNK) cells are a specialized form of natural killer cells found in the 

decidua that play a role in maintaining a successful pregnancy. The dNK cells primarily interact 

with the invading trophoblasts and have been shown to play a role in trophoblast invasion and 

spiral artery remodelling processes (73).  

1.2.3.4 Imbalance in pro-angiogenic, anti-angiogenic states 

Normal pregnancy entails a tightly regulated balance between pro and anti-angiogenic factors 

(74). PE is characterised by an increase in the placental production of anti-angiogenic molecules 

like sFlt-1 and sEng disrupting the balance (75). These disproportionate levels of anti-angiogenic 

factors and pro-angiogenic factors cause maternal systemic endothelial dysfunction and lead to 
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the clinical manifestation of PE including hypertension, proteinuria and renal endotheliosis (67), 

(76). 

1.2.3.5 AT-1 receptor autoantibodies 

Agonistic autoantibodies against the Angiotensin II receptor type 1a (AT-1) are found in the 

circulation of women diagnosed with PE. These antibodies possess the ability to activate the AT-

1 receptor on a variety of cell types which evoke biological responses involved in the 

pathophysiology of PE (77). Murine studies have demonstrated the AT-1 receptor autoantibodies 

are capable of causing hypertension and proteinuria through activation of the AT-1 receptor. 

Increased endothelin -1 synthesis through the activation of AT-1 receptor is seen in PE. 

Endothelin – 1 is a potent vasoconstrictor produced by the endothelial cells (58).  

1.2.4 Systemic Endothelial dysfunction in PE 

Some of the factors implicated in the systemic endothelial dysfunction or stage II of the PE 

syndrome are discussed below. 

1.2.4.1 VEGF 

VEGF family ligands and their receptors are expressed by invasive trophoblast cells during 

different stages of pregnancy and they play a role in trophoblast regulation and survival. In PE, 

the expression of a subset of these ligands namely VEGF-A and VEGFR-1 are reduced and the 

secretion of soluble form of VEGFR-1 namely sFlt-1 is increased. This dysregulated expression 

of VEGF family ligands is one of the causes of shallow trophoblast invasion observed in PE (78). 

VEGF promotes nitric oxide, prostacyclin in endothelial cells, decreases vascular tone and is 

involved in blood pressure regulation. The expression of VEGF is regulated by hypoxia (79). 

1.2.4.2 PIGF 

Placental growth factor PIGF is another member of the VEGF family which is produced in the 

placenta and has functions that are very similar to VEGF. The levels of free PIGF are decreased 

in women with PE prior to the onset of clinical symptoms of the disease. This fall in the levels of 

PIGF are concurrent with the increase in the levels of sFlt-1 in PE, thus contributing to the 

angiogenic imbalance (51). 

1.2.4.3 sFlt-1 

Soluble fms-related tyrosine kinase-1 (sFlt-1) is the soluble form of the vascular endothelial 

growth factor receptor -1 (VEGFR-1). Levels of this receptor are increased in the plasma of 

women diagnosed with PE (80), (81). This finding has been replicated in various cohorts from 

different ethnicities (82).The receptor contributes to disease pathology by interfering with VEGF 

signalling pathways and causing an anti-angiogenic state (83). 
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1.2.4.4 sEng 

Endoglin has a crucial role in angiogenesis and is an auxillary receptor for TGF-β receptor 

complex. Moreover the levels of soluble endoglin are higher in the plasma of women with PE 

indicating endoglin may interfere with TGF-β signalling pathways (53), (54). Earlier studies in 

mice have determined endoglin regulates nitric oxide (NO) dependent vasodialation by regulating 

endothelial nitric oxide synthase (eNOS) expression levels. In the vascular endothelium eNOS 

synthesizes NO which is a potent vasodilator (84). 

1.3 Risk factors for PE 

 Primiparity: It is one of the most powerful predictors of increased risk of developing PE 

(85). 

 Family history: Since Pre-eclampsia has a history of strong familial inheritance the first 

degree female relatives of a Preeclamptic woman are at an increased risk of developing 

PE themselves (86). 

 Obesity, Hypertension, Diabetes mellitus, renal disease all contribute to an increased risk 

of developing PE during pregnancy (85),(87). 

 Polymorphisms in genes for factor V Leiden, AGT, eNOS among other candidate genes 

may also serve to increase the risk of developing PE (80).In the case of the factor V 

Leiden genes, metanalysis have revealed no association with risk of PE, however the 

retrospective candidate gene studies conducted previously have shown association with 

PE (88). Thus considering the polymorphisms in these genes as risk factors remains open 

to debate and future experiments. 

Since PE has a strong genetic component different types of genetic studies have been carried out 

to elucidate the genes that contribute to PE susceptibility. These studies and their findings have 

been described in Chapter 2. Since the search for disease susceptibility genes has been aided by 

technological advances in genomics, the remainder of this chapter provides an introduction to the 

different genomic techniques used to identify disease causing genes. 

1.4 Advances in Genomics 

Ever since the discovery of the double helix by Watson and Crick the field of genetics has made 

rapid progress especially in the last two decades. To put it in Matt Ridley’s words “We are living 

through the greatest intellectual moment in history where as a species we are able to read the blue 

print of our own existence, Our Genome”! (89). From discovering the molecule for heredity, DNA 

to being able to read our own genetic code for less than USD1000 the progress has been 

phenomenal. The history of genetics can briefly be divided into 4 eras spanning the 20th and early 

21st century. The Era of Classical Genetics spanned from the start of the 20th century, when 
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Mendel’s laws of heredity were rediscovered up until the double helical structure of the molecule 

for heredity, DNA was determined by Watson, Crick and Franklin. The discovery of the structure 

of DNA marked the onset of the DNA era spanning the mid-20th century, where the focus was on 

deciphering the replication mechanism of DNA and cracking the genetic code. 

The discovery of sequencing techniques by Sanger, Maxam and Gilbert led to the Era of 

Genomics. In 1977, Frederick Sanger developed a technique that increased the speed of DNA 

sequencing which is now known as Sanger sequencing (90). Development of automated 

sequencers by Applied Biosciences, sped up the completion of the human genome project. The 

era of genomics has gathered momentum in the last quarter of the 20th century and it aimed to 

decipher first genes and then entire genomes of organisms. In 1989 with a budget of a hundred 

million US dollars the much awaited Human Genome Project (HGP) was launched (91). The 

successful completion of the human genome project, has brought to the forefront the power of 

genomics and the ability to map genomes in biomedical research (92). The human genome project 

succeeded in providing a comprehensive picture of the human genomic landscape. The first draft 

successfully catalogued ~22,000 genes in 3.2 billion base pairs of nucleotide sequence (93). Post 

completion of the human genome project, the focus has shifted towards the identification of 

individual genomic variation and their role in the genetics of human diseases. 

1.5 The spectrum of human genetic variation 

Genetic variants in the human genome range from single nucleotide polymorphisms (SNPs) to 

tandem repeats, small insertions and deletions to large copy number variations spanning 

thousands of base pairs (94). Single nucleotide polymorphisms are among the most common types 

of variation observed in human DNA. On an average, a SNP occurs once every 1000 base pairs. 

SNPs are more stable than microsatellites and their biallelic nature has aided the process of 

automated genotyping. Thus SNPs have emerged as the most common form of variation to have 

been studied post the completion of the human genome project (95). The study conducted by Kan 

and Dozy et al. in 1978 was one of the first studies to discover SNPs in the HpaI restriction site 

which is downstream of the B-globin gene, thus demonstrating a means to determine association 

between SNPs and disease (Sickle cell anaemia) (96). This discovery was followed by the 

discovery of Restriction fragment length polymorphisms (RFLPs) in 1980 by Wyman and White 

(97). In 1985, Jeffreys et al. discovered minisatellites (98) and variable number tandem repeats 

(VNTRs) were discovered shortly thereafter (99), (100). Short tandem repeats (STR) were the 

next class of markers to be discovered and were extensively used to create linkage maps of all 

human chromosomes.  As technologies like array hybridization developed a new class of variation 

called copy number variations (CNVs) were identified (101). 
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1.5.1 Projects launched to identify variation 

As different types of genomic variations were discovered the next few years saw the launch of 

many projects to identify variation in the human genome. Prominent among these were the 

International HapMap project, the 1000 genomes consortium (102) and the ENCODE project. 

The International HapMap project aimed to determine common patterns of sequence variation 

and the patterns of linkage disequilibrium (LD) between them in the human genome across 

populations from different ancestral origins from Africa, Asia and Europe by genotyping a set of 

common markers(103). The ‘1000 genomes’ project aimed to re-sequence the genomes of 1000 

people around the world as a part of its pilot project in order to identify most genetic variants with 

frequencies of at least 1% (102), (104).  

1.6 Advances in Genomic Technologies 

Advances in genomic technologies over the last 40 years have led to the development of different 

disease gene identification strategies (105). 

1.6.1 Advent of massively parallel genotyping techniques 

1.6.1.1 SNP detection using massively parallel genotyping techniques 

During this period the contemporary advances in the field of molecular biology had led to the 

advent of the PCR technique enabling researchers to genotype SNPs (106). The development of 

high-throughput genotyping technologies in the early 2000s was instrumental for ushering in the 

GWAS era by enabling the genotyping of thousands of SNPs in large case-control cohorts. 

1.6.1.2 Comparative genomic hybridization CGH 

The comparative genomic hybridization techniques were developed as a means to conduct a 

genome-wide screen to detect CNVs in the human genome. In this method two genomes, one 

control and the one tested are differentially labelled and competitively hybridized to metaphase 

chromosomes (107). Copy number changes are identified by plotting the difference in the 

fluorescent intensity signals between the test and control along chromosomes. 

1.6.2 First generation DNA sequencing 

The first generation of automated DNA sequencing machines were based on the sequencing 

methodology developed by the British chemist Frederick Sanger in 1977.  Sanger sequencing 

depends on nucleotide specific chain-terminating inhibitors to identify the sequence of a specific 

fragment of DNA (108).The first generation automated DNA sequencers were the workhorses of 

the Human Genome Project. The steps in automated Sanger sequencing are shown in Figure 1-6 

below. 
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Figure 1-6: Steps in automated Sanger sequencing 

The above figure shows the steps in the automated Sanger sequencing process. Briefly 

the steps involve, amplification of the target DNA through PCR using fluorescent chain-

terminating nucleotides, followed by a separation of the fragments by capillary 

electrophoresis and detection of the fluorescent nucleotides by laser. 

 

1.6.3 Next generation DNA sequencing 

The introduction of next generation sequencing methods in 2005 dramatically decreased the time 

and the cost of conducting sequencing studies and there has been a resultant explosion in 

biological knowledge through studies conducted using different NGS platforms (109). NGS 

platforms adopt two types of sequencing methods, sequencing by synthesis adopted by 

Solexa/Illumina, 454 Roche systems and sequencing by ligation adopted by the SOLiD/ABI 

systems (110). The steps in the sequencing by synthesis method employed by Illumina, which 

was the platform used for sequence data generation in Aim 1, Aim 2 of this thesis are shown 

below. Briefly the process entails, the ligation of adapters to fragmented genomic DNA, which is 

then attached to the solid surface of a flow cell. This is followed by the process of bridge 

amplification on the solid surface of the flow cell. The molecules are then denatured and 

fluorescently labelled reversible terminators, primers, DNA polymerase are added. An image of 

the emitted fluorescence is captured post laser excitation, from each cluster on the flow cell and 
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multiple chemistry cycles are repeated after removal of the fluorophore from each incorporated 

base, thus freeing the 3’ terminus for the next chemistry cycle. Image processing and base-calling 

are then performed by platform specific softwares. 

 

 

Figure 1-7: Steps in sequencing by synthesis NGS method 
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The above figure shows the steps in the sequencing by synthesis method employed by the Illumina 

NGS platform. Figure reproduced with permission from (111). 

 

1.7 Disease gene and variant identification strategies 

Some of the first disease and genetic variant associations were determined for Mendelian traits. 

Early clinical genetic studies focussed on the study of rare diseases and examined genetic variants 

in multiple affected members belonging to large families to determine whether they played a 

causative role in the disease. For Mendelian traits the observed variation is due to a simple 

difference at a single gene or locus based on the one gene one trait hypothesis. Some of the 

Mendelian traits that have been successfully identified include single gene mutations in autosomal 

dominant diseases e.g. the low density lipoprotein (LDL) receptor, APO-B genes which are 

associated with hypercholesterolemia (112), (113).  

Conversely for polygenic traits the individual differences cannot be attributed to differing alleles 

at a single locus. Rather, these differences are attributed to different genes each with allelic 

variations that contribute to the total observed variability in a trait. 

1.7.1 Candidate gene studies 

Prior to the development of different array technologies in the early 1980’s genetic risk factors 

for disease could be identified through direct analysis of candidate genes, by testing the variants 

in the candidate gene for their association with disease. The candidate genes were selected based 

on a priori hypothesis of their role in the pathophysiology of the disease (114). 

1.7.2 Linkage analysis 

Linkage analysis involves the use of genetic markers in the human genome to detect the 

chromosomal location of disease genes. (115), (116) Genome-wide scanning techniques are 

employed to identify genomic areas of interest for quantitative traits that segregate with a disease 

condition in a family based analysis (117), (118).  

1.7.3 Genome-wide Linkage scans 

There have been enormous advances in the attempts to identify disease loci associated with 

complex diseases. The first strategies to localize disease traits on chromosomes based on linkage 

were the genome-wide linkage scans. Genome-wide linkage scans test different loci on multiple 

chromosomes employing a set of markers to determine the loci that segregate with a disease 

phenotype. These scans use STR- based markers, and observe the co-segregation between 

phenotypes and these markers in families. Linkage analysis carried out taking into account the 
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co-segregation, and the results of the linkage analysis localize the loci that segregate to a region 

of about 20-40cM that shows segregation with disease phenotypes.  

1.7.4 Positional cloning of candidate genes 

The positional cloning approach involved applying the knowledge derived from linkage based 

mapping studies to investigate diseases whose hereditary origin was proven but whose pathogenic 

mechanisms were unknown (119). To further narrow down the region associated with the disease 

trait a process called fine-mapping is carried out using an additional set of dense markers. The 

positional candidate genes are then prioritised by their plausible role in disease pathology. The 

positional cloning approach saw some spectacular success stories in the form of the discovery of 

the genetic mutations causing Cystic Fibrosis and Duchenne’s muscular dystrophy (120), (121). 

1.7.5 Genome wide association studies (GWAS) 

GWAS focus on identifying disease associations of common single nucleotide variants (SNVs) 

that generally have a minor allele frequency (MAF) of ≥ 5 % in the human genome (122). These 

studies were designed to determine associations between SNVs and complex diseases that are 

influenced by many genes and environmental traits (123). GWAS were based on the common 

disease common variant hypothesis which hypothesized that common diseases are caused by 

common genetic variants, each of which has a small effect on risk. Parallel advances in technology 

and the development of SNP microarrays enabled researchers to quickly genotype thousands of 

SNPs in large case-control cohorts launching the GWAS era. This period saw the launch of the 

HapMap project and the 1000 genomes project both of which are efforts to map common genetic 

variation in humans (124).  GWAS have been used to study many complex diseases and have 

been instrumental in identifying more than 25,000 genetic loci that have shown association with 

different diseases (122), (125). The noteworthy GWAS success stories include the study of 

Crohn’s disease and age-related macular degeneration (126), (127). However despite the success 

of GWAS, it failed to explain missing heritability as most early GWAS yielded few variants that 

had large effect sizes (123), (128).  Thus it was speculated, that rare variation with large effect 

sizes contributes to the missing heritability of complex traits and diseases (129). 

1.7.6 Whole exome and whole genome sequencing 

Whole exome and whole genome sequencing based studies have been very successful in 

identifying causative variants for Mendelian diseases and have been implemented in clinical 

diagnostics protocols to detect Mendelian diseases (130), (131). There are numerous problems 

associated with studying the genetics of complex diseases like PE. Genetic variants associated 

with complex diseases are rarely the sole cause of the disease rather they influence the risk of 
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developing them. Moreover, no single gene is associated with the risk of developing the disease 

(132). 

Decreasing costs of next generation sequencing and the ability to sequence every single base pair 

in the genome has shifted the focus on rare variant analysis in complex diseases. This resulted in 

the large scale investigation of rare variants (105). Rare variants cannot be identified using tagging 

strategies employed in a GWAS due to the low correlation between rare variants (MAF < 1%) 

and common tagSNPs which have a higher MAF (> 5%). However sequencing uncovers the full 

spectrum of genetic variation and is thus an optimal means to identify rare variants for association 

testing (133). Integrating all forms of genetic variation including rare and common SNVs and 

CNVs is the best strategy to elucidate the genetics of complex diseases and determine the missing 

heritability. 
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2 GENETICS OF PE 

The genetic studies in PE began with candidate gene studies moving on to Genome wide linkage 

screens to identifying susceptibility loci. Plausible candidate genes located in these susceptibility 

loci were further identified based on their chromosomal positions. Advances in genomics led to 

genome wide association studies (GWAS) being performed for a host of complex diseases 

including PE. With the advent of next generation sequencing technologies, performing whole 

exome and even whole genome sequencing studies became a feasible option. This chapter gives 

a historical account of the studies done to elucidate the underlying genetic risk factors that cause 

PE using all of the above mentioned techniques. 
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2.1 Heritability estimate 

PE has been known to have a well-established familial association since the 19th century (134) 

and studies in groups across the world including a Norwegian group and a Swedish group have 

implied that daughters of a PE affected woman, and her first degree relatives are at an added risk 

of developing PE during their pregnancies (135),(136),(137). The study of PE genetics has now 

determined that PE is a complex trait that is unlike simple Mendelian monogenic inheritance. The 

heritability estimate for PE is 0.54 (138). 

The initial research focus was on maternal susceptibility genes as being the main cause. PE is 

usually confined to the first pregnancy hence only one child can be studied for inheritance mode. 

It is also difficult to collect blood samples from neonates for ethical and practical reasons. Hence 

large scale DNA typing was not used as the preferred method of study. Thus the majority of 

studies done so far have focussed on maternal susceptibility genes (139). There have been 

advances in studying the inheritance mechanisms of Pre-eclampsia and researchers now 

acknowledge Pre-eclampsia to be a multifaceted disorder where fetal genes play an important role 

in abnormal placentation which leads to the pathophysiology of PE (140), (136), (141). 

PE is now defined as a genetic disease caused due to failed interaction between two genetically 

different organisms. The fetal genes cause a raise in the maternal blood pressure in order to 

maximize the transfer of nutrients to the fetus. However the maternal genes oppose this to ensure 

that maternal health is not compromised. This genetic conflict leads to defective placentation and 

endothelial dysfunction in the mother leading to the pathophysiological manifestation of the 

disease (142). 

2.2 Studies regarding the genetics of PE 

Researchers have tried to elucidate the genetic causes of Pre-eclampsia ever since it was known 

that Pre-eclampsia has a strong familial inheritance pattern. The main approaches which were 

used universally have been shown in Figure 2-1. These include candidate gene studies, genome 

wide linkage scans to elucidate susceptibility loci, genome wide association studies which 

identified potential positional candidate genes to a recently conducted whole exome study in a 

Norwegian cohort. The figure also shows the studies conducted to determine the epigenetic risk 

factors that may be involved in the genetic risk of PE. 
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Figure 2-1: Overview of genetic studies done to identify PE susceptibility genes 

This figure provides an overview of the different types of genetic studies from candidate gene to epigenetic studies done to determine PE susceptibility genes as 

adapted from (143), (137), (13), (142), (144), (26), (2).  
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2.2.1 Candidate gene studies in PE 

Initial studies regarding the genetics of PE employed the candidate gene approach where the genes 

to be studied were chosen based on the known pathophysiology of PE. A host of candidate genes 

and polymorphisms in them were chosen for study since they were suspected to be closely linked 

with hypertension and endothelial dysfunction which are hallmarks of PE pathology (145), (13), 

(146). Based on pathophysiology of Pre-eclampsia the candidate genes can be grouped as: 

 

Figure 2-2: Classification of candidate genes studied based on PE pathophysiology  

The figure shows the classification of candidate genes studied in PE based on their role in 

pathophysiology as adapted from (26). Genes that are suspected to play a role in vascualar functioning, 

thrombophilia, metabolism, oxidative stress and immune maladaptation have been the primary targets 

of candidate gene studies. 

 

2.2.1.1 Genes coding for vascular and endothelial factors 

AGT: The AGT gene located on chromosome 1q42.2 codes for the protein Angiotensinogen. 

Angiotensinogen along with its receptors is a part of the renin-angiotensin (RAS) system which 

plays a vital role in the regulation of blood pressure (147). One of the most common 

polymorphisms seen in this gene the (T704C) causes the substitution of amino acid threonine for 

methionine at position 235(M235T variant) in exon 2 (148). This substitution affects the spiral 

artery remodelling process (149). AGT gene also has a promoter polymorphism (G-6A) which is 

reported to be in linkage disequilibrium with the M235T polymorphism. This promoter 

polymorphism causes increased transcription of AGT. Several studies have associated this 

polymorphism with the risk of developing Pre-eclampsia (150), (137), (151). However a recent 
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meta-analysis suggests no evidence of association of this polymorphism with Pre-eclampsia 

(152), (153).  

ACE: This gene located on 17q23 codes for the Angiotensin-converting enzyme ACE which 

regulates the rennin angiotensin system controlling the blood pressure (154). It is a peptidyl 

carboxypeptidase which converts angiotensin I into angiotensin II which is a potent 

vasoconstrictor (155), (156). An insertion/ deletion polymorphism occurs in this gene in intron 

16 which is due to the insertion or deletion of an Alu 289 base pair sequence (151), (157). 

Generally as reported in previous studies the deletion polymorphism has been found to be 

associated with the risk of developing Pre-eclampsia (158), (152). However majority of the 

studies have been inconclusive and unable to determine association between the ACE gene 

polymorphisms and the risk of developing Pre-eclampsia (159), (160), (161). A recent meta-

analysis has determined significant association between the ACE insertion/ deletion 

polymorphism and Pre-eclampsia (152), (162), (163). 

AGTR1: The peptide hormone Angiotensin II, which is created after the cleavage of the protein 

Angiotensinogen, plays an important role in the RAS pathway. This gene codes for the 

Angiotensin II type 1 receptors (AT1Rs) which are encoded by fetal genes and which are involved 

in fetoplacental blood flow regulation (164).The Angiotensin II Type 1 receptors belong to a 

family of G-Protein coupled receptors and have been implicated in essential hypertension (165), 

(150), (166). The 1166A>C is the most common polymorphism seen in the AGTR1 gene and has 

shown to be associated with Pre-eclampsia in some studies (167). There have been inconclusive 

results about the association of AGTR1 gene with Pre-eclampsia (168), (169). The recent meta-

analysis performed has determined no association between AGTR1 polymorphism and Pre-

eclampsia (152).  

AGTR2: This gene codes for Angiotensin II type 2 receptors which are widely expressed in fetal 

tissues. Among the four haplotypes studied for this gene the TAATGC haplotype was shown to 

have been associated with the occurrence of Pre-eclampsia (147), (170). 

NOS3: This gene codes for the endothelial NO synthase enzyme which regulates the availability 

of endothelial NO which makes this one of the important candidate genes studied to determine its 

association with PE (147), (171). The commonly studied polymorphisms in this gene are the 

Glu298Asp polymorphism and the Asp298–786C-4b haplotype polymorphisms. Both of these 

polymorphisms have been found to be associated with an increased risk of developing PE (171). 

VEGF:  This gene codes for the vascular endothelial growth factor. VEGF along with its receptors 

play an important role in the process of trophoblast invasion and subsequent endothelial 

dysfunction. Meta-analysis studies conducted on the VEGF gene have identified four common 

polymorphisms which are suspected to alter gene expression leading to the pathophysiology of 

Pre-eclampsia. These commonly studied SNPs are at +936(rs3025039), -634 (rs2010963), -1154 
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(rs1570360) and -2578 (rs699947) positions. A recent meta-analysis has shown the +936C/T and 

the -634G/C polymorphisms to be associated with an increased risk of developing Pre-eclampsia 

(172), (173). 

ENG: This gene codes for the Endoglin protein which is responsible for regulating the 

differentiation of trophoblasts and controlling the interstitial invasion into the spiral arteries in the 

placenta (174). Endoglin is a proliferation-associated and hypoxia inducible protein which is 

expressed in the syncytiotrophoblasts and also in vascular endothelial cells (175). Endoglin also 

functions as a co-receptor for transforming growth factor β1 and β2 (176). It decreases the 

endothelial nitric oxide signalling by inhibiting the TGF-β1 signalling pathway leading to nitric 

oxide dependant vasodialation and endothelial dysfunction (84), (177). The levels of soluble 

Endoglin (sEng) are elevated in Preeclamptic women. Thus soluble Endoglin (sEng) levels can 

function as a biomarker to predict the onset of Pre-eclampsia (178). 

2.2.1.2 Genes involved in Thrombophilia 

SERPINE1: This gene codes for the protein serin peptidase inhibitor, clade E, member 1. This 

protein also called plasminogen activator inhibitor 1(PAI-1 

), inhibits fibrinolysis. Elevated expression of SERPINE1 gene will inhibit fibrinolysis leading to 

thrombosis (179). The commonly studied polymorphism occurring in this gene is the 

insertion/deletion (I/D) polymorphism at position -675 in the promoter region of the SERPINE1 

gene. This is a well characterized single nucleotide polymorphism where a 5 Guanine (G) 

nucleotide tract is the major allele while the deletion of one G nucleotide results in the 4G minor 

allele. Meta-analysis studies performed on the SERPINE 1 (PAl-1) 4G/5G insertion-deletion 

promoter polymorphism (rs1799889) shows it to be associated with PE (180), (181), (150) . 

FV: The FVL gene polymorphism was one of the thrombophilic polymorphisms studied for its 

association with Pre-eclampsia. The most common mutation seen in the FVL gene is the 

A1691G→A mutation which causes an arginine to be substituted to a glutamine leading to a 

prethrombotic state and hence has been studied to find its association with the onset of Pre-

eclampsia (182), (183). This polymorphism occurring at codon 506 and also known as the R506Q 

polymorphism is associated with the increased risk of developing Pre-eclampsia in some studies 

(184), (185), (186). However whether the polymorphisms in Factor V Leiden gene are associated 

with Pre-eclampsia susceptibility still remains to be conclusively determined, as a recent meta-

analysis shows no association of Factor V Leiden genes with PE (187), (188). 

MTHFR: This gene located on chromosome 1p36.6 codes for the enzyme 

methylenetetrahydrofolate reductase. Recent meta-analysis performed on the variants of this gene 

have identified two main polymorphisms that have been associated with Pre-eclampsia. The 

C677T polymorphism is a C→T transition at base pair 677 causing the substitution of amino acid 

alanine to valine and the A1298C polymorphism is an A→C transition at base pair 1298 causing 
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a glutamate to alanine substitution (189), (190). The MTHFR enzyme is involved in the 

homocysteine and folate metabolism pathways and this polymorphism is associated with reduced 

enzyme activity and elevated homocysteine levels which have been associated with hypertension 

and Pre-eclampsia (147), (191), (192). These two polymorphisms have been associated with Pre-

eclampsia in certain ethnic groups (190), (193). A recent study to determine the association of 

MTHFR gene polymorphisms and PE has identified a polymorphism in the intronic SNP 

rs17367504-G, which has a protective effect on PE in a Norwegian cohort (194). 

2.2.1.3 Genes involved in metabolism and oxidative stress 

LPL: This gene codes for the enzyme Lipoprotein lipase which is an important enzyme involved 

in lipoprotein metabolism. LPL is needed to clear the circulating triglycerides. The 

polymorphisms in the LPL gene associated with Pre-eclampsia are the N291S mutation which 

involves a serine to asparagine substitution and the D9N missense mutation which involves an 

asparagine for aspartic acid substitution (195). In Caucasian populations the D9N variant is in 

strong linkage disequilibrium with the -93T→G promoter variant. These polymorphisms reduce 

LPL enzyme activity leading to dyslipidaemia (195). Dyslipidaemia causes endothelial cell 

dysfunction in PE. The LPL gene has been a major candidate gene associated with Coronary Heart 

Disease (CHD) (196). LPL gene expression levels have also been shown to be altered in intra 

uterine growth restriction (IUGR) (197). 

EPHX: This gene codes for the enzyme epoxide hydrolase which converts epoxides to 

transdihydrodiols. The SNP causing an amino acid change from TYR113His, (rs1051740) in this 

gene has been associated with PE pathology. 

2.2.1.4 Genes involved in immune maladaptation 

TNFα: Is a multifunctional cytokine involved in the transcriptional regulation of genes coding 

for vaso-constrictors, platelet derived growth factor and endothelin 1 (198), (199). Some studies 

testing the polymorphism in the TNF-alpha gene did not show association with PE (200). 

Although there have been many candidate gene studies published showing association with PE, 

these studies have been hard to replicate in follow up studies. A study conducted by Triche et al. 

in 2014, applied a bioinformatic approach to identify candidate gene variants for PE. The study 

included the use of bioinformatic tools to systematically review published literature and led to the 

identification of gene ontology groups that showed an association with the severity of PE. The 

development of such gene ontology databases from previously conducted candidate gene studies 

will aid in the choice of genes for targeted next generation sequencing experiments (201). 

2.2.2 Genome wide Linkage scans to identify PE susceptibility genes 

Candidate gene studies determined a host of candidate genes to be associated with PE however a 

majority of these studies were not replicable and were inconclusive. With the advance of Linkage 
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mapping technologies and the availability of a large number of microsatellite markers the next 

approach involved conducting Genome-wide Linkage Scans. These scans to identify PE 

susceptibility loci were conducted in families in Iceland, Finland, the Netherlands, Australia and 

New Zealand. Regions of interest corresponding to high LOD scores were determined on different 

chromosomes in each of these scans. 

These studies identified susceptibility loci for PE on the chromosomes shown in Table 2-1 
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Table 2-1: Susceptibility loci identified for PE in linkage studies 

Chromosome number Susceptibility loci Study groups Sample size 
Markers with the peak 

LOD score 
NPL, LOD scores 

2 

2p25 (202) Finland 15 families D2S168 NPL=3.77,P=0.000761, LOD=2.20 

2p13 (203), (144) Iceland 124 families D2S286 LOD=4.70 

2q23 (203) Iceland 124 families D2S321 LOD=2.08 

2q (204) Australia & NZ 34 families D2S112-D2S151 LOD=2.58 

4 
4q32 (202), (144) Finland 15 families D4S413-D4S3046 NPL=3.13, P=0.003238 

4q (139), (144) Australia & NZ 34 families D4S450-D4S610 LOD=2.9 

5 5q15-5q21.2 (1) Australia & NZ 34 families D5S644-D5S433 LOD=3.12 

7 7q36 (205) Australia & NZ 26 families D7S1805 LOD=2.14 

9 

9p13 (202) Finland 15 families D9S169 NPL=3.74, P=0.000821 

9p11 (202) Finland 15 families D9S1874 NPL=3.26, P=0.002456 

9q34 (202), (144) Finland 15 families D9S1863 NPL=2.18, P=0.022627 

10 10q22.1 (206), (207) Netherlands 38 families D10S1432 LOD=2.38 

11 
11q13 (206), (144) Netherlands 38 families D11S2371 LOD=1.87 

11q23-11q24 (208) Australia & NZ 34 families D11S925-D11S4151 LOD=2.02 

12 12q23.2 (206) Netherlands 15 families  associated with the HELLP syndrome 

13 13q33.3 (1) Australia & NZ 34 families D13S1265-D13S173 LOD=3.10 

15 15q11 (202), (144) Finland 15 families D15S1007-D15S1040 NPL = 2.0, P=0.031434 

18 
18p11.2 (206), (144) Netherlands 38 families D18S843 LOD=1.65, P=0.0027 

18 (209) Finland 15 families D18S64 NPL=2.51,P=0.006, LOD=1.20 

22 22q12.3 (206),(144) Netherlands 38 families D22S685 LOD=2.41, P=0.00057 

Table 2-1 shows the susceptibility loci for PE identified through linkage studies in different populations 
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Figure 2-3: Susceptibility loci identified in genome-wide linkage scans 

The above figure shows the sucpetibility loci for PE identified in genome-wide linkage scans in families. These scans were conducted in families in Iceland, Finland, the 

Netherlands, Australia and New Zealand. 
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2.2.3 Positional candidate genes identified based on the genome wide 

linkage scans 

The initial genome-wide scans identified many susceptibility loci for Pre-eclampsia. As sequence 

analysis software improved some of these susceptibility loci were fine mapped using an additional 

set of markers and were reanalysed using a variance components approach. This led to the 

identification of hitherto novel loci for PE and also identified positional candidate genes. SNPs 

in these positional candidate genes were genotyped and association analysis was performed to see 

whether they showed any association with PE. 

Fine Mapping of susceptibility Loci and identification of Positional candidate genes in the 

Australian New Zealand family cohort. 

 

Table 2-2: Positional candidate genes identified for PE  

Susceptibility Loci Study group Sample size 
Positional candidate 

genes identified 

2p Australia & NZ (210) 34 families TCAR1, TCF7L1 

2q Australia & NZ (208) 34 families ACVR2A 

2q22 

Australia & NZ, 

Norwegian replication 

cohort (211), (212) 

34 families, 3535 

unrelated individuals 

CXCR4, HNMT, KYNU, 

RPRM, ACVR2A, ACVR1C, 

ACVR1 

5q Australia & NZ (1) 34 families 
CRHBP, ARTS-1, ERAP1, 

ERAP2, LNPEP 

13q Australia & NZ (1) 34 families 
COL4A1, COL4A2, 

TNFSF13B 

Table 2-2 shows the positional candidate genes identified for PE in the Australian New Zealand cohort 

 

2.2.4 Positional candidate genes tested for association with PE  

After fine mapping and identification of positional candidate genes, the positional candidates were 

prioritised based on their biological functions. Genotyping of SNPs within these positional 

candidate genes was performed and the SNPs were tested for their association with PE. 

ACVR2A: The ACVR2A gene encodes the Activin A type 2 receptors which are expressed in 

human placental tissue (213). The Norwegian population based study identified four SNPs 

rs1424941, rs1014064, rs2161983, rs3768687 in the ACVR2A gene to be associated with the PE 

susceptibility locus on chromosome 2q (211). A previous study done on an Australian/ New 

Zealand group identified three SNPs rs1424954, rs1364658, rs1895694 to be associated with the 
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PE susceptibility locus on chromosome 2q (208). An independent replication study conducted in 

a Brazilian cohort found a haplotype comprising of SNPs rs1424954, rs1014064 to be associated 

with early onset PE. The haplotype comprising of minor alleles for both the above mentioned 

SNPs increased the risk to early onset PE (214). 

ERAP1 and ERAP2: Located in the chromosome region 5q susceptibility locus these code for the 

endoplasmic reticulum amino peptidases 1and 2 which are used in antigen presentation. Studies 

done on the SNPs in ERAP2 identified two SNPs rs2549782 and rs17408150 which were 

associated with PE susceptibility in the Australian/ New Zealand and Norwegian study groups 

(215), (216). An independent study carried out in an African American population confirmed the 

association of SNP rs2549782 with an increased risk of developing Pre-eclampsia (217). Thus 

there is strong evidence that ERAP2 is associated with the pathogenesis of Pre-eclampsia. 

LNPEP: This gene located in the 5q susceptibility locus encodes the placental leucine amino 

peptidase which is found to be expressed in villous syncytiotrophoblasts and in the extravillous 

trophoblasts and the expression of LNPEP activity is reduced in PE pregnancies (218), (1). The 

Australian/ New Zealand study group identified this potential PE candidate gene encoding amino 

peptidases on 5q QTL using the GeneSniffer quantitative bioinformatics program (1). 

COL4A1, COL4A2: These genes code for collagen type IV alpha-1 and alpha-2 respectively. 

Collagens are an important component of the basement membrane and the COL4A2 gene 

expression levels have been shown to be up regulated in PE placentas. The upregulation of 

COL4A2 genes may lead to abnormal basement membrane remodelling leading to shallow 

trophoblastic invasion (1). A novel susceptibility locus for COL4A2 gene was found on 

chromosome 13q (1). 

TNFSF13B: This gene localized on chromosomal region 13q32-q34, codes for the tumor necrosis 

factor family of ligands which are expressed by cytotrohoblast cells in the placenta. The 

Australian/ New Zealand study group has identified three rare SNPs (rs16972194, rs16972197, 

and rs56124946) in TNFSF13B associated with PE. However the same SNPs were not detected 

in a Norwegian population (219), (216). 

2.2.5 Genome wide association studies  

Genome-wide association studies focussing on common SNPs have been conducted for a large 

number of common human diseases and traits. Three genome-wide association studies have been 

conducted for PE so far. Of these, two groups aimed to determine maternal risk factors that may 

contribute to the risk of PE.   

The first study was conducted by Zhao et al. in 2012 and it involved 293 unrelated individuals of 

European origin of which 177 were PE cases and 116 were normotensive controls. No SNP 

reached genome-wide significance level in this study. The top SNP associations were for 
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rs1426409 near KIAA1239 gene, rs17686866 near ESRRG gene, and rs9831647 near the LMCD1 

gene and rs10743565 near the IFLTD1 gene (220 288). This study was followed up by a 

replication GWAS by the same group in three case-control cohorts belonging to European, Afro-

Caribbean and Hispanic ethnicities. The replication study was carried out in 1070 Afro-Caribbean 

(21 cases and 1049 controls), 723 Hispanic (62 cases and 661 controls) and 1257 European (50 

cases and 1207 controls) subjects. None of the identified SNPs in the replication study reached 

genome wide significance. The top SNP associations included, rs11617740 in FGF14 gene in 

Afro-Caribbean subjects, rs7322722 in MYCBP2 gene in European ancestry subjects and 

rs17412740 located in an intergenic region near LZTS1 in Hispanic subjects. 

The second one was conducted by Johnson et al. in 2012 and it involved 1078 unrelated cases 

and controls. This study led to the identification of novel SNPs (rs7579169, rs12711941) 

associated with the INHBB gene on chromosome 2q14.2 (145). However these SNP associations 

could not be replicated in independent datasets. 

The third GWAS has been published recently in 2017 which has identified variants in the fetal 

genome that may add to the risk of PE. This GWAS has a huge sample size of 4,380 cases and 

310,328 controls of European origin. A variant rs4769613 near the FLT-1 gene shows association 

at the genome-wide significance level (221). 

Table 2-3: GWAS conducted for PE 

Study group 

Sample size 

unrelated 

case/controls 

Sample 

population 

ethinicity 

Top SNP associations 

Zhao et al.  (220) 293  European 

rs1426409 near KIAA1239 gene, 

rs17686866 near ESRRG gene, 

rs9831647 near the LMCD1 gene, 

rs10743565 near the IFLTD1 gene 

Follow up study by 

Zhao et al. (222) 

1070 Afro-

Caribbean, 723 

Hispanic and 

1257 European 

European, Afro-

Caribbean, 

Hispanic 

rs11617740 in FGF14 gene (Afro-

Caribbean), rs7322722 in MYCBP2 

gene (European) and rs17412740 

located near LZTS1 gene (Hispanic). 

Johnson et al.  (145) 1078 European 
rs7579169, rs12711941 in the INHBB 

gene  

McGinnis et al.  

(221) 

4,380 cases and 

310,238 

controls. 

European rs4769613 near the FLT-1 gene 

Table 2-3 shows the GWAS conducted to identify PE susceptibility genes 

 

Transcriptome studies 
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The advent of the micro-array technology led to the identification of genome-wide patterns of 

expression through transcriptome studies. In the case of PE, many studies using genome-wide 

transcription data of utero-placental tissue have been conducted to elucidate the genes that are 

differentially expressed in PE. These gene expression studies have been conducted using both 

maternal or decidual bed tissues and placental bed tissues. A review and meta-analysis of the 

many gene-expression studies in PE was conducted by Kleinrouweler et al (223). 

Epigenetic studies: STOX1 

Gene expression patterns in cells are primarily regulated by two principle mechanisms, one by 

the DNA sequence itself and second by factors those are not dependant on the sequence and are 

not directly related to the sequence. These factors are termed as epigenetic factors. The modes of 

epigenetic inheritance can be classified as DNA methylation, chromatin remodelling, genomic 

imprinting, and long range control by chromatin structure (224). 

Aberrant regulation of epigenetic factors has been implicated in the pathogenesis of many disease 

including Alzheimer’s disease, Schizophrenia and Autism (224). Recent research suggests 

epigenetic control of placental gene expression may play a role in the pathogenesis of Pre-

eclampsia (224). The hypothesis that placental genotype may control maternal genotype led Dutch 

researchers to identify a parent of origin effect on chromosome 10q22 (207). On sequencing the 

coding region on chromosome 10q22 the Y153H polymorphism associated with the STOX1 gene 

was determined which was shown to be maternally transmitted through three generations (207). 

The STOX1 gene codes for a winged helix domain containing storkhead box 1 protein which 

functions as a transcription factor. The Y153H polymorphism is located in a DNA binding domain 

and has a higher binding affinity for CTNNA3 gene. This gene is transcribed after the binding of 

STOX1. The CTNNA3 gene codes for an alpha catenin family protein which plays a role in cell-

cell adhesion. 

2.2.6 Whole exome sequencing to identify variants in PE 

An exome sequencing study to identify PE risk variants in maternal DNA samples was conducted 

recently in Finland (225). The study focussed on identifying rare variants (MAF 1-5%) with 

moderate to large effects. The study was based on the hypothesis that variants contributing to the 

risk of PE are likely to have low population frequencies due to negative evolutionary selection as 

PE is a major cause of maternal and fetal morbidity. This study was a population based study 

which studied exome sequencing data from 100 PE cases to screen for low frequency variants. 

The shortlisted variants were then genotyped in a large case control cohort of 1353 PE cases and 

699 controls. Genotype data from an additional control group of 6118 exome sequenced samples 

were included to increase statistical power. None of the variants tested in this study reached 

genome-wide significance. However, this study identified the following variants to be associated 

with different clinical parameters of PE. 
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2.2.7 Whole genome sequencing  

Whole genome sequencing provides the most comprehensive collection of genetic variation at the 

individual level. Hence as sequencing costs reduce the future will see a shift from microarray 

based genotyping studies to whole genome sequencing. WGS techniques have been employed to 

determine variants that may contribute to an increased risk of other complex diseases but have 

not been employed in the study of PE thus far. This is the first study done to identify genetic 

variants that may contribute to the risk of PE from WGS data using a family based study design. 

2.2.8 Future directions in the genetic studies on PE 

In the last few years research done to understand the genetic nature of complex diseases has 

identified many risk variants. However these have contributed to only a minor fraction of the 

genetic risk. There have been some explanations for this missing heritability. Notable among these 

are the hypothesis that common variants may have only minor effects on the phenotype. Also, 

common variants have variable penetrance owing to epistatic and epigenetic factors. In the case 

of complex polygenic disorders rare variants and structural variants may also contribute to the 

missing heritability. In the GWAS era, the means to discover rare variation and structural 

variation was limited by the sample size. The microarray based genotyping employed in a GWAS 

cannot assay all the different types of variation. Employing a whole genome sequencing approach 

will help identify the whole spectrum of genetic variation in an individual. We decided on a family 

based study design since this is considered optimal to identify likely rare variants that segregate 

among affected members of a family and increase the risk of PE. Also families tend to be more 

homogenous regarding exposure to environmental factors which may play a role in disease 

etiology as compared to unrelated individuals in case-control cohorts (226). 

2.3 Aims of this thesis 

Since PE has a strong genetic component with heritability estimates ~ 50%, identifying 

susceptibility genes causing this disorder will aid biomarker discovery. Advances in sequencing 

technologies have now enabled us to examine the genetic origins of diseases right down to the 

single base pair level. Thus it was hypothesized that, this next generation sequencing technology 

coupled with a family based approach will help identify rare and novel genetic variants that may 

confer a risk of developing Pre-eclampsia. 

There were three specific aims of this thesis designed to enhance our understanding of the risk of 

PE through the use of next generation sequencing techniques in family based studies. 

i. Identification of putative single nucleotide variants (SNVs) through whole genome 

sequencing of multiplex families with cases of PE. 
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ii. Identification of putative copy number variants (CNVs) through whole genome 

sequencing of affected multiplex families. 

iii. To determine if variants in the RGS5 gene, a candidate gene are associated with an 

increased risk of developing PE. 

An understanding of the genetic variants that may contribute to the risk of PE will help explain 

the pathophysiology of the disease, help identify individuals at risk, aid with the development of 

new therapeutic interventions and reduce the mortality and adverse outcomes associated with this 

disease (216). 
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3 AIM1: SNV ANALYSIS IN PE FAMILIES 

This chapter presents the results of the first aim of this thesis. This study was conducted to identify 

SNVs from WGS data in 48 individuals from 5 families which may contribute to PE 

susceptibility. 
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3.1 Study 

This study aimed to identify putative functional single nucleotide variants (SNVs), which may 

increase the risk of PE by employing WGS technology in multiplex Australian families. The 

strategy employed the whole genome sequencing of 48 individuals from 5 families which had 25 

cases, including 16 severe (sPE), 7 mild (mPE) and 2 eclampsia (E) and 23 normotensive (N) 

controls. The analysis discussed in this chapter focusses purely on SNVs ignoring other forms of 

variation. 

3.2 Materials and Methods 

3.2.1 Study participants 

WGS data from 48 members from 5 multigenerational families with known cases of severe and 

mild PE were analysed. These 5 families belong to a larger PE study cohort of 26 Australian and 

8 New Zealand families that have been described and used in previous studies (204), (27). Of the 

48 individuals, 42 were females and 6 were male relatives. The 5 families are a part of a PE cohort 

that was recruited between 1984 and 1999 at the Monash Medical Centre, the Royal Women’s 

Hospital in Melbourne, Australia. This Australian cohort was mainly recruited through media 

advertisements. A part of this cohort was recruited at the National Women’s Hospital in 

Auckland, New Zealand.  

3.2.2 Pedigree charts 

The pedigree charts for the 5 families are shown in Aim 1: Appendix 1: Pedigree charts. Of the 

48 individuals sequenced, 25 were cases including 16 sPE, 7 mPE and 2 E while 23 were controls 

including both male relatives and normotensive females. 

3.2.3 Phenotype 

The clinical assessment of women recruited for the study was carried out by qualified clinicians 

in accordance with the criteria determined by the Australasian Society for the Study of 

Hypertension in Pregnancy, and the Society of Obstetric Medicine of Australia and New Zealand. 

The diagnostic criteria have been described in previous studies conducted using this cohort (27). 

Briefly, previously normotensive women were diagnosed with PE post 20 weeks of gestation if 

they met the following criteria for both blood pressure and proteinuria on at least two occasions 

six or more hours apart 

iv. Blood pressure diagnosis criteria: showed a rise in systolic blood pressure (SBP) of at 

least 25mmHg and /or a rise from baseline diastolic blood pressure (DBP) of at least 
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15mmHg, or showed a SBP measurement of ≥ 140mmHg and /or a DBP measurement of 

≥ 90mmHg. 

v. Proteinuria diagnosis criteria: Additionally the patients displayed new onset proteinuria 

(≥0.3g/l in a 24 hour specimen) as measured by a proteinuria dipstick reading of ‘2+’ 

from a random urine check or showing a spot protein: creatinine ratio (≥0.3g/mmol). 

3.2.4 Ethics 

For all the study participants, ethics were approved by the respective institutional research ethics 

committees and informed written consent was obtained from family members. The ethics 

approval for the whole genome analysis conducted as a part of this thesis was obtained from the 

Human Research Ethics Committee at the University of Western Australia, (UWA HREO 

approval number RA/4/1/5759). 

3.2.5 DNA extraction 

The DNA extraction protocol from whole blood samples has been described elsewhere (1). DNA 

quality for samples to be sequenced was checked by running genomic DNA samples on a 0.6% 

agarose gel and by spectrophotometric analysis using the Nanodrop 1000 instrument. 10µl of the 

quality checked DNA samples were normalized to a concentration of 100ng/µl and dispatched to 

Macrogen Inc. Seoul, Korea. 

3.2.6 Sequencing 

The samples were sequenced by commercial sequencing service provider Macrogen Inc. at a 

standard mappable depth of 15X using the Truseq Nano DNA (350bp) library on the Illumina 

HiSeq X Ten platform. We received medium coverage (15X) whole genome resequencing data 

from 48 individuals covering at least 98.9% of the genome at 1X and at least 97.7% of the genome 

at 5X. 

3.2.7 Sequence analysis pipeline 

A schematic representation showing the steps in the sequence analysis pipeline is shown below. 
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Figure 3-1: SNV sequence analysis pipeline 

The above figure shows a schematic representation of the steps in the SNV analysis pipeline. 

The tools used for each step in the analysis pipeline are also shown, 

 

3.2.7.1 Sequence QC 

The sequence quality control and alignment were performed by the commercial sequencing 

service provider Macrogen Inc. using the standard QC and alignment protocols. Briefly, the 

sequence files were converted into FASTQC and the adapters removed. Pre-alignment statistics 

including total yield, throughput mean depth calculated for each sample are shown in Aim 1: 

Appendix 2: Pre-alignment statistics 

3.2.7.2 Alignment 

The alignment was performed by the commercial sequencing service provider Macrogen Inc.  

Briefly, the raw reads were aligned to human reference genome (hg19) from UCSC, using the 

ISSAC aligner version 01.15.02.08. There are numerous software programs that perform 
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sequence read alignment. Of these the ISSAC aligner is designed for reads generated by the HiSeq 

system (227). The ISSAC aligner was tuned to keep the duplicates. Duplicates were marked but 

not removed using Picard. Unmapped reads were removed in the downstream analysis. The output 

following the alignment step is then converted to a BAM (Binary Alignment Map) file format 

comprising of only high quality reads for further downstream analysis (228). 

3.2.7.2.1 Post alignment statistics and Coverage analysis 

The post alignment statistics for the 48 samples are shown in Aim 1: Appendix 3: Post-alignment 

statistics. The percentage of the genome covered per sample is shown in Aim1: Appendix 4: 

Coverage analysis. 

3.2.7.3 Variant calling 

This step of the analysis pipeline compares the aligned file in the (BAM) format to the reference 

genome identifying variants. The variants were called using Unified Genotyper using the Genome 

Analysis Toolkit (GATK version 3.4) (229). GATK calls SNVs simultaneously from multiple 

samples employing a Bayesian genotype likelihood model. Joint calling of variants reduces the 

false positive variant calls for rare variants and increases the accuracy of variant calls for common 

variants. Reference assembly hg19 was specified, as the region across which variants were to be 

called by the variant caller. The output was specified to include both SNVs and INDELs. However 

the current analysis focussed only on SNVs since accurate inference of INDELs from NGS data 

continues to be challenging.  INDELs occur at a lower rate than SNVs and are harder to detect 

(230). The standard call configuration and standard emission configuration parameters for the 

process were set at 50 and 10 respectively along with a depth of coverage of 1000. The standard 

emission configuration threshold represents the minimum confidence threshold (phred-scaled) at 

which sites that may contain a putative variant should be emitted. The standard call configuration 

threshold represents minimum confidence threshold (phred-scaled) at which the GATK variant 

caller program should emit variant sites as called. This threshold separates high confidence variant 

calls from low confidence calls as variant sites with associated genotypes that have a confidence 

score lower than the specified calling threshold are marked as low quality. 

3.2.7.4 Variant Quality Recalibration 

The called variants were recalibrated using the VariantRecalibrator and the ApplyRecalibration 

tools which are a part of the GATK suite, using default parameters. A per-base quality score was 

assigned to each of the called variants following variant quality score recalibration (231), (232). 

3.2.7.5 Variant Annotation 

The called SNVs were annotated using the Annotate variation (ANNOVAR) tool, which is used 

to functionally annotate detected genetic variants (233). ANNOVAR performs gene-based, 

region-based and filter based annotation of variants by integrating variant annotations from 



Aim1: SNV analysis in PE families 

Dnyanada Gokhale-Agashe-March 2018   45 

multiple databases. The dbNSFP (version 2) databases in ANNOVAR were used for the 

functional annotation of variants (234). These databases contain functionality prediction scores 

from different algorithms like SIFT, PolyPhen2 HDIV, PolyPhen2 HVAR, LRT, MutationTaster, 

MutationAssessor, FATHMM for the variants. Additionally the dbNSFP database contains 

conservation scores for variants from the GREP++, PhyloP and SiPhy databases. 

SIFT (The sorting tolerant from intolerant) and PolyPhen (Polymorphism Phenotyping) software 

algorithms aid in prioritization of variants into deleterious or benign. The SIFT algorithm can 

predict whether an amino acid substitution is deleterious to protein function thereby aiding in the 

classification of variants as synonymous vs non-synonymous and also assigns a score to the amino 

acid substitution classifying it as damaging or tolerated (235). Polyphen-2 predicts the effect of 

an amino acid substitution and its predictions depend on the sequence, phylogenetic and structural 

features that are caused by the substitution (236). The MutationTaster (237), Mutation Assessor , 

FATHMM (238), LRT (239) databases consist of functional prediction scores for each variant 

that are similar to the SIFT and PolyPhen databases. The MetaSVM annotation is a feature in 

ANNOVAR which uses a radial SVM model to train prediction model using all available scores 

and population genetics parameters. The algorithm then imputes and fills out missing scores for 

SIFT, PolyPhen, MutationAssesor and other databases. The MetaLR annotation feature is 

identical to the MetaSVM. The GERP++ (240), PhyloP and SiPhy (241) databases indicate 

conservation status of functional variants. A higher score in these three databases indicates that a 

variant is located at a highly conserved site and hence is more likely to have a higher functional 

importance. 

3.2.7.5.1 Filtering deleterious variants  

All SNVs that were classified as deleterious in any one of the eight ANNOVAR dbNSFP (version 

2) databases (SIFT, PolyPhen2, LRT, MutationTaster, MutationAssessor, FATHMM, MetaSVM, 

MetaLR) were considered for further analysis. The variants were filtered to include only biallelic 

variants using vcftools version (v0.1.13) (242) to include only biallelic SNVs and INDELs were 

excluded from further analysis. 

3.2.7.5.2 Filtered by minor allele frequencies (MAF) 

The variants were filtered according to their minor allele frequencies (MAF). A MAF cut-off 

threshold of 0.1 was applied in Plink 1.9 (243). Since the study size comprises of 48 individuals, 

it was decided to declare a variant call as a true variant call only if it had a minor allele count 

(MAC) of at least 5 (which equates to MAC of 10 in 96 loci in 48 individuals) and the 

corresponding MAF cut-off threshold of 0.1 was applied to reduce the number of false positives. 

For binary traits p-values determined using large-sample based tests can produce inaccurate type 

I errors when the sample size or total MACs are small (244). Thus a MAC of 5 was chosen. 



Aim1: SNV analysis in PE families 

46  Dnyanada Gokhale-Agashe-March 2018 

3.2.7.5.3 Regulatory region annotation 

Ensembl Human regulatory features track (GRCh37.p13) and the Regulome DB database were 

used to annotate regulatory features overlapping SNVs that showed preliminary association with 

PE. 

3.2.8 Statistical analysis 

Association analysis of individual sequence variants was performed using the measured genotype 

approach (mga) implemented in SOLAR (245). The mga method enhances power by using 

variance component tests which collapses the cumulative effects of multiple variants into a single 

value and then tests for association using this newly derived covariate. SNVs which were 

deleterious in any of the databases tested in ANNOVAR were analysed for their association with 

PE in SOLAR. The phenotype was specified as mild PE. SNVs with a significance value below 

the p-alpha threshold of 0.001 were considered to show preliminary association with PE. 

3.2.9 Replication studies in an independent cohort 

The variants with a significance value below the p-alpha threshold of 0.001 identified in the 

SOLAR analysis were then filtered to remove the variants that had failed to show significant 

association with PE in a previously conducted GWAS by Johnson et al. in 2012. After filtration,  

total of 14 SNVs showed preliminary association with PE in the family based study, Of the 14 

SNVs, a novel SNV in the COL4A2 gene at position (chr13:111109624) on hg19 had the lowest 

p-value and was chosen for validation by Sanger sequencing. Among the other filtered SNVs 13 

were chosen to be genotyped in an independent case-control cohort of 1000 individuals (470 PE 

cases and 530 normotensive controls). Only 5 of 13 SNVs could be genotyped in the independent 

case-control cohort owing to the array design of the Sequenom mass array and the genomic nature 

of the region surrounding the variants. This cohort was a subset of our original GWAS cohort 

(N=1092). The SNVs were genotyped on the Agena Bioscience MassArray Compact 

Spectrometer platform using iPLEX GOLD chemistry by the Australian Genome Research 

facility (AGRF), Brisbane. Association analysis on the genotyped SNVs was performed using 

PLINK 1.9.  
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Figure 3-2: SNV replication studies 

The figure shows the replication studies perfomed in an independent cohort to confirm the 14 

SNVs that showed preliminary association with PE in the family based analysis. Of the 14 SNVs, 

one novel SNV in the COL4A2, COL4A2-AS2 gene was chosen for Sanger sequencing while the 

other SNVs were chosen to be replicated in a genotyping study. Of these,  5 could be genotyped 

in the independent case-control cohort owing to the array design of the Sequenom mass array 

and the genomic nature of the region surrounding the variants. 

 

3.2.9.1 Sanger validation of the novel variant in COL4A2 gene 

A novel SNV in the COL4A2 gene (located in exon 5 of COL4A2-AS2 gene) at position 

(chr13:111109624) on hg19 had the lowest p-value and was chosen for validation by Sanger 

sequencing. Sanger sequencing to confirm this novel variant was performed on 15 members of 

Family I by the Australian Genome Research facility (AGRF), Perth. The primer sequences and 

PCR conditions are mentioned in Aim 1: Appendix 5: Sanger sequencing. 
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3.3 Results 

3.3.1 Sequence quality control and coverage analysis 

Prior to alignment, the average number of total reads across 48 samples was 410,782,215, while 

the average total yield across 48 samples was 61,617 (Mbp). The average throughput mean depth 

for 48 samples was 21.5. 

Post alignment statistics are shown in Aim 1: Appendix 2: Post-alignment statistics. 

3.3.2 Variant calling, annotation, filtration 

A total of 24,173,692 SNVs were called by the variant calling software GATK. The variants were 

then annotated, filtered by the filtration steps shown in Figure 3-1 below. A total of 10,697 SNVs 

were analysed using SOLAR to determine their association with PE. 

 

Figure 3-3: SNV calling, annotation, filtration pipeline 

The figure shows the steps in the SNV calling, annotation and filteration pipeline. It shows the 

number of variants that were retained after filtering at each step (indicated in brackets) and the tools 

used for each step. This analysis focussed on variants that were identified as deleterious in any one 

of the 8 dbNSFP (version 2) databases in ANNOVAR. A total of 10697 SNVs were tested in the 

association analysis to determine their association with PE. 
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3.3.3 Association analysis 

A total of 14 SNVs were considered to show preliminary association with PE having a p-value 

below the p-alpha threshold of 0.001 (Table 3-1). Of these 2 SNVs, 1 novel at position (chr13: 

111109624) in the COL4A2, COL4A2-AS2 genes and 1 known variant (rs749126935) in the 

SETD1B gene showed association with PE that remained significant post Bonferroni correction 

for multiple testing (p-alpha (corrected) = 4.67E-06). 
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Table 3-1: SNVs showing preliminary association with PE (p-alpha threshold = 0.001) 

(a) 

 SNV(rsID) 

(b) 

 Chr 

(c) 

 BP 

(d) 

 Gene 

(e) 

 Gene name 

(f) 

Ref 

Allele 

(g) 

Alt 

Allele 

(h) 

MAF(exp) 

(i) 

chi 

(j) 

p-value 

novel chr13 111109624 COL4A2, 

COL4A2-AS2 

Collagen, type IV, alpha 2, Collagen type IV, alpha 2 antisense 

RNA 

C G 0.125 33.66 6.57E-09* 

rs749126935 chr12 122261242 SETD1B SET domain containing 1B T C 0.448 24.48 7.52E-07* 

rs758086083 chr16 31234146 TRIM72 Tripartite motif containing 72 A C 0.406 17.88 2.30E-05 

rs142987478 chr22 25011031 GGT1 Gamma-glutamyltransferase 1 C T 0.365 16.93 3.90E-05 

rs868594949 chr10 88476170 LDB3 LIM domain binding 3 T C 0.448 15.51 8.20E-05 

novel chr19 48197472 GLTSCR1 Glioma tumour suppressor candidate region gene 1 A C 0.302 14.47 1.42E-04 

rs80298820 chr17 20770002 CCDC144NL Coiled-coil domain containing 144 family, N-terminal like C A 0.479 14.11 1.73E-04 

rs76947654 chr17 20770003 CCDC144NL Coiled-coil domain containing 144 family, N-terminal like C G 0.479 14.11 1.73E-04 

rs761208105 chr7 70229821 AUTS2 Autism susceptibility candidate 2 T C 0.479 14.11 1.73E-04 

rs58786055 chr18 43565399 PSTPIP2 Proline-serine-threonine phosphatase interacting protein 2 C A 0.271 13.96 1.87E-04 

novel chr19 49631727 PPFIA3 Protein tyrosine phosphatase, receptor type, f polypeptide  T G 0.156 12.97 3.17E-04 

rs199740586 chr11 1092998 MUC2 Mucin 2 C T 0.219 11.90 5.62E-04 

rs1799969 chr19 10394792 ICAM1 Intercellular adhesion molecule 1 G A 0.104 11.41 7.31E-04 

novel chr19 50154253 SCAF1 SR-related CTD-associated factor 1 T C 0.167 11.36 7.49E-04 

Table 3-1 shows 14 SNVs that showed preliminary association with PE (p-value ≤ p-alpha = 0.001). Column (a) = SNV ids from dbSNP 138 database annotated in ANNOVAR. Column (b) = 

chromosome number, column (c) = base pair coordinates (reference genome hg19). Column (d) = gene symbol, column (e) = gene name. Column (f) = the reference allele, column (g) = the 

alternate allele. Column (h) = the experimental minor allele frequency (MAF). The columns (i), (j) respectively indicate the chi test statistic and p-value of association for the measured 

genotype test performed in SOLAR. An * in the p-value column indicates the p-values that remained significant after Bonferroni correction for multiple testing, p-alpha (corrected) = 4.67E-

06 
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3.3.3.1 Annotation of associated variants in ANNOVAR 

The deleterious prediction scores from all the 8 dbNSFP (version 2) databases (SIFT, PolyPhen2, 

LRT, MutationTaster, MutationAssessor, FATHMM, MetaSVM, MetaLR) in ANNOVAR for 

each SNV showing preliminary association with PE are shown in Table 3-2 below. The table also 

shows the conservation scores from the GERP ++ database and the amino acid change for each 

of the SNVs. 

The Regulome database scores and the presence or absence of overlapping regulatory features 

from the Ensembl regulatory build for Grch37 are shown in Table 3-3 below. 

 



Aim1: SNV analysis in PE families 

52  Dnyanada Gokhale-Agashe-March 2018 

 

Table 3-2: Annotation of SNVs showing preliminary association with PE 

(a) 

 SNV(rsID) 

(b) 

Chr 

(c) 

BP 

(d) 

 SIFT  

(e) 

 PolyPhen2 

(HDIV)  

(f) 

PolyPhen2 

(HVAR)  

(g) 

LRT  

(h) 

Mutation

Taster 

(i) 

Mutation 

Assessor 

(j) 

FATHMM 

(k) 

MetaSVM 

(l) 

MetaLR 

(m) 

GERP++ 

score 

(n) 

Amino acid 

change 

novel chr13 111109624 D Unk Unk Unk N Unk Unk T T 0.983 p.Gly187Arg 

rs749126935 chr12 122261242 T B B N N L D T D 0.169 p.Leu1543Pro 

rs758086083 chr16 31234146 Unk Unk Unk Unk D Unk Unk Unk Unk 5.04   splice acceptor  

rs142987478 chr22 25011031 D D D U D H T T T 2.46   p.Arg107Cys  

rs868594949 chr10 88476170 T D D N N L T T T 3.23 p.Ser445Pro 

novel chr19 48197472 T B B Unk D N T T T 1.51 p.His795Pro 

rs80298820 chr17 20770002 D P P Unk P N T T T Unk p.Ala144Ser 

rs76947654 chr17 20770003 D P B Unk P N T T T Unk p.Gln143His  

rs761208105 chr7 70229821 Unk D D N D L T T T 5.21 p.Leu433Pro 

rs58786055 chr18 43565399 D D P Unk P Unk Unk T T -5.93 p.Gly312Ser  

novel chr19 49631727 Unk Unk Unk Unk D Unk Unk Unk Unk 3.14 splice site change 

rs199740586 chr11 1092998 D P B Unk N Unk T T T -0.359 p.Thr1606Met  

rs1799969 chr19 10394792 D D D N P L T T T 2.16 p.Gly241Arg 

novel chr19 50154253 D B B N N N T T T 3.88 p.Ser203Pro 
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Table 3-2 continued 

The above table shows 14 SNVs that show preliminary association with PE in the family based study (p-value ≤ p-alpha = 0.001).  

Column (a) = SNV id from the dbSNP 138 database. Column (b) = chromosome number.  Column (c) = base pair coordinates from reference assembly hg19. Column (d) = SIFT prediction for the 

SNV where D = deleterious, T = tolerated. Column (e) = PolyPhen2 (HDIV) database prediction for the SNV where D = damaging, P = possibly damaging and B = benign. The (HDIV) database in 

PolyPhen2 is used for comparing rare alleles at loci that could play a role in complex phenotypes versus the (HVAR) database which is meant for the diagnostics of Mendelian diseases. Column (f) 

= PolyPhen2 (HVAR) database prediction for the SNV where D = damaging, P = possibly damaging and B = benign. Column (g) = LRT database predictions where D= Deleterious; N = Neutral; Unk 

= Unknown. Column (h) = Mutation Taster database predictions where A = disease causing automatic, D = disease causing, N = polymorphism, P = polymorphism automatic. Column (i) = Mutation 

Assessor database predictions where an H or M indicates functional and L or N indicates non-functional relevance of the variants. Column (j) = FATHMM database predictions where D is 

Deleterious, T is Tolerated. Column (k) = MetaSVM database predictions where D is Deleterious, T is Tolerated. Column (l) = MetaLR database predictions where D is Deleterious, T is Tolerated. 

Column (m) = GERP++ score where a higher score is indicative of a deleterious variant. Column (n) = the amino acid change caused due to the non-synonymous SNV. 
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Table 3-3: Annotation of regulatory features for SNVs showing preliminary association with PE 

(a) 

 SNV(rsID) 

(b) 

Chr 

(c) 

BP 

(d) 

Gene 

(e) 

Transcript 

(f) 

Position 

(g) 

Amino acid 

change 

(h) 

Regulatory features 

(i) 

Regulome

DB score 

novel chr13 111109624 COL4A2, COL4A2-

AS2 

COL4A2-AS2 

antisense 2 
Exon 5 

p.Gly187Arg CPG island (chr13:111109140-111109652) No data 

rs749126935 chr12 122261242 SETD1B 
NM_015048 Exon 12 

p.Leu1543Pro CTCF_binding_site (chr12:122260917-

122261280) 

2b 

rs758086083 chr16 31234146 TRIM72 NM_001008274 Exon6, Splicing   splice acceptor  None 5 

rs142987478 chr22 25011031 GGT1 NM_001288833 Exon 7   p.Arg107Cys  None 4 

rs868594949 chr10 88476170 LDB3 NM_001171610 Exon 10 p.Ser445Pro CTCF_binding_site 5 

novel chr19 48197472 GLTSCR1 NM_015711 Exon 8 p.His795Pro None 5 

rs80298820 chr17 20770002 CCDC144NL NM_001004306 Exon 3 p.Ala144Ser None No data 

rs76947654 chr17 20770003 CCDC144NL NM_001004306 Exon 3 p.Gln143His  None No data 

rs761208105 chr7 70229821 AUTS2 NM_001127231 Exon 8 p.Leu433Pro None No data 

rs58786055 chr18 43565399 PSTPIP2 NM_024430 3’UTR p.Gly312Ser  None No data 

novel chr19 49631727 PPFIA3 
NM_003660 

Exon 3, 

Splicing 

splice site change weak promoter flanking region No data 

rs199740586 chr11 1092998 MUC2 NM_002457 Exon 30 p.Thr1606Met  open_chromatin_region 5  

rs1799969 chr19 10394792 ICAM1 NM_000201 Exon 4 p.Gly241Arg CTCF_binding_site 3a 

novel chr19 50154253 SCAF1 NM_021228 Exon 7 p.Ser203Pro None 5 
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The table shows the annotation of regulatory features for 14 SNVs showing preliminary association with PE. Column (a) = SNV ids from the dbSNP 138 database annotated using ANNOVAR. 

Column (b) = chromosome number. Column (c) = base pair coordinates (reference genome hg19), Column (d) = gene symbol. Column (e) = transcript containing the variant. Column (f) = 

position of the variant (intronic/exonic) relative to the transcript. Column (g) = Amino acid change. Column (h) = Ensembl Human regulatory features (GRCh37.p13). Column (i)= RegulomeDB 

database scores 
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3.3.4 Genotyping in an independent cohort 

Of the 14 non-synonymous variants showing preliminary association with PE, 5 were genotyped 

in an independent case-control cohort owing to the array design of the Sequenom mass array and 

the genomic nature of the region surrounding the variants. The total genotyping rate was 0.99. No 

variants were removed after testing for a Hardy Weinberg equilibrium threshold of p=0.00001. 

An additive genetic model with no covariates was considered for the logistic regression analysis 

performed in Plink 1.9. None of the genotyped SNVs showed an association with PE (Table 3-4). 
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Table 3-4: SNVs genotyped in an independent cohort 

(a) 

SNV 

(b) 

Chr 
(c) 

BP 

(d) 

Gene 

(e) 

Alt 

Allele 

(f) 

p-value 

(genotyping ) 

(g) 

OR 

(h) 

p-value 

 (WGS) 

(i) 

MAF 

(WGS 

family 

study) 

(j) 

MAF 

(genotyping 

study) 

(k)  

MAF 

(1000g) 

(l) 

MAF 

(1000g 

EU) 

(m) 

MAF from 

ExAC 

database 

rs58786055 
18 43565399 

PSTPIP2 A 
0.6674 

1.06 (0.82-1.37) 
1.87E-04 0.270 0.129 0.308 0.129 

<1/10000 

(0.001) 

rs1799969 19 10394792 ICAM1 A 0.6738 0.94 (0.71-1.25) 7.31E-04 0.104 0.102 0.056 0.121 0.1102 

rs761208105 
7 70229821 

AUTS2 
C 

NA NA 1.73E-04 0.479 NA NA NA 
<1/10000 

(0.001) 

rs76947654 17 20770003 CCDC144NL G NA NA 1.73E-04 0.479 NA NA NA 0.2939 

novel 19 49631727 PPFIA3 G NA NA 3.17E-04 0.156 NA 0.055 0.011 0.022 

Table 3-4 shows the SNVs that were genotyped in an independent case control cohort. The columns (a) – (d) show the SNV id from the dbSNP 138 database, the chromosome number, 

base pair co-ordinates based on reference assembly hg19 and the gene in which the SNV is located respectively. The column (e) denotes the alternate allele or minor allele. Columns (f) 

= the p-value of association for the logistic regression analysis performed in Plink 1.9 with no covariates assuming an additive genetic model in an independent case-control cohort. 

Column (g) = odds ratio estimate with the upper and lower 95% confidence intervals respectively indicated in brackets.  Column (h) = p-value for association for the same SNVs in the 

earlier family based preliminary analysis of 48 samples (Table 3-1). Column (i) =experimental MAF from the WGS family based study, Column (j) = experimental MAF from the 

replication genotyping analysis. The MAF for 3 SNVs could not be determined as these 3 SNVs were monomorphic in the genotyping cohort. Column (k) = MAF from the 1000 genomes 

project. Column (l) = MAF from the 1000 genomes project for European samples. Column (m) = MAF from the ExAC database. 

Results: Among the 5 genotyped SNVs, only 2 were polymorphic in the case control cohort. None of the SNVs showed association with PE in the replication analysis. 



Aim1: SNV analysis in PE families 

58  Dnyanada Gokhale-Agashe-March 2018 

 

3.3.5 Sanger validation of novel variant in the COL4A2, COL4A2-AS2 gene 

The novel variant identified in our preliminary analysis (Table 3-1) as having the lowest p-value 

is located in the intron of the COL4A2 gene at position (chr13:111109624) hg19 coordinates and 

is associated with PE after Bonferroni correction for multiple testing (p-value = 6.57E-09 ≤ p-

alpha (corrected) = 4.67E-06). The novel variant in the COL4A2 gene is located in exon 5 of the 

COL4A2-AS2 antisense 2 gene and is thus predicted to have deleterious consequences by the SIFT 

algorithm. Validation of this variant by Sanger sequencing was unsuccessful as this variant lies 

inside a 42 base-pair simple tandem repeat region. This repeat region has an average of 12.4 

copies of the 42 base pair repeat and a genomic size of 518 base pairs as indicated on the UCSC 

genome browser (hg19). The repeat region extends from chr13:111109157-111109674 (hg19) 

across the SNV of interest located at position chr13:111109624 (hg19). Figure 3-4 below shows 

the region that was Sanger sequenced as depicted on the UCSC genome browser. Two attempts 

to sequence the region by Sanger sequencing were made, however due to the repetitive nature of 

the genomic region surrounding the variant to be sequenced, the primers designed for PCR 

amplification of the region mapped to non-specific locations on the genome, leading to non-

specific amplification. 

Moreover, this region on chromosome 13 has a large number of rare variants and is still being 

updated on the new builds of the genome assembly indicating that it is a region of high complexity 

that has been difficult to elucidate in the reference assembly. There is a difference in the reference 

builds (version hg19 and hg38), in this region indicating that it is in the process of being constantly 

updated (246), (247). 
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Figure 3-4: UCSC genome browser view of region around the novel variant chr13: 111109624 

The above figure shows the 890 base pair region which we sequenced by Sanger sequencing. The SNV lies inside a 42 base pair simple tandem repeat (STR), 

(genomic size 518bp) from position chr13:111109157-111109674 is indicated by the bottom panel depicted as black horizontal bars. The SNV also lies inside a 

20bp STR (genomic size 114bp ) from position chr13:111109525-111109638. The database of genomic variants track shows the presence of larger deletions and 

duplications across the region to be Sanger sequenced. This region on chromosome 13 has a large number of rare variants and is still being updated on the new 

builds of the genome assembly indicating that it is a region of high complexity that has been difficult to elucidate in the reference assembly. 
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3.3.6 Analysis of all variants in the COL4A2 gene  

The novel variant in exon 5 of the COL4A2-AS2 antisense 2 gene at position (chr13:11109624) 

on hg19 could not be confirmed by Sanger sequencing owing to the repetitive nature of the 

genomic region surrounding the variant. However the COL4A2 gene is a candidate susceptibility 

gene for PE and has been studied earlier.  

Thus it was decided to check all SNVs in the COL4A2 gene in a region spanning ~25000 base 

pairs upstream and downstream of the COL4A2 gene (hg19 coordinates chr13:110934631 to 

chr13:111200373) to identify whether there were any other SNVs in the gene which were 

contributing to the association signal independent of the novel SNV detected at position 

(chr13:11109624). A total of 3505 SNVs were detected in our samples in the mentioned region 

which spans 265,743 base pairs. 

3.3.6.1 Methods 

3.3.6.1.1 Variant filtration 

The variant calls were first filtered to include only those variants that were genotyped at a call 

rate of ≥ 90%. Individuals missing ≥ 5% of their genotyping data were excluded. Variants that 

deviated from Hardy-Weinberg equilibrium were filtered out (hwe p-value = 0.0000001). 

Variants with a minor allele frequency of ≤ 1% were also excluded from the analysis. 

3.3.6.1.2 Statistical analysis 

Association analysis of individual sequence variants was performed using the measured genotype 

approach (mga) implemented in SOLAR. All SNVs in the region spanning hg19 coordinates 

chr13:110934631 to chr13:111200373 of the COL4A2 gene were analysed for their association 

with PE in SOLAR. The phenotype was specified as mild PE. We performed a conditional 

analysis specifying the novel SNV at position (chr13:11109624) detected in the earlier analysis 

as a covariate. This analysis aimed to identify all other SNVs that showed association with PE 

independent of the novel SNV at position (chr13:11109624). All analysed SNVs with a 

significance value below the p-alpha threshold of 0.05 were considered to show preliminary 

association with PE. 

3.3.6.2 Results 

3.3.6.2.1 Variant filtration 

A total of 3505 variants were detected in our samples in the mentioned region. Of these 141 

variants were excluded due to missing genotype data, 11 variants were excluded due to Hardy-

Weinberg exact test and 87 variants were removed due to minor allele frequency threshold. No 
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individuals were missing ≥ 5% of their genotyping data and hence none were excluded. The 

genotyping rate was 0.98. A total of 3201 variants and 48 individuals passed all QC filters. 

3.3.6.2.2 Association analysis 

A total of 3201 variants were tested in SOLAR for association with PE with the previously 

detected novel SNV at position chr13:11109624 as a covariate. The variants tested in the 

conditional analysis were then filtered by their minor allele count (MAC) and variants with a 

MAC of at least >= 3 were considered. A total of 59 SNVs showed preliminary association with 

PE (p-vlaue ≤ 0.05). Of these variants that had been marked low quality (n=28) by the GATK 

variant recalibration tool were excluded. The remaining variants were checked for Mendelian 

inconsistencies by comparing parent-child genotype calls and variants that showed Mendelian 

inconsistencies (n=19) were removed. We also checked whether any of these variants had been 

tested for their association with PE in an earlier GWAS conducted by the Australian PE Genetics 

Group (145). Of these only one variant (rs 9588148) has been tested in the earlier GWAS and is 

not associated with PE. The list of 12 variants showing preliminary association in the conditional 

analysis is shown in Table 3-5 below. 
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Table 3-5: SNVs in the COL4A2 gene showing preliminary association in the conditional analysis 

(a) 

SNV id 

(b) 

Coordiantes (hg19) 

(c) 

Gene 

(d) 

Gene name 

(e) 

region 

(f) 

Alt 

allele 

(g) 

MAF(exp) 

(h) 

MAF 

(1000g 

EU) 

(i) 

chi 

(j) 

p-value 

rs111950631 chr13:111037853-111037853 COL4A2 Collagen, type IV, alpha 2 intronic C 0.063 NA 13.58 2.29E-04 

novel chr13:111182988-111182988 RAB20 Member RAS Oncogene Family intronic G 0.120 NA 11.84 5.80E-04 

rs375383117 chr13:110969562-110969562 COL4A2 Collagen, type IV, alpha 2 intronic A 0.052 NA 5.36 2.06E-02 

novel chr13:111008113-111008113 COL4A2 Collagen, type IV, alpha 2 intronic T 0.032 NA 4.98 2.56E-02 

novel chr13:111007909-111007909 COL4A2 Collagen, type IV, alpha 2 intronic T 0.080 NA 4.75 2.93E-02 

rs35971238 chr13:111115781-111115781 COL4A2 Collagen, type IV, alpha 2 intronic A 0.063 0.008 4.49 3.40E-02 

rs28437458 chr13:111133339-111133339 COL4A2 Collagen, type IV, alpha 2 intronic G 0.479 NA 4.33 3.74E-02 

rs9588148 chr13:111021081-111021081 COL4A2 Collagen, type IV, alpha 2 intronic T 0.250 0.219 4.30 3.81E-02 

rs9588149 chr13:111023614-111023614 COL4A2 Collagen, type IV, alpha 2 intronic C 0.250 0.239 4.30 3.81E-02 

rs9588150 chr13:111025042-111025042 COL4A2 Collagen, type IV, alpha 2 intronic C 0.250 0.225 4.30 3.81E-02 

rs7991436 chr13:111026440-111026440 COL4A2 Collagen, type IV, alpha 2 intronic A 0.250 0.225 4.30 3.81E-02 

rs952358 chr13:111026738-111026738 COL4A2 Collagen, type IV, alpha 2 intronic A 0.250 0.226 4.30 3.81E-02 

The above table shows 12 SNVs in the COL4A2 gene and ~25000 bp upstream and downstream that show preliminary association with PE (p-value ≤ p-alpha = 0.05). Column 

(a) = SNV id from the dbSNP 138 database. Column (b) = chromosomal coordinates on the hg19 reference assembly. Column (c) = gene symbol. Column (d) = gene name. Column 

(e) = region exonic/intronic. Column (f) = the alternate allele or minor allele. Column (g) = the experimental minor allele frequency. Column (h) = MAF from the 1000 genomes 

Oct 2014 annotations for European population in ANNOVAR. The columns (i), (j) respectively indicate the chi test statistic and p-value of association for the conditional measured 

genotype test performed in SOLAR with the novel SNV at position (chr13:11109624) detected in the earlier family based analysis as a covariate. 
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Table 3-6: Annotation of regulatory features for SNVs in the COL4A2 gene showing preliminary association with PE 

(a) 

SNV id 

(b) 

Coordiantes (hg19) 

(c) 

Gene 

(d) 

Gene name 

(e) 

region 

(f) 

Alt 

allele 

(g) 

Regulome

DB score 

(h) 

Regulatory feature overlapped 

rs111950631 chr13:111037853-111037853 COL4A2 Collagen, type IV, alpha 2 intronic C 3a Present in TFBS for EGR1 

novel chr13:111182988-111182988 RAB20 Member RAS Oncogene Family intronic G No data None 

rs375383117 chr13:110969562-110969562 COL4A2 Collagen, type IV, alpha 2 intronic A 3a Present in TFBS for SUZ12 

novel chr13:111008113-111008113 COL4A2 Collagen, type IV, alpha 2 intronic T No data None 

novel chr13:111007909-111007909 COL4A2 Collagen, type IV, alpha 2 intronic T No data Present in TFBS for ZEB1 

rs35971238 chr13:111115781-111115781 COL4A2 Collagen, type IV, alpha 2 intronic A 5 None 

rs28437458 chr13:111133339-111133339 COL4A2 Collagen, type IV, alpha 2 intronic G 5 None 

rs9588148 chr13:111021081-111021081 COL4A2 Collagen, type IV, alpha 2 intronic T 4 None 

rs9588149 chr13:111023614-111023614 COL4A2 Collagen, type IV, alpha 2 intronic C 6 None 

rs9588150 chr13:111025042-111025042 COL4A2 Collagen, type IV, alpha 2 intronic C 5 None 

rs7991436 chr13:111026440-111026440 COL4A2 Collagen, type IV, alpha 2 intronic A 6 None 

rs952358 chr13:111026738-111026738 COL4A2 Collagen, type IV, alpha 2 intronic A 6 None 

Column (a) = SNV ids from the dbSNP 138 database annotated using ANNOVAR. Column (b) = chromosome number and base pair coordinates (reference genome hg19). Column 

(c) = gene symbol. Column (d) = gene name. Column (e) = region intronic/exonic. Column (f) = the alternate or minor allele.  Column (g) = RegulomeDB database scores. Column 

(h) = Ensembl Human regulatory features (GRCh37.p13). 
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3.4 Discussion 

PE is a common and complex pregnancy disorder with a substantial heritable basis. There have 

been ongoing efforts over several decades to identify underlying susceptibility genes for PE, 

including numerous candidate gene studies (146), genome-wide linkage studies (204), (202), 

(206), (203), GWAS (220), (145), (221) and a recent exome-wide screening study (225). These 

efforts have led to the identification of several plausible genetic variants that may contribute to 

the susceptibility of PE (Please refer to Chapter 2 for genetic studies done in PE). Whole genome 

sequencing now provides the most comprehensive collection of genetic variation at the individual 

level. This study was the first exploratory WGS study to identify deleterious variants that 

segregate in PE families and which may have a functional role to play in the pathophysiology of 

PE. 

One of the primary challenges in the identification of causative variants from NGS data has been 

that of variant interpretation rather than data acquisition (248). Thus NGS studies lead to the 

identification of many variants and prioritizing strategies are needed to analyse variants that may 

have functional effects. In this analysis we chose to focus on variants that were predicted to have 

deleterious consequences by any one of the 8 databases in dbNSFP using the ANNOVAR 

bioinformatic software. The hypothesis being, variants that are predicted to have deleterious 

consequences are more plausible disease candidates as these will have disease consequences that 

reduce survival and reproductive success. 

Through whole genome sequencing of 48 individuals from 5 families this study identified 14 

SNVs which showed preliminary association with PE. Of the 14 SNVs, 2 SNVs, 1 novel at 

position (chr13: 111109624), p-value = 6.57E-09 is located in intron 20 of the COL4A2 gene. 

This variant is also located in exon 5 of the COL4A2-AS2 antisense 2 gene on the opposite strand. 

The second, a known variant (rs749126935), p-value = 7.52E-07 is located in the SETD1B gene. 

Both the variants show association with PE that remains significant post Bonferroni correction 

for multiple testing (p-alpha (corrected) = 4.67E-06).  

3.4.1 Validation of identified variants in an independent cohort 

Of the 14 SNVs that showed preliminary association in the family based study, the novel variant 

located in intron 20 of the COL4A2 gene and also in exon 5 of the COL4A2-AS2 antisense 2 gene 

p-value = 6.57E-09, could not be validated by Sanger sequencing owing to the repetitive genomic 

region surrounding this variant, difficulties in targeted amplification for Sanger sequencing. 
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Among the other 13 SNVs 5 could be genotyped in an independent case-control cohort of 1000 

individuals (470 PE cases and 530 normotensive controls) owing to the study design on a 

Sequenom mass array (Table 3-4). The other identified variants remain to be validated in an 

independent study cohort. Among the 5 genotyped variants none were associated with PE in the 

case-control cohort. 

Although the case-control study could not replicate the preliminary association detected in the 

family based study for the 5 variants tested, the study identified SNVs that showed preliminary 

association with PE located in other known PE candidate genes and genes that have been 

previously associated with PE pathophysiology. Among the 14 variants that showed preliminary 

association with PE (Table 3-1) the following SNVs were located in previously known PE 

candidate susceptibility genes and warrant further functional studies. 

3.4.2 PE candidate genes that contain SNVs showing preliminary 

association 

ICAM-1 

The ICAM-1 gene codes for the Intercellular adhesion molecule-1 which is a transmembrane 

glycoprotein that is expressed by endothelial cells and leukocytes. It is an important cell-adhesion 

molecule and polymorphisms in the ICAM-1 gene (Lys469Glu) have been previously associated 

with PE (249). ICAM-1 is also an atherosclerosis related inflammatory biomarker. The 

Gly241Arg variant in the ICAM-1 gene and also identified in this study has been associated with 

lower circulating levels of soluble intercellular adhesion molecule 1 (sICAM-1) (250), (251). 

Levels of sICAM-1 have been associated with a host of conditions like myocardial infarction, 

stroke, malaria and diabetes (252). The Gly241Arg variant identified in this study is located in a 

regulatory feature a CTCF- binding site and has a RegulomeDB score of 3a. Thus functional 

studies are needed to identify the putative regulatory role of this variant. 

COL4A2 

This gene encodes the type IV collagen α2 chain which is one of the six subunits of type IV 

collagens and a structural component of the basement membrane. The genes coding for Type IV 

collagen, COL4A1 and COL4A2 are arranged in a head to head conformation on chromosome 13 

and share a common promoter spanning 127 base pairs in length (253).These genes form a 

transcriptional unit (254). Six different types of collagen α chains numbered (1-6) have been 

identified. All the collagen α chains share a basic domain configuration of an N-terminal 7S 

domain, a triple helical domain in the middle which has the characteristic Gly-X-Y motif, and a 

C-terminus globular non-collagenous (NC1) domain. The NC1 domain is responsible for the self-
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assembly of α chains into triple helices to form the Type IV collagen network. The C-terminus of 

the globular non-collagenous domain (NC1) fragment of Type IV collagen α2 chain is termed 

Canstatin and it is an inhibitor of angiogenesis and tumour growth (255). The C-terminus cleavage 

product of COL4A1 gene is termed Arresten. Arresten levels have been studied in relation to the 

pathophysiology of PE and were found to be increased in second and third trimester PE plasma 

and in 3rd trimester PE decidua. The levels of Canstatin did not vary significantly between PE 

cases and normotensive controls (3). An imbalance between angiogenic and anti-angiogenic 

factors has been implicated in the pathology of PE and thus the variants in this gene warrant 

further investigation (256), (257). 

The novel variant in the COL4A2 gene is located in intron 20 of the COL4A2 gene but in exon 5 

of the COL4A2-AS2 antisense 2 gene on the opposite strand and is thus predicted to have 

deleterious consequences by the SIFT algorithm. The COL4A2-AS2 is a non-protein coding 

antisense RNA 2 gene. Antisense transcripts are a class of long non-coding RNAs (lncRNA) 

(258). Long non-coding RNAs have diverse functions and are primarily involved in regulatory 

functions but also play a role in embryonic pluripotency, differentiation and development (259). 

Recent studies have identified a role for lncRNAs in trophoblast function, normal placentation 

and other pregnancy complications. Differential expression of non-coding RNA’s by trophoblasts 

in severe PE vs non infected preterm birth samples was shown in a recent study (260). In a micro 

array study by He et al. lncRNAs LOC391533, LOC284100 and CIACAMP8 were found to be 

highly expressed in placenta from a preeclamptic pregnancy. The pathway enrichment analysis 

carried out in this study identified pathways involved in type II immune response, lipid 

metabolism to be enriched. This is consistent with the hypothesis of immune maladaptation 

playing a role in the pathogenesis of PE. Thus increasing knowledge about the role of lncRNAs 

in both normal and abnormal placental development will be crucial to elucidate the process of 

pathogenesis in pregnancy complications. This makes the novel variant located in exon 5 of the 

COL4A2-AS2 antisense 2 gene a plausible candidate variant warranting future functional studies. 

3.4.3 Secondary findings 

Among the 14 variants that showed preliminary association with PE (Table 3-1), 4 SNVs were 

located in genes that may play a role in the pathophysiology of PE and CVD. Since PE and CVD 

share risk factors (261), these variants warrant further investigation. 

SETD1B 

The SET Domain Containing 1B gene codes for a Histone methyltransferase complex involved 

in Lysine degradation, epigenetic control of chromatin structure and gene expression. The variant 
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rs749126935 is located in a regulatory feature, a CTCF- binding site and has a RegulomeDB score 

of 2b indicating it is likely to affect binding. An earlier GWAS has determined other SNPs in the 

SETD1B gene to be associated with platelet count and volume (262). 

LDB3 

The LDB3 gene coding for the LIM domain binding 3 protein, is implicated in Cardiomyopathy 

and is involved in muscle alpha-actinin binding. 

TRIM72 

This gene codes for the Tripartite motif containing 72 gene also known as MG53. This gene is an 

effective biomarker of myocardial injury and dysfunction in murine hearts, however MG53 is not 

expressed in the human heart (263). 

GGT1 

This gene codes for the gamma glutamyltransferase enzyme which is expressed in tissues 

involved in absorption and secretion and may play a role in the etiology of diabetes. The enzyme 

causes the formation of reactive oxygen species in the coronary and carotid arteries and may play 

a role in atherosclerosis (264). 

3.4.4 Analysis of all variants in the COL4A2 gene 

The novel variant in exon 5 of the COL4A2-AS2 antisense 2 gene at position (chr13:11109624) 

on hg19 could not be confirmed by Sanger sequencing, however the COL4A2 gene has been a 

candidate susceptibility gene for PE and has been studied earlier. Thus it was decided to check all 

SNVs in the COL4A2 gene in a region spanning ~25000 base pairs upstream and downstream of 

the COL4A2 gene (hg19 coordinates chr13:110934631 to chr13:111200373). A total of 3505 

variants were detected in our samples in the mentioned region which spans 265,743 base pairs. 

The variants were analysed in a conditional analysis with the previously identified novel variant 

at position (chr13:11109624) on hg19 as a covariate. This analysis aimed to identify all other 

SNVs that showed association with PE independent of the novel SNV at position 

(chr13:11109624). Of all the variants in the COL4A2 gene, analysed in the conditional analysis 

12 showed preliminary association with PE (p-value ≤ 0.05). None of the variants showed 

association after Bonferroni correction for multiple testing. 

Of the 12 variants tested 3 were located in transcription factor binding sites (TFBS) and may have 

putative regulatory functions. The variant rs111950631 is located in a TFBS for factor EGR1 

which spans from chr13:111037705-111037980. The EGR1 factor is early growth response 

protein. The transcription factor EGR1 regulates the HIF-1α gene during hypoxia (265). Hypoxia-
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independent up-regulation of placental HIF-1α gene expression contributes to the pathogenesis 

of PE. A variety of studies have shown that women with PE are characterized by persistently 

elevated placental HIF-1α levels that promote enhanced transcription of genes encoding soluble 

fms-like tyrosine kinase-1 (sFlt-1), soluble endoglin (sEng) and endothelin-1 (ET-1), all known 

to contribute to PE (266). 

The variant rs375383117 is located in a TFBS for factor SUZ12 which spans from 

chr13:110969357-110969666. The SUZ12 factor is Suppressor of zeste 12 homolog, Polycomb 

group (PcG) protein and a member of the PRC2/EED-EZH2 complex which may play a role in 

the transcriptional repression of target genes (40), (267). 

A novel variant at position (chr13:111007909) on hg19 is located in the TFBS for factor ZEB1 

which spans from co-ordinates chr13:111007597-111008133. The transcription factor ZEB1 is a 

transcriptional repressor and inhibits IL-2 gene expression. It has also been shown to repress E-

cadherin promoter and induce an epithelial- mesenchymal transition. The expression of different 

cadherins is crucial for the trophoblast invasion process in PE. Thus this variant may play a 

putative regulatory role which is yet to be determined. These findings provide further supporting 

evidence for the role of COL4A2 gene variants in the pathology of PE. 

3.4.5 Limitations of the study 

The filtration strategy depended on the annotation in the dbNSFP databases in ANNOVAR. These 

databases contain prediction scores from SIFT, PolyPhen2 HDIV, PolyPhen2 HVAR, LRT, 

MutationTaster, MutationAssessor, FATHMM, GREP++, PhyloP and SiPhy databases for 

variants. The prediction scores are based on in-silico tools that predict the consequences of the 

genetic variant. The functional consequences of these bioinformatic annotations depend on 

generic transcript annotations for example the most deleterious consequence among all the 

annotated transcripts is reported. Thus the choice of annotation software and transcript set has an 

impact on the results of variant annotation and subsequent filtration strategies (268). This may 

have led to the inclusion of some false positives and the exclusion of some true negative variants 

that have yet not been classified as deleterious. Moreover the variant annotation databases are in 

the process of being continuously updated, and variant classification may differ between versions 

of the annotation software used.  

Replication studies of rare variants are far more difficult as rare variants by definition are rare and 

many a times are specific to certain populations, geographic regions or to a family. This could 

have been one of the reasons none of the previously associated variants showed any association 

with PE in the replication analysis (269). 
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Another limitation of the study was our inability to confirm the novel variant detected in the 

COL4A2 gene by Sanger sequencing owing to the location of the SNV in a repetitive region of 

the gene. An alternative to the Sanger method would be to use the third generation long range 

sequencing methodologies to characterise the region and confirm the existence of the novel 

variant. 

Furthermore this analysis only considered biallelic deleterious SNVs and excluded INDELs and 

single base pair insertions and deletions. Intergenic SNVs which may have putative regulatory 

functions remain to be explored. In this study we did not test the association of the genetic variants 

with any other quantitative traits due to lack of clinical data for quantitative traits like SBP, DBP 

measurements, proteinuria recordings and relative birth weights. 

3.4.6 Future directions 

Earlier studies through the years have revealed the genetic risk for PE is complex and 

heterogeneous and likely to involve multiple genes. This study identified SNVs with predicted 

deleterious consequences in known PE candidate susceptibility genes and in genes that maybe 

involved in the pathophysiology of PE which showed preliminary association with PE in a family 

based study.  Future functional studies will be needed to validate the in-silico predicted 

consequences of these variants. Of these 5 SNVs were tested for replication of association in an 

independent case-control cohort and failed to replicate the association.  

The regulatory annotation of the identified variants shows 3 variants to be located in regions 

overlapping regulatory features, e.g. CTCF binding sites, a weak promoter region and open 

chromatin regions. Whether the deleterious variants have any regulatory functions which may 

influence the pathophysiology of PE remains to be investigated through confirmatory functional 

studies. Likewise whether the identified variants are subject to epigenetic modifications remains 

unexplored. Family based studies in larger cohorts will be needed in the future to determine 

environmental factors that may be associated with disease aetiology as families tend to be 

homogenous regarding their exposure to environmental factors. 

In the second part of this study a conditional analysis approach was used to identify any other 

SNVs in the COL4A2 gene which may contribute independently to the risk of PE. The study 

identified 12 SNVs that showed preliminary association with PE however none of them were 

significant after Bonferroni correction for multiple testing. Among the identified SNVs, 3 were 

located in TFBS and further functional studies will be needed to determine whether the SNVs 

have any regulatory functions. The secondary findings of the study also identified variants in 

genes involved in the pathophysiology of CVD and warrant future functional studies. 
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Since the current study only focussed on biallelic deleterious SNVs, future studies would involve 

looking at intergenic SNVs, SNVs in known candidate genes in a larger family based cohort. 

Another unexplored area is the role of structural variation PE with only one published study 

conducted until now using a CNV array (220). Since paired-end data generated from the WGS 

study enable the detection of a range of copy number variation (CNV) types, it was decided to 

analyse CNVs in this family cohort. 

 

 



Aim2: CNV Analysis in PE families 

 

Dnyanada Gokhale-Agashe - March 2018   71 

 

4 AIM2: CNV ANALYSIS IN PE 

FAMILIES 

This chapter presents the results of the CNV analysis which focussed on the identification of rare 

or novel CNVs from WGS data of 48 individuals from 5 multigenerational families with multiple 

members affected with PE. 
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4.1 Copy number variation (CNV) 

Single nucleotide variations (SNVs), small insertion-deletion polymorphisms, copy number 

variations (CNVs) and structural variations (SVs) all together encompass the entire spectrum of 

genomic variation which spans from single base pair changes to large genomic 

insertions/deletions and chromosomal alterations (270), (271), (272). In the last decade, large 

scale sequencing studies have determined SVs to be widespread among healthy individuals (273), 

(274), (275). Studies have shown SVs to account for 1.2% of the variation among human genomes 

while SNVs accounted for 0.1% (276), (277). The number of base pairs affected by SVs is much 

higher than the number of base pairs affected by SNVs (278). Moreover, SVs have been shown 

to play a role in variation in gene expression and consequently have a significant impact on 

phenotypic variation (279). CNVs are a subset of structural variations including both deletions 

and duplications that are ≥ 50bp segments of DNA present at a variable number of copies when 

compared to a reference genome (280). CNVs can be classified into inherited or sporadic (de-

novo).  

4.1.1 CNVs and disease 

Ever since their discovery CNVs have been tested for and have been implicated in a number of 

human diseases. A seminal study by Conrad et al. created a comprehensive map of CNVs in the 

human genome. The study correlated the identified CNVs with known trait associated SNPs thus 

identifying candidate CNVs that may play a role in disease susceptibility (281). Disease 

associations where CNVs have been implicated include Alzheimer’s disease, schizophrenia, 

autism, breast cancer, and developmental delay to name a few. 

Two models have been proposed to explain the association between CNVs and human disease. 

The first model comprises of large CNVs that span across thousands of kilobase pairs in length 

but are rare occurring at a frequency ≤ 1% in the population. These variants are likely to contribute 

a significant fraction to the heritability of the disease, for example the CNVs implicated in 

neurological disorders (282), (283), (284), (285). The second model comprises of multicopy gene 

families, for example the immunoglobulin gene families that are common occurring at a higher 

frequency in the population. These CNVs contribute to disease susceptibility (286), (287). 

Techniques for analysing the associations of CNVs with disease include direct molecular analysis 

(for rare CNVs present at a frequency of ≤ 1%) or by statistical imputation (for common CNVs) 

(288). 
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4.1.2 Methods for CNV detection 

The traditional approach to study copy number variations primarily involved locus-specific 

testing using cytogenetic techniques like karyotyping, fluorescence in situ hybridization (FISH), 

pulsed-field gel electrophoresis (PFGE) and multiplex ligation-dependent probe amplification 

(MLPA) techniques (289), (285). Improved comparative genomic hybridization arrays 

(arrayCGH) enabled the genome-wide detection of copy number variation of sizes ranging from 

kilobases to megabases which could not be identified in earlier studies using the conventional 

cytogenetic techniques. The advent of next generation sequencing technologies and the ability to 

analyse the genome at a higher resolution has provided new methods of CNV detection. Paired-

end sequencing data has facilitated the detection of smaller CNVs and their precise breakpoints. 

Paired-end whole genome sequencing data can be used to detect copy number variations using 

tools based on four main methods of CNV detection;  namely read pair, split reads, read depth 

and assembly based. Many of the publically available algorithms are now focussing on a 

combinatorial approach. 
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Figure 4-1: The four main methods of CNV detection. Reproduced with permission from (290).  
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4.1.2.1 Read pair (RP) 

DNA fragments generated from paired-end sequencing methods have a specific distribution of 

insert size (291). RP based CNV detection algorithms rely on the deviation from expected insert 

size to identify CNVs. In the first step paired-end reads are mapped and aligned to a reference 

genome. If the insert size is shorter than expected, it is indicative of a deletion. Likewise if the 

insert size is longer than expected it is indicative of an insertion. 

4.1.2.2 Split reads (SR) 

SR based methods of CNV detection utilize both mapped and unmapped paired end reads. One 

of the reads is reliably mapped to the reference genome assembly while the unmapped or partially 

mapped read pair indicates the breakpoints for the CNV (292). Single base pair resolution of CNV 

breakpoints is feasible using this method of CNV detection. 

4.1.2.3 Read depth (RD) 

This method is based on the hypothesis that there is a correlation between depth of coverage of a 

genomic region and the copy number of the region (293). The reads are first aligned to a reference 

genome and the read depth counts are estimated using predefined window. The counts are then 

normalized to remove potential biases due to GC content and repetitive regions and a 

segmentation algorithm is applied which identifies a continuous set of windows that have identical 

CNV counts. The statistical significance of the CNV calls is then predicted and filters applied 

(294), (289), (295). 

4.1.2.4 Assembly based (AS) 

The assembly based methods first generate a contig/scaffold which is compared with the reference 

genome to identify structural variation (293), (296). However a major drawback of this method 

is the need for extensive computational resources. Additionally, eukaryotic genomes contain 

complex regions and since this algorithm cannot call CNVs accurately in regions of high genomic 

complexity this method of CNV calling is the least popular. 

4.1.2.5 Combinatorial approach (CA) 

No one particular method is best suited for the detection of all CNVs as they each have their own 

strengths and limitations. A combinatorial approach combines data from two or more sources 

taking advantage of the unique strengths of each of the tools in the combination. Thus the false 

positive CNV calls are minimized in a combinatorial approach as compared to false positive calls 

from individual CNV detection algorithms (297). 

4.1.2.6 Tools used in the current study 

Four publically available tools were used in the current study to identify CNVs. 
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 Cn.Mops: The Cn.Mops program models depths of coverage across samples at each 

genomic position. It then uses a Bayesian approach to distribute and assign variations 

across samples into integer copy numbers and noise on the basis of their mixture 

components and Poisson distributions respectively (298).  

 CNVnator: CNVnator is an algorithm that detects CNVs from a statistical analysis of 

mapping density i.e. RD of short reads generated from NGS platforms. The statistical 

method entails the partitioning of the RD signal with the mean-shift theory approach. The 

mean-shift apporach was first used in the area of computer science for image processing 

and then has been applied to the analysis of CGH signals. For the calculation of RD, 

CNVnator first divides the whole genome into bins of equal sizes that have no overlap. 

The count of mapped reads within each bin constitutes the RD signal. This signal is then 

partitioned into segments and statistical tests are applied to the segments to identify CNV 

calls. CNVnator has an added advantage of detecting CNVs in range of sizes spanning 

from a few hundred base pairs to megabases in length. 

 DELLY: The DELLY algorithm first analyses the discordant read pairs and then attempts 

to find evidence for these results by finding supporting split reads. DELLY can identify 

the full spectrum of genomic rearrangements including balanced rearrangements (299). 

 LUMPY: This algorithm applies a probabilistic framework which integrates multiple 

signals from RP, SR, RD based analysis for each sample. The evidence from different 

alignment signals is then mapped to breakpoint intervals, overlapping intervals are 

clustered and the probablilities are integrated (300). 

4.1.3 Earlier studies done to identify CNVs that may play a role in PE 

The first study to investigate the role of CNVs in PE was a genome-wide scan performed on 177 

PE cases and 116 normotensive controls. The authors made CNV calls using four detection 

algorithms (Birdseye, Canary, PennCNV and QuantiSNP) from SNP genotyping data generated 

using the Affymetrix SNP 6.0 microarrays. The study detected three rare deletions enriched in 

PE. Of plausible functional relevance was thought to be the 15kb deletion in the PSG11 gene at 

the 19q13.31 locus.  The deletion was detected in 5/169 PE cases, 1/114 controls and in 2/770 

additional population based controls tested in the study. The PSG11 gene belongs to the family 

of Pregnancy-specific glycoproteins genes which are produced by syncytiotrophoblasts in the 

placenta during pregnancy. However the detection of the PSG11 deletion could not be replicated 

in a study conducted by the same group this time in three population subsets of the Hyperglycemia 

and Adverse Pregnancy Outcome (HAPO) study cohort (220), (222).  

In the case of PE, numerous candidate gene studies have been conducted to determine the role of 

genetic variants, however these studies have primarily focused on SNVs. Thus the role of CNVs 
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in the pathology of PE is relatively unknown and whole genome sequencing studies addressing 

both structural and single nucleotide variants are necessary to elucidate the genetic causes of this 

complex disease. 

4.2 Study 

This study aimed to identify novel and rare (frequency ≤ 1% in the population) candidate risk 

CNVs for PE, employing next generation sequencing technology in multiplex Australian families. 

The strategy employed the whole genome sequencing of 48 individuals from 5 families which 

had 25 cases, including 16 severe (sPE), 7 mild (mPE) and 2 eclampsia (E) and 23 normotensive 

(N) controls. The analysis discussed in this chapter focusses purely on CNVs.  

4.3 Materials and Methods 

4.3.1 Study participants 

WGS data from 48 members from 5 multigenerational families with known cases of severe and 

mild PE were analysed. These 5 families belong to a larger PE study cohort of 26 Australian and 

8 New Zealand families that have been described and used in previous studies (204), (27). Of the 

48 individuals, 42 were females and 6 were male relatives. The 5 families are a part of a PE cohort 

that was recruited between 1984 and 1999 at the Monash Medical Centre, the Royal Women’s 

Hospital in Melbourne, Australia. This Australian cohort was mainly recruited through media 

advertisements. A part of this cohort was recruited at the National Women’s Hospital in 

Auckland, New Zealand.  

4.3.2 Pedigree charts 

The pedigree charts for the 5 families are shown in Aim 1: Appendix 1: Pedigree charts. Of the 

48 individuals sequenced, 25 were cases including 16 sPE, 7 mPE and 2 E while 23 were controls 

including both male relatives and normotensive females. 

4.3.3 Phenotype 

The clinical assessment of women recruited for the study was carried out by qualified clinicians 

in accordance with the criteria determined by the Australasian Society for the Study of 

Hypertension in Pregnancy, and the Society of Obstetric Medicine of Australia and New Zealand. 

The diagnostic criteria have been described in previous studies conducted using this cohort (27). 

Briefly previously normotensive women were diagnosed with PE post 20 weeks of gestation if 

they met the following criteria for both blood pressure and proteinuria on at least two occasions 

six or more hours apart 
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vi. Blood pressure diagnosis criteria: showed a rise in systolic blood pressure (SBP) of at 

least 25mmHg and /or a rise from baseline diastolic blood pressure (DBP) of at least 

15mmHg, or showed a SBP measurement of ≥ 140mmHg and /or a DBP measurement of 

≥ 90mmHg. 

vii. Proteinuria diagnosis criteria: Additionally the patients displayed new onset proteinuria 

(≥0.3g/l in a 24 hour specimen) as measured by a proteinuria dipstick reading of ‘2+’ 

from a random urine check or showing a spot protein: creatinine ratio (≥0.3g/mmol). 

4.3.4 Ethics 

For all the study participants, ethics were approved by the respective institutional research ethics 

committees and informed written consent was obtained from family members. The ethics 

approval for the whole genome analysis conducted as a part of this thesis was obtained from the 

Human Research Ethics Committee at the University of Western Australia, (UWA HREO 

approval number RA/4/1/5759). 

4.3.5 DNA extraction 

The DNA extraction protocol from whole blood samples has been described elsewhere (1). DNA 

quality for samples to be sequenced was checked by running genomic DNA samples on a 0.6% 

agarose gel and by spectrophotometric analysis using the Nanodrop 1000 instrument. 10µl of the 

quality checked DNA samples were normalized to a concentration of 100ng/µl and dispatched to 

Macrogen Inc. Seoul, Korea. 

4.3.6 Sequencing 

The samples were sequenced by commercial sequencing service provider Macrogen Inc. at a 

standard mappable depth of 15X using the Truseq Nano DNA (350bp) library on the Illumina 

HiSeq X Ten platform. We received medium coverage (15X) whole genome resequencing data 

from 48 individuals covering at least 98.9% of the genome at 1X and at least 97.7% of the genome 

at 5X. 

4.3.7 CNV analysis pipeline 

4.3.7.1 CNV calling 

Four publicly available CNV calling algorithms, Cn.Mops, CNVnator, DELLY and LUMPY 

were used to identify CNVs from whole genome sequence data. Two of these four tools namely 

Cn.Mops and CNVnator identify CNVs based on the read depth method while DELLY and 

LUMPY employ a combinatorial approach comprising of paired-end and split reads. CNVs from 

48 samples were analysed together in Cn.Mops with the window size specified as 2000 while for 

CNVnator the window size was specified to be 1000 following author recommendations, enabling 
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the detection of CNVs with a minimum size of 6kb for Cn.Mops and 2kb for CNVnator. For 

DELLY and LUMPY respectively CNV calls with paired-end support less than 3 and 4 or 

mapping quality less than 20 were ignored. Only deletions and duplication calls were considered 

for DELLY and LUMPY and other forms of structural variation were excluded from the analysis. 

For improved accuracy of CNV calls, a CNV had to be identified by at least two of the four 

algorithms to be considered for further analysis. CNVs that had been called by any two tools were 

determined using the intersect function in Bedtools with a 50% reciprocal overlap criteria.  

4.3.7.2 CNV Quality control 

CNV calls made by all four tools were analysed for each sample to determine the CNV counts 

per tool per sample. If the count per tool for any sample was double the median for that tool it 

was decided to ignore CNV calls from that tool. For a total of 10 samples, CNV calls made by 

Cn.Mops were higher than twice the median count while for 2 samples the calls made by both 

Cn.Mops and CNVnator were higher than twice the median count. Thus for the 10 samples, CNVs 

identified by Cn.Mops were excluded from further analysis. For the latter 2 samples, CNVs 

identified by both the read-depth based Cn.Mops and CNVnator tools were excluded from further 

analysis and calls made by only two tools DELLY, LUMPY were considered (Aim 2: Appendix 

1: CNV quality control). It is noteworthy that DNA quality for these 12 samples was low as 

determined by their gel electrophoresis results. 

4.3.7.3 CNV filtering  

4.3.7.3.1 Filtering to exclude CNVs called in repetitive regions of the genome 

CNVs that were called within centromeric or telomeric regions were excluded. CNVs were also 

filtered out if, at least 50% of the CNV overlapped with a segmental duplication, known short 

tandem repeats (STRs) or with repetitive elements identified in the UCSC Genome Browser 

repeat masker track (reference assembly hg19).  

4.3.7.3.2 Filtering with known CNV databases to identify novel or rare CNVs 

CNV calls were subjected to filtering against known CNV databases to identify novel or rare 

CNVs. CNV calls were compared first to the Database of Genomic Variants (DGV) Gold standard 

variants followed by the known structural variants in the 1000 Genomes SV database. The DGV 

is a comprehensive curated catalogue of structural variation accessible to the general public. The 

current catalogue comprises of more than 2.5 million entries detected in more than 22300 genes 

(MacDonald J. R 2014). The CNV calls were analysed using Bedtools to identify CNVs that 

showed at least ≥ 25% reciprocal overlap with CNV calls from the two known population CNV 

databases. CNVs showing no overlap were classified as novel. Among the CNVs that showed a 

reciprocal overlap of at least ≥ 25% with known CNV calls from population databases, only those 
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with a population frequency of ≤ 1% in both databases were classified as rare CNVs and 

considered for further analysis.  

4.3.7.3.3 Identification of CNVs specific to the PE dataset 

CNV calls in the current analysis were compared with CNV calls from The Western Australia 

Family Study of Schizophrenia (WAFSS) study. The WAFSS study set comprised of WGS data 

from 300 individuals. Samples in this independent whole genome sequencing study have been 

sequenced to the same read-depth as the PE samples by the same commercial sequencing service 

provider Macrogen Inc. The CNV analysis in the WAFSS study was performed using an identical 

CNV bioinformatics pipeline. Thus CNV calls from the PE dataset that showed at least 50% 

reciprocal overlap with CNV calls from the WAFSS dataset were excluded from further analysis. 

This was done to identify false positive calls since it is unlikely to observe the same novel or rare 

CNVs in a small independent sample indicating that these calls were likely to be false positives. 

4.3.8 CNV annotation 

CNV calls sets from all four tools were annotated using gene based annotation implemented in 

ANNOVAR. 

4.4 Results 

After all the filtering steps the final set of CNVs comprised of 1259 deletions and 161 

duplications. Among, these 396 were unique deletions (counted once if shared among individuals) 

and 75 were unique duplications. Of all the CNVs detected in this analysis 34 % of deletions were 

novel (136/396) and 46% of duplications were novel (35/75). The rest of the deletions and 

duplications showed at least 25% overlap with rare CNVs (frequency ≤ 1%) from known CNV 

population databases. In order to assess the quality of our CNV calls, we looked at the 

transmission rate of novel CNVs between a total of 40 parent-child pairs in our five families. On 

average, the transmission rate should be 50%. The average percentage of transmission of novel 

CNVs between parent-child pairs in our five families was 46.06 %. We also checked the single 

tool CNV calls for all novel CNVs to ensure they were not called in unrelated individuals and 

were not shared between families. Any novel CNV calls that were called by any single tool in 

unrelated individuals were considered as potential false positive calls and were excluded from 

further analysis. 

4.4.1 CNV annotation 

The number of CNVs occurring in exonic intronic, intergenic, upstream and downstream regions 

of a gene, UTRs and ncRNAs were determined and the distribution of deletions, duplications for 

the same were assessed (Aim2: Appendix 2: CNV annotation). 
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Table 4-1: Number and position of unique CNVs  

(a) 

CNV position 

(b) 

Deletions 

(c) 

Duplications 

Exonic 48 21 

Intronic 98 8 

Intergenic 213 34 

Upstream/downstream 4 3 

UTR 4 2 

ncRNA 29 7 

Total 396 75 

The above table shows the number of annotated CNVs (deletions and 

duplications) in each region. 

 

4.4.2 Identification of CNVs located under previously determined linkage 

peaks 

Genome-wide scanning techniques are employed to identify genomic areas of interest for 

quantitative traits. These scans to identify PE susceptibility loci were conducted in families in 

Iceland, Finland, the Netherlands, Australia and New Zealand (203), (202), (204), (206). 

Susceptibility loci corresponding to high LOD scores were determined on chromosomes 2, 4, 5, 

7, 9, 10, 11, 13, 15, 18 and 22 in these linkage scans (Table 2-1). 

All CNVs located within previously determined linkage peaks from the conducted genome-wide 

linkage scans (Table 2-1) have been listed in Table (4-2) below. 
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Table 4-2: CNVs identified under all known linkage peaks 

Known linkage peaks CNVs from the current study 

(a) 

Coordinates (hg19) 

(b) 

Markers 

(c) 

Region 

size 

(d) 

Coordinates (hg19) 

(e) 

CNV 

(f) 

Region 

(g) 

Genes(distance 

from start of gene 

in bp) 

(h) 

CNV size 

(bp) 

(i) 

Status 

of 

carriers, 

family 

ids 

(j) 

CNV type, 

frequency 

(k) 

Family id 

chr2:133108697-

147886860 

D2S112-

D2S151 
14778164 

chr2:142037073-

142039376 
deletion intronic LRP1B 2303 N novel II 

chr2:143372463-

143383028 
deletion intergenic 

LRP1B(483000), 

KYNU(252000) 
10565 PE novel V 

chr2:134611924-

134613568 
deletion intergenic 

NCKAP5 (285893), 

MIR3679(271128) 
1644 PE, N rare, 0.004 II 

chr11:120728211-

126392341 

D11S925-

D11S4151 
5664131 

chr11:122829375-

122832497 
deletion exonic C11orf63 3122 PE,N novel V 

chr11:124253483-

124267416 
deletion exonic OR8B3 13933 PE,N rare, 0.001 I, II, V 

chr11:125075001-

125085000 
deletion intronic PKNOX2 9999 PE,N 

rare, 

0.0089 
I 

In the table above, column (a) = coordinates for markers on hg19, column (b) = markers for known linkage peaks, column (c) = size of the region covered under the linkage peak. Column (d) 

= CNV coordinates on hg19, column (e) = deletion/duplication, column (f) = region, column (g) = name of the gene and distance from the start of the nearest gene for intergenic CNVs. Column 

(h) = Size of the CNV in base pairs. Column (i) = affectedness status of the carriers where PE = Pre-eclampsia (mild and severe), N = normotensive. Column (j) = the CNV type whether a CNV 

is rare or novel and the frequency of the CNV from the 1000 genomes SV database. Column (k) = family ids of families containing the CNV 
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4.4.3 Identification of CNVs located under 1-LOD drop coordinates of 

linkage peaks on chromosomes 2, 5 and 13 

A genome-wide linkage scan conducted on the Australian and New Zealand family cohort has 

identified susceptibility loci on chromosomes 2, 5 and 13 (208), (1). The five families studied in 

the current study are a subset of this Australian & New Zealand family cohort of 34 families that 

have been used in the earlier genome-wide linkage scan. In the earlier linkage mapping studies, a 

1-LOD drop flanking the highest linkage signal has been used to define a 95% confidence interval 

(1). Fine mapping of the genetic linkage peaks in the in earlier studies conducted in the 34 family 

cohort have determined novel positional candidate genes (ACVR2A, LCT, LRP1B, RND3, GCA 

at the 2q locus, CRHBP, ERAP1, ERAP2, LNPEP at the 5q locus and TNFSF13B, COL4A1, 

COL4A2 at the 13q locus) (212), (211). Hence it was decided to identify CNVs located under 1-

LOD drop flanking co-ordinates of the previously determined linkage peaks on chromosomes 2, 

5 and 13 (Table 4-3). 
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Table 4-3: CNVs identified in 1-LOD flanking region of known linkage peaks 

1-LOD flanking region of known linkage 

peaks 
CNVs from the current study 

(a) 

Coordinates 

(hg19) 

(b) 

Markers 

(c) 

Region 

size 

(d) 

Coordinates (hg19) 

(e) 

CNV 

(f) 

Region 

(g) 

Genes(distance 

from start of gene 

in bp) 

(h) 

CNV size 

(i) 

Status 

of 

carrier

s 

(j) 

CNV type, 

frequency 

(k) 

Family id 

chr2:133108697

-166797768 

D2S112-

D2S2330 
33689072 

chr2:142037073-

142039376 
deletion intronic LRP1B 2303 N novel II 

chr2:143372463-

143383028 
deletion intergenic 

LRP1B(483000), 

KYNU(252000) 
10565 PE novel V 

chr2:161626001-

161659000 
deletion intergenic 

RBMS1(276000), 

TANK(334000) 
33000 N novel II 

chr2:158973365-

158979263 
deletion exonic UPP2 5896 N rare,0.0169 II 

chr2:134611924-

134613568 
deletion intergenic 

NCKAP5 (286000), 

MIR3679(271000) 
1672 PE,N rare,0.004 II 

chr5:76057719-

119149278 

D5S424 - 

D5S471 
43091559 

chr5:110572001-

110578000 
deletion intronic CAMK4 5999 N novel I 

chr5:104272001-

104299000 
deletion intergenic 

NUDT12 

(1373000),RAB9BP1

(136000) 

27000 PE rare, 0.001 I 
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chr13: 

103876397-

112895563 

D13S158 - 

D13S285 
9019166 

chr13: 110488198 - 

111065566  
duplication exonic COL4A1, COL4A2 577368 PE,N novel I 

chr13:106556494-

106558777 
deletion intergenic 

LINC00343(142000), 

LINC00460 (470000) 
2290 N novel I 

In the table above, column (a) = coordinates for 1-LOD flanking region of known linkage peaks on hg19, column (b) = markers in 1-LOD flanking region of known linkage peaks, column (c) 

= size of the region covered under 1-LOD flanking region of the linkage peak. Column (d) = CNV coordinates on hg19, column (e) = deletion/duplication, column (f) = region, column (g) = 

name of the gene and distance from the start of the nearest gene for intergenic CNVs. Column (h) = Size of the CNV in base pairs. Column (i) = affectedness status of the carriers where PE = 

Pre-eclampsia (mild and severe), N = normotensive. Column (j) = the CNV type whether a CNV is rare or novel and the frequency of the CNV from the 1000 genomes SV database. Column 

(k) = family ids of families containing the CNV. 
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4.4.4 Identification of exonic CNVs within PE candidate genes 

CNVs located in the exons of genes are more likely to contribute to disease susceptibility as 

compared to intronic and intergenic CNVs. Genes with novel or rare CNVs identified in our 

cohort were analysed by means of a literature search to identify whether they have previously 

been studied for their association with PE or have been implicated in the pathophysiology of PE. 

The list of CNVs present in the exonic regions of previously studied candidate genes for PE is 

shown in Table 4-4 below.  
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Table 4-4: CNVs identified in exonic regions of previously studied candidate genes for PE 

(a) 

Co-ordinates (hg19) 

(b) 

Region 

(c) 

Gene Symbol 

(d) 

Deletion/duplication 

(e) 

CNV 

size(bp) 

(f) 

CNV type 

and 

frequency 

(g) 

Status of 

carriers 

(h) 

Within 

family/between 

families 

chr1:246191001-246696000 exonic SMYD3 (301) deletion 504999 rare, 0.001 PE within family (II) 

chr2:233244933-233272752 exonic ALPP,ALPPL2 (302), (303) deletion 27819 rare, 0.001 PE, N 
between families 

(I, II, V) 

chr2:85609001-85647000 exonic CAPG,ELMOD3 (304) deletion 38000 novel N within family (V) 

chr2:171881276-171956483 exonic TLK1 (305) duplication 75207 novel PE 
within family 

(III) 

chr5:140569106-140574099 exonic PCDHB10,PCDHB9 (260), (306) deletion 4993 
rare, 0.69% 

in DGV 
PE, N 

between families 

(I, II) 

chr5:140720353-140725393 exonic PCDHGA2,PCDHGA3 (260), (306) deletion 5040 
rare,0.08% 

in DGV 
PE within family (I) 

chr6:32606001-32648000 exonic HLA-DQA1,HLA-DQB1 (307), (308), (309) deletion 42000 
rare, 0.26% 

in DGV 
N 

between families 

(II, IV) 

chr7:80256818-80279858 exonic CD36 (310), (311) deletion 23041 
rare, 0.12% 

in DGV 
PE, N within family (V) 

chr8:6790964-6798063 exonic DEFA4 (312) deletion 7099 rare, 0.005 PE, N 
between families 

(I, III, IV) 

chr9:135943769-135959479 exonic CEL (313) deletion 20473 
rare, 0.35% 

in DGV 
PE, N 

between families 

(I, III, IV, V) 
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chr12:19468045-19580476 exonic PLEKHA5 (314) duplication 112431 rare, 0.003 PE 
within family 

(III) 

chr13:23487971-24902222 exonic 

C1QTNF9,C1QTNF9B,C1QTNF9B-

AS1,MIPEP,SACS,SGCG,SPATA13,TNFRSF19 

(315) 

duplication 1414251 
rare, 0.07% 

in DGV 
PE,N 

between families 

(II, V) 

chr13:110488198-111065566 exonic COL4A1,COL4A2 (2), (316) duplication 577368 novel PE, N within family (I) 

chr14:23855495-23885228 exonic MYH6,MYH7 (317) deletion 29734 novel N within family (II) 

chr16:3103294-3122681 exonic IL32,MMP25 (318) deletion 19387 

rare, 

0.13%in 

DGV 

PE, N 
between families 

(I, II, III, IV, V) 

chr18:48573667-48575058 exonic SMAD4(ref to be added) deletion 1391 novel PE 
within family 

(III) 

chr19:49480001-49501000 exonic GYS1,RUVBL2 (319) duplication 20999 novel PE within family (II) 

chr20:61383001-61391000 exonic NTSR1 (320) deletion 7999 novel PE, N within family (I) 

In the table above, column (a) = CNV coordinates on hg19, column (b) = region, column (c) = name of the gene. Column (d) = deletion/duplication, column (e) = length of the CNV 

in base pairs and column (f) = type of CNV and frequency in the two population CNV databases the 1000 genomes SV database and DGV. For CNVs that have no frequency records 

in the 1000 genomes SV database the frequency from the DGV database has been reported. Column (g) = status of affectedness of the carriers of this CNV. Column (h) = information 

whether the CNV is present only in one family or is shared between families and the family ids. 
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4.4.5 Pathway Analysis 

A list of all genes containing SNVs that showed preliminary association (p-value ≤ 0.05) in the 

SNV association analysis and genes in which exonic CNVs were identified was created. This list 

was used as the input list for gene entity analysis. Pathway studio version (11.4) was used to 

identify the top Gene Ontology (GO) terms for genes from the PE dataset. The gene entity analysis 

aimed to identify whether genes containing deleterious SNVs that show preliminary association 

with PE and genes whose exonic regions contain CNVs belong to GO categories that have a role 

in the pathophysiology of PE. 

The top results for cellular component, molecular function and biological function from the 

pathway analysis carried out in pathway studio are shown in the table below. The p-value and 

Jaccard similarity scores for the gene entity analysis are shown in Aim 2: Appendix 4: Pathway 

analysis. 
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Table 4-5: Pathway analysis of genes containing exonic CNVs and deleterious SNVs from this study 

Cellular component Molecular function Biological function 

keratin filament alpha-amylase activity retinal blood vessel morphogenesis 

collagen trimer actin-dependent ATPase 

activity 

protein targeting to Golgi 

proteinaceous extracellular matrix hydrolase activity, acting on 

carbon-nitrogen (but not 

peptide) bonds, in cyclic 

amidines 

negative regulation of transposition 

basement membrane actin binding regulation of transcription from RNA 

polymerase II promoter in response to stress 

myofibril muscle alpha-actinin binding O-glycan processing 

Genes containing SNVs that showed preliminary association (p-value ≤ 0.05) in the SNV association analysis and genes in which exonic CNVs were identified 

were analysed in a gene entity analysis and the Gene Ontology (GO) terms identified in Pathway studio. The table shows the top five pathways for biological 

function, cell processes and signalling processes for the gene entity analysis carried out using Pathway studio. 
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4.5 Discussion 

The advances in genome-wide sequencing technology have enabled the detection of a large 

number of CNVs in the last decade facilitating their association with human disease. WGS is 

advantageous over WES for the discovery of rare and novel CNVs (277).The main challenge 

faced in detecting CNVs from WES data is that the sequence coverage is not uniform and is 

dependent on platform specific sequence capture design (321). There have been few studies 

conducted to determine the contribution of CNVs to the risk of PE. An earlier study by Zhao et 

al. in 2012 identified a CNV near the PSG11 gene to be associated with PE susceptibility (220). 

To our knowledge, this is the first study to identify rare and novel CNVs in families with multiple 

PE cases by using paired-end whole genome sequencing data. This study aimed to identify rare 

and novel CNVs in candidate genes and susceptibility loci that have been shown to be associated 

with PE. The identified CNVs can then serve as targets for future molecular and functional assays 

to elucidate their role in PE pathophysiology. 

Despite the development of many algorithms to detect CNVs from NGS data, the detection of 

CNVs in a computationally feasible manner continues to be a challenge. At present no one 

particular algorithm can be applied to detect the whole spectrum of structural variations. Also any 

one particular method is not sufficient to truly minimize false positive CNV calls. As done in this 

study choosing four tools and then determining only those CNVs called by any two tools as true 

CNV calls  reduces the number of false positive CNV calls. Earlier studies have recommended a 

similar protocol using a combination of tools (290).  In an attempt to minimize false positive calls, 

the CNV calls from the PE dataset were compared to calls from an independent study dataset and 

novel or rare calls showing ≥ 50% reciprocal overlap were excluded. Additionally all single tool 

calls for novel CNVs were checked to see whether they were shared between unrelated 

individuals. Any novel CNVs that were shared between unrelated individuals were considered as 

potential false positives and excluded from further study.  

4.5.1 CNVs identified under 1-LOD linkage peaks and in positional 

candidate genes 

CNVs identified in the current study, that are located under all previously determined linkage 

peaks from the different genome-wide linkage scans are listed in Table 4-2. The earlier genome-

wide linkage scan conducted on the Australian and New Zealand family cohort has identified 

susceptibility loci on chromosomes 2, 5 and 13 (1), (208). The five families studied in the current 

study are a subset of this Australian & New Zealand family cohort of 34 families that have been 

used in the earlier genome-wide linkage scan. Fine mapping of the genetic linkage peaks in the 

in earlier studies conducted in the 34 family cohort have determined novel positional candidate 
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genes (ACVR2A, LCT, LRP1B, RND3, GCA at the 2q locus, CRHBP, ERAP1, ERAP2, LNPEP at 

the 5q locus and TNFSF13B, COL4A1, COL4A2 at the 13q locus) (212), (211). Hence it was 

decided to identify CNVs located under 1-LOD drop flanking co-ordinates of the previously 

determined linkage peaks on chromosomes 2, 5 and 13. Among the CNVs identified, two 

deletions have been identified in previously determined positional candidate genes LRP1B and 

KYNU under the linkage peak on chromosome 2q. A novel duplication in previously studied 

positional candidate genes COL4A1, COL4A2 on chromosome 13q was also identified (Table 4-

3). 

The LRP1B gene codes for the Low Density Lipoprotein Receptor-Related Protein 1B.  SNPs in 

the LRP1B gene have been tested for their association with PE, in a study conducted by Johnson 

et al. which involved further resolution of the genetic linkage locus 2q22 (27). Of the SNPs tested 

a synonymous LRP1B SNP (rs35821928, p-value = 0.0001) showed association with PE in the 

Australian New Zealand family study cohort of which the 5 families used in the current study are 

a subset. Although this association could not be replicated in the Australian singleton, Norwegian 

and Finnish cohorts the rs35821928 SNP exhibited pleiotropic effects with a number of 

quantitative CVD-related traits when assessed in the SAFHS cohort comprising of Mexican 

American families. Several studies have shown the occurrence of PE to indicate later life CVD 

(27). In the current study an intronic deletion in the LRP1B gene has been identified. An intergenic 

deletion between the LRP1B gene and the KYNU gene has also been identified. Both of these 

CNVs warrant further functional studies to elucidate any potential role of these genes in the 

pathophysiology of PE. 

The COL4A1 and COL4A2 genes code for the Collagen Type IV  α1 Chain and the Collagen Type 

IV α2 Chain proteins which are a major structural component of the basement matrix. Mutations 

in the murine COL4A1 gene causes vascular defects in mice and these mutations are associated 

with hypertension and endothelial cell dysfunction characteristic features of PE (322). Studies to 

identify the expression levels of Type IV collagens at the maternal-fetal interface have determined 

the levels of Type IV collagens to be upregulated during the process of decidualization (316). The 

COL4A1, COL4A2 gene mRNA expression levels have been assessed before from maternal 

decidua and have shown higher expression levels to be associated with severe PE (2). Thus the 

novel duplication identified in the current study may be a target for future functional studies 

directed at determining the association of this duplication with altered expression of the 

COL4A1/A2 genes and PE susceptibility. The segregation of CNVs within the family in these 

positional candidate genes is shown in Aim 2: Appendix 3: CNV calls in positional candidate 

genes. 
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4.5.2 CNVs spanning exons of candidate susceptibility genes 

This study shows the presence of rare and novel CNVs that span exons of genes which have been 

previously studied with respect to their suspected role in the pathophysiology of PE. The results 

from table show a total of 21 exonic CNVs that have been identified in exons of candidate PE 

genes. Of these, 15 are exonic deletions and 6 are exonic duplications. The CNVs show 

incomplete penetrance and are present in both affected PE cases and unaffected normotensive 

controls. 

The genes containing exonic CNVs in this study can be classified into genes associated with 

alkaline phosphatase activity (ALPP, ALPP2), extracellular matrix components (COL4A1, 

COL4A2, and MMP25), genes that may play a role in immune maladaptation (CD36, IL32, HLA-

DQA1, HLA-DQB1, DEF4) and genes involved in cell adhesion (PCDH gene family). These 

genes were further prioritized based on the presence or absence of previously known functional 

studies. Genes of functional relevance in the pathophysiology of PE containing exonic CNVs are 

listed below. The CNVs in these genes warrant further functional studies to determine what role 

these candidate genes play in the pathology of PE. 

ALPP, ALPP2 

Serum levels of alkaline phosphatase encoded by the ALPP, ALPP2 genes have been studied as 

prospective biomarkers for PE in earlier studies (302). The serum levels of alkaline phosphatase 

have been shown to be reduced in Preeclamptic pregnancies in earlier studies (303).  

PCDH gene family 

The PCDH gene family codes for Protocadherins which play a role in cell adhesion. The 

expression of Protocadherin beta-10 from a global RNA expression profiling experiment in 

trophoblasts conducted by Gormley et al. shows the expression of Protocadherin beta-10 to be 

increased in syncytiotrophoblasts in sPE (260). Additionally DNA methylation profiling 

experiments conducted in healthy and PE placentas show the cadherin cluster of genes to be 

differentially methylated between pre-eclamptic and control placentas (306). 

HLA-DQA1 and HLA-DQB1 

The HLA-DQB1 gene has been studied in earlier studies on PE and the HLA-DQB1*04 allele has 

been found to be associated with PE susceptibility (308). 

CD36 

The CD36 gene codes for fatty acid translocase which is involved in cellular lipid imbalance. 

Previous studies conducted to determine the expression levels of CD36 in healthy and PE 

placentas have differing findings. A study conducted by Laivuori et al. failed to find any 

difference in the placental CD36 expression levels between normal and PE placentas (311). On 

the other hand a study conducted by Weedon-Fekjaer et al. studied the expression of Liver X 
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receptors in pregnancies complicated by PE and determined the expression of CD36, which serves 

as a target gene for Liver X receptors to have decreased expression in PE placentas as compared 

to controls (310). 

DEFA4 

The DEF4A gene codes for defensin alpha 4, a member of an antimicrobial group of peptides 

found in neutrophils. This gene belongs to the alpha defensin gene cluster on chromosome 8 the 

members of which share structural and functional similarities. The expression levels of the other 

alpha defensin family members DEFA1 and DEFA1B have been shown to be downregulated in 

PE (323). A study of the transcriptome profile of peripheral whole blood in early and late onset 

PE determined the DEFA4 gene to be differentially expressed in both early and late onset PE. 

This host defense gene involved in the innate immune response of neutrophils was found to be 

down regulated in PE. The authors of this study further suggest their findings could be indicative 

of phenotypic changes in monocytes, neutrophils.  These phenotypic changes can be attributed to 

the altered migratory capability of these cells in PE pathology (312). 

CEL 

This gene codes for Carboxyl ester lipase or bile salt-activated lipase. The gene is expressed in 

the pancreatic acinar tissue and dominant frameshift mutations in this gene have been associated 

with Diabetes and Pancreatic Exocrine Dysfunction. Although not implicated in PE it will be 

interesting to see if this gene plays a functional role in gestational diabetes (313). 

NTSR1 

The NTSR1 gene codes for the neurotensin receptor 1 which functions as a GPCR and mediates 

the functions of neurotensin. Neurotensin plays a role in blood pressure regulation and thus it 

would be interesting to determine whether the deletion in this gene plays a role in blood pressure 

regulation in PE (320). 

4.5.3 Pathway analysis 

Genes containing SNVs that showed preliminary association (p-value ≤ 0.05) in the SNV 

association analysis and genes in which exonic CNVs were identified were analysed in a gene 

entity analysis and the GO terms identified in Pathway studio. No specific GO term was 

significantly enriched in the PE dataset. The top three GO terms for cellular component were 

keratin filament, collagen trimer, and proteinaceous extra cellular matrix while those for 

molecular function were alpha-amylase activity, actin-dependent ATPase activity, hydrolase 

activity, acting on carbon-nitrogen (but not peptide) bonds, in cyclic amidines. The top three GO 

terms for biological function were retinal blood vessel morphogenesis, protein targeting to Golgi 

and negative regulation of transposition. 
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4.5.4 Limitations of this study 

4.5.4.1 False positive calls 

The current study used a combination of four CNV calling algorithms as recommended by earlier 

studies as no one particular algorithm is capable of detecting all types of CNVs. In an attempt to 

minimize false positive calls, the CNV calls from the PE dataset were compared to calls from an 

independent schizophrenia study dataset and novel or rare calls showing ≥ 50% reciprocal overlap 

were excluded. Additionally all single tool calls for novel CNVs were checked to see whether 

they were shared between unrelated individuals. Any novel CNVs that were shared between 

unrelated individuals were considered as false positives and excluded from further study. 

However despite these measures there may still be the chance that some false positive CNV calls 

have been made and experimental validation of the novel CNVs remains to be performed to 

confirm our results. 

4.5.4.2 Limitations of determining CNV disease-association 

It is difficult to deduce the role of CNVs in disease as the relationship between CNV genotype 

and the apparent phenotype is complex. The phenotypic expression of CNVs is influenced by the 

presence of many confounding factors like variable penetrance and environmental factors. 

Penetrance is a major confounding factor which renders a CNV benign in some individuals to be 

pathogenic in others. Thus disease types associated with CNVs with variable penetrance are 

context dependent. Penetrance of a CNV is influenced by imprinting, haploinsufficiency and the 

presence of other gene alterations (95). Since the current study focussed on the identification of 

CNVs that were either novel or rare in the population, new and improved statistical tests will be 

needed to test the association of rare or novel CNVs with PE. Likewise functional studies will be 

needed to confirm the association of rare or novel CNVs with PE. 

4.5.4.3 Limitations of determining the functional impact of CNVs 

A deletion/duplication CNV event can have direct, indirect impact on many genes and may also 

have a subsequent impact on cellular function. Depending on the number of exons deleted or 

duplicated and the coding phase of the remaining exons a CNV can lead to the production of a 

normal or truncated protein product which can have downstream functional consequences. 

Whether the functional consequences are deleterious or not also depends on a number of factors 

like gene-gene interactions of the affected gene with neighbouring genes or with environmental 

factors (95). Thus the findings of the current exploratory study, list the potential CNVs based on 

their location under known susceptibility regions or in the exons of candidate susceptibility genes 

that may play a role in the pathophysiology of PE. Future functional studies will be needed to 

elucidate the role of the identified CNVs in the pathophysiology of PE. 
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4.5.5 Future Directions 

This study has been the first study to identify rare (population frequency ≤ 1%) or novel CNVs 

in families with multiple cases of PE through the use of whole genome sequencing data. Future 

directions in this study would first involve laboratory based validation of the identified CNVs to 

estimate the accuracy of CNV calls. Association testing to determine effect sizes for the identified 

CNVs would require additional WGS studies in a larger family based cohort. Finally functional 

studies to determine the functional effect of the CNV on the pathophysiology of PE would have 

to be conducted. These could be expression studies conducted in the genes identified to contain 

CNVs from the current study to detect whether there are alterations in the RNA and protein 

expression due to the presence of the identified CNVs. 

Inherited CNVs are not the only contributors to the heritability of PE, somatic CNVs have been 

shown to be enriched in the placenta. Somatic mosaicism is defined as the occurrence of two 

genetically distinct populations of cells within an individual which arise from a postzygotic 

mutation. As compared to inherited mutations, somatic mutations may affect only a type of cells 

or organ and are not transmitted to the progeny (324). There have been studies implicating somatic 

mutations in cancer. Recent published studies have determined a higher load of somatic CNVs in 

the human placenta which were enriched in genes involved in cell adhesion, immunity, embryonic 

development and cell cycle (325), (326). In the current analysis we have not analysed somatic 

CNVs, focussing solely on inherited germline CNVs. The interactions of somatic CNVs with 

inherited CNVs and their contribution to the heritability of PE remains to be discovered. 
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5 AIM3: ANALYSIS OF VARIANTS IN THE 

RGS5 GENE USING NGS 

TECHNIQUES 

The Regulator of G-protein signalling 5 (RGS5) gene codes for the RGS group of proteins which 

function as negative regulators of G-protein signalling pathways by enhancing the GTP-

hydrolysing activity of the Gα subunits of the G-protein. Variants in the RGS5 gene have been 

previously associated with hypertension (327), (328). PE is defined as new-onset hypertension 

with proteinuria during pregnancy. Candidate genes associated with hypertension therefore are 

plausible targets to be explored for a role in PE. Recently published studies have investigated the 

role of RGS5 in murine models of PE (329). The expression of RGS5 in the myometrial arteries 

of women diagnosed with PE has also been investigated (329). However, genetic variants in the 

human RGS5 gene have not been analysed to determine their association with PE. This chapter 

presents a study of a potential candidate gene (RGS5) to determine if variants in this gene are 

associated with increased risk of PE. NGS has facilitated the targeted re-sequencing of candidate 

genes to enable the detection of rare variants and haplotypes. To our knowledge this is the first 

targeted re-sequencing study done to identify genetic variants in the RGS5 gene which may be 

associated with the risk of PE. 
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5.1 Regulator of G-Protein signalling 5 (RGS5) 

The Regulator of G-protein signalling 5 (RGS5) gene codes for the RGS group of proteins which 

function as signal transduction molecules. Seki et.al, isolated a novel member of the RGS family 

from a neuroblastoma cDNA library in 1998 (330). The deduced amino acid sequence from the 

cDNA showed 90% sequence homology to murine RGS5 (331). The cDNA sequence displayed 

consensus motifs of the RGS domain seen in the evolutionarily conserved RGS group of proteins 

(332). RGS5 belongs to the R4 subfamily of RGS proteins (333), (334).  

5.2 Components of G-Protein signalling pathways 

5.2.1 G-Protein coupled receptors (GPCRs) 

GPCRs are the largest class of eukaryotic membrane receptors known for their diversity and 

importance as the regulators of many physiological processes. The name GPCR arises because 

these receptors initiate signalling pathways by activating heterotrimeric G-proteins. They are 

transmembrane receptors that span across cell membranes and typically have seven helices (335) 

giving the term seven-transmembrane receptors. GPCRs serve as direct or indirect binding targets 

for many modern medicines. Their importance in the pharmacological industry makes them 

important topics of research. (336), (337). 

5.2.2 Heterotrimeric G-Proteins 

Heterotrimeric G-proteins belong to a superfamily of proteins which regulate physiological 

processes. They function as transmitters of extracellular signals from hormones and 

neurotransmitters across cell membranes (330). Heterotrimeric G-proteins comprise of three 

subunits α, β and γ.  

5.2.3 G-Protein Signalling 

The mechanism of G-protein signalling is described in Figure 5-1 below. 
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Figure 5-1: G-protein signalling pathway 

The G-protein signalling pathway is activated by the binding of an agonist or ligand to its G-protein 

coupled receptor. The binding causes a conformational change in the G-protein coupled receptor and 

a transient complex comprising of the agonist, activated receptor and heterotrimeric G-protein is 

formed. GDP bound to the α-subunit of the heterotrimeric G-protein is replaced by GTP and the 

heterotrimeric G-protein complex dissociates into the α subunit and the βγ dimers which can 

independently affect downstream signalling cascades. The conversion of GTP-bound Gα subunit to 

its GDP-bound inactive state is regulated by the RGS group of proteins. Figure adapted from (336).  

 

5.2.4 The role of RGS group of proteins as GTPase activating proteins 

Gα proteins hydrolyse GTP with a slow catalytic rate. This rate of hydrolysis of GTP determines 

the lifetime of the signal. In certain physiological processes the rate of signal termination is much 

faster than the intrinsic GTPase rate of the regulatory Gα (338). The RGS group of proteins play 

a role in the regulation of heterotrimeric G-proteins by acting as GTPase activators in the G-

protein signalling pathway (339), (340). RGS5 acts as a negative regulator of G-protein signalling 

by enhancing the GTP-hydrolysing activity of the Gα subunits (Gαi/o, Gαq/11, Gαs) of the G-

protein (341). This converts the Gα subunit from a GTP-bound active state to a GDP-bound 

inactive state thereby inhibiting the signalling cascade (342). 
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5.3 Role of RGS5 in the Pathophysiology of Hypertension 

5.3.1 RGS5 expression in the cardiovascular system 

Pioneering studies on RGS5 expression found human RGS5 to be abundantly expressed in heart, 

lung, skeletal muscle and small intestine (330). RGS5 mRNA is highly expressed in 

cardiovascular tissues especially in the thoracic aorta (343). Cell types in blood vessels can be 

classified as endothelial and mural comprising of pericytes and vascular smooth muscle cells 

(vSMCs) (344). RGS5 is a marker for mural cells or pericytes which surround endothelial tubes 

in blood vessels (345), (346). Studies conducted on the process of tumour angiogenesis have 

shown RGS5 to be upregulated and the loss of RGS5 has been associated with lower angiogenic 

activity (347). RGS5 is expressed in abundant quantities in the vascular smooth muscle cells 

(vSMCs) (348) and also in peripheral arterial smooth muscle cells (SMCs) (349), (350).  

5.3.2 Role of RGS5 in signalling in hypertension 

Increase in G-protein signalling through G-protein coupled receptors has been associated with 

high blood pressure (351). The degree of constriction of blood vessels in hypertension depends 

of the levels of agonists like catecholamines, angiotensin II. Vascular smooth muscle cells play a 

role in controlling the diameter of blood vessels which in turn modulates peripheral resistance. 

The state of contraction of a vSMC determines the increase in blood pressure with a hyper 

contractile state being the characteristic feature of essential hypertension (352). The different 

agonists like angiotensin II (AngII) transmit their signals through GPCRs. The RGS group of 

proteins play a role in regulating vasoactive GPCRs (353). In the cardiovascular system, the RGS5 

protein regulates the response to vasoactive hormones for example AngII, endothelin-1 (ET-1) 

and sphingosine-1-phosphate (S1P) (354), (355), (356). RGS5 inhibits the signalling of AngII, 

ET-1, S1P and platelet-derived growth factor (PDGF)-BB through the action of Gαi, Gαq subunits 

(357). A study conducted by Holobotovskyy et al. on the role of RGS5 in the process of blood 

pressure control and vessel wall remodelling revealed, AngII stimulation in RGS5-deficient 

vSMCs enhances the intracellular Ca2+ levels and leads to the activation of the myosin light chain 

(MLC) pathway (358). 

5.4 Genetic studies on the role of RGS5 in hypertension 

Several quantitative trait loci (QTLs) have been identified in human and animal models that have 

shown association with hypertension. Among these a QTL, located on the q arm of chromosome 

1 has been found to be associated with hypertension in both the human and animal models 

indicating the significance of this region in blood pressure regulation across species (359), (360). 

Three genes encoding G-protein signalling inhibitors namely RGS2, RGS4 and RGS5 are located 

under the e-QTL peak on chromosome 1 (328). Studies have shown human and murine RGS5 
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mRNA share 90% sequence homology which may indicate evolutionary conservation of this gene 

region across species (342). 

Genetic variants in the RGS5 gene have been shown to be associated with hypertension in earlier 

studies (327), (328). One of the first studies to determine genes located under the hypertension 

susceptibility locus on chromosome 1q was conducted by Chang et al. in 2007. Three genes 

ATP1B1, RGS5 and SELE1 were analysed in three of the family based cohorts from the NHLBI 

family blood pressure program (FBPP). These cohorts comprised of individuals of European 

American and African American ethnicities. A total of 13 SNPs in the RGS5 gene, divided into 

two LD blocks were genotyped and tested for their association with hypertension in this study. 

The SNP rs2255642 in the RGS5 gene was shown to be associated with blood pressure in both 

the European American and the African American samples. The LD block comprising of SNVs 

rs4657251-rs7513108-rs2999967-rs1553695 was associated with SBP phenotype in the European 

American samples (327). However, none of these findings were replicated in a follow up study 

conducted by Ehret et al. in 2009 (328). 

The study reported by Faruque et al. in 2011, analysed 87 SNPs in 3 genes ATP1B1, RGS5 and 

SELE1 in an African American cohort of 968 unrelated cases and controls. Of the 87 SNPs 

analysed, 33 were from the RGS5 gene. The study found SNP rs2815272 (P = 9.3 ×10–3) in the 

RGS5 gene to be associated with hypertension (361).  

Haplotypes in the RGS5 gene were analysed for their association with essential hypertension in a 

Chinese population by Xiao et al. in a study conducted in 2009. Five SNPs rs12041294(C/T), 

rs10917690 (A/G), rs10917695 (T/C), rs10917696 (T/C), rs2662774 (G/A) were analysed in the 

haplotype based association analysis in this study. Multiple combinations of the haplotypes were 

found to be associated with essential hypertension (362). 

5.5 Studies on the role of RGS5 variants in PE 

Preeclampsia is defined as new-onset hypertension with proteinuria during pregnancy. RGS group 

of proteins have been known to regulate contraction in cardiomyocytes and vSMCs where they 

are widely expressed. Earlier studies that have assayed the transcript levels of different RGS 

proteins in the human myometrium have found RGS2 and RGS5 transcripts to be more abundantly 

expressed than other RGS proteins. Studies have also shown RGS2 and RGS5 to interact with the 

cytoplasmic tail of the oxytocin receptor in the human myometrium and may thus regulate 

signalling pathways in the human myometrium (363). Increase in peripheral vascular resistance 

and an exaggerated pressor response to endogenous vasoactive hormones like angiotensin II and 

catecholamines is a characteristic of PE (364). PE is described as a systemic vascular disorder of 

pregnancy (365). The study conducted by Holobotovskyy et al. determined there was reduced 

vascular RGS5 expression in murine models of PE. This led to enhanced vascular sensitivity to 
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AngII. In this study the authors challenged RGS5 deficient mice with AngII which resulted in the 

manifestation of symptoms identical to PE namely hypertension, IUGR. Additionally this study 

determined the role of PPAR agonists in normalizing blood pressure and vascular function 

through effects on RGS5 signalling pathways (329), (366). This group also studied the expression 

of human RGS5 in the myometrial arteries of women with normal pregnancies and preeclamptic 

pregnancies and determined reduced expression of RGS5 in the myometrial arteries of women 

with PE (367). One of the characteristic features of PE pathology is the failure of uterine spiral 

arteries to transform into dilated uteroplacental vessels. In women with PE, the process of spiral 

artery transformation is abnormal characterized by a proliferation of vascular smooth muscle cells 

accompanied by atherotic changes. A recent study by Daniel et al. has shown the downregulation 

of RGS5 leads to the proliferation of vascular smooth muscle cells. Thus loss of RGS5 affects the 

vascular remodelling process. 

Emerging evidence from murine experiments have determined the crucial role of peroxisome 

proliferator-activated receptors (PPARs) in maternal vascular adaptation. The PPARγ agonists 

are involved in the regulation of the RGS5 signaling pathways and studies performed by 

Holobotovskyy et al. have shown that treatment with the PPARγ agonist abolishes hypertension 

in pregnant heterozygous RGS5 deficient mouse models of gestational hypertension (329). This 

group have put forth the hypothesis, that RGS5 is involved in regulating vascular sensitivity by 

suppressing AngII mediated signaling (342), (367). This suppression of AngII signaling occurs 

in response to activation by PPAR. Murine studies have shown intron 1 of the murine RGS5 gene 

to contain PPRE binding elements. 

5.5.1 Study 

Variants in the RGS5 gene have been previously associated with hypertension (327), (328). These 

were genotyping studies and examined few variants in the RGS5 gene. PE is defined as new-onset 

hypertension with proteinuria during pregnancy. This makes candidate genes associated with 

hypertension plausible targets to be explored for their role in PE. Recently published studies have 

investigated the role of RGS5 in murine models of PE (329). The expression of RGS5 is reduced 

in the myometrial arteries of women diagnosed with PE (329). Thus this study aimed to identify 

genetic variants in the human RGS5 gene which may contribute to the risk of PE. NGS has 

facilitated the targeted re-sequencing of candidate genes to enable the detection of rare variants 

and haplotypes. To our knowledge this is the first targeted re-sequencing study done to identify 

genetic variants in the RGS5 gene which may be associated with the risk of PE. 
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5.6 Methods 

5.6.1 Study design 

In this study, ~75kb of the RGS5 gene (gene id 8490) extending from coordinates chr1:163112164 

to chr1:163187354 (hg19) was sequenced on the Ion Torrent PGM in 380 case-control samples 

comprising of 199 cases and 181 controls. The RGS5 gene has 3 isoforms and 5 transcript variants. 

The region sequenced includes isoform 1 or Transcript variant 1 (NM_003617.3, 

ENST00000313961) spanning coordinates chr1:163,112,094-163,172,903 (hg19) of the RGS5 

gene. An additional 10kb region 5’upstream of Transcript variant 1 spanning coordinates 

chr1:163,172,903-163,187,354 (hg19) was also sequenced to include the transcription start site 

(TSS). Isoform 1 is expressed in both the cytosol, the membranes and is 181 amino acids in length. 

Transcript variant 1 is primarily expressed in arteries, expression profile for the same is shown in 

Figure 5-2 below. Thus the study design included sequencing Transcript variant 1. 

 

Figure 5-2: Expression profile of RGS5 Transcript variant 1 (NM_003617.3, ENST00000313961). 

Transcript variant 1 is expressed in the Aorta, Coronary artery and the Tibial artery. Thus 

Trasnscript variant 1 was sequenced. Expression profile obtained from the GTEx Portal on 

18/09/2017 

 

5.6.2 Study participants 

The sample set utilized in the sequencing experiment comprised of 380 samples from an 

Australian preeclampsia case-control cohort. This cohort is a subset of a cohort of 1092 unrelated 

females used for a Genome wide association study (GWAS) conducted by Johnson et al. in 2012 
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(145). The Australian cohort is of Caucasian descent and was recruited at the Royal Women’s 

Hospital in Melbourne, Australia from 2007 to 2011. 

5.6.3 Phenotype 

The clinical assessment of women recruited for the study was carried out by qualified clinicians 

in accordance with the criteria determined by the Australasian Society for the Study of 

Hypertension in Pregnancy, and the Society of Obstetric Medicine of Australia and New Zealand. 

The diagnostic criteria have been described in previous studies conducted using this cohort (145). 

Briefly previously normotensive women were diagnosed with PE post 20 weeks of gestation if 

they met the following criteria for both blood pressure and proteinuria on at least two occasions 

six or more hours apart 

viii. Blood pressure diagnosis criteria: showed a rise in systolic blood pressure (SBP) of at 

least 25mmHg and /or a rise from baseline diastolic blood pressure (DBP) of at least 

15mmHg, or showed a SBP measurement of ≥ 140mmHg and /or a DBP measurement of 

≥ 90mmHg. 

ix. Proteinuria diagnosis criteria: Additionally the patients displayed new onset proteinuria 

(≥0.3g/l in a 24 hour specimen) as measured by a proteinuria dipstick reading of ‘2+’ 

from a random urine check or showing a spot protein: creatinine ratio (≥0.3g/mmol). 

5.6.4 DNA extraction 

The DNA was extracted from whole blood samples using standard protocol and kit (Blood and 

Cell Culture DNA Midi Kit; Qiagen) and has been described in previous studies conducted by the 

Australian PE Genetics Group (204).  

5.6.5 PCR amplification 

PCR was performed to amplify the 70kb RGS5 region using Platinum® PCR SuperMix High 

Fidelity (HF), (Catalogue number 12532016, Thermo Fisher Scientific, Victoria) according to the 

manufacturer's instructions, using gene specific primers and the C1000 Touch™ Thermal Cycler 

System (BioRad, Gladesville, New South Wales). All DNA-Primers for the PCR were designed 

using Primer3 software and obtained from (Sigma Aldrich Ltd, Victoria). A detailed description 

of the 7 primer sequences is available in (Aim 3: Appendix1: Primer description). 

For the PCR, the genomic template DNA was amplified in 25 μL volumes containing 0.5 µM of 

each primer, 250 ng of genomic template DNA, 22.5 μL of Platinum® PCR Supermix HF and 

Nuclease-free water (Catalogue number AM9916, ThermoFisher Scientific, Victoria). The 

reaction conditions comprised of 94 °C for 30 seconds (initial denaturation) followed by 30 cycles 

of 30 seconds (each denaturation); 55 °C(primer specific annealing temperatures), 30 seconds 
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(annealing); 68 °C and 11 minutes (extension). PCR products were run on a 1.2% agarose gel to 

check for amplification of the target region. Gel image documentation and analysis were carried 

out using BioRad's XRS gel documentation system and Quantity One analysis software (BioRad, 

Gladesville, New South Wales). Equal volumes (7 µL) of each PCR amplicon for each sample 

was pooled together and purified using Agencourt Ampure XP beads (Catalogue number A63880, 

Beckman Coulter, Victoria) following standard protocol and by placing them on the DynaMag 

96 Side Magnet (Catalogue number 12331D, Life Technologies). The purified amplicon pool for 

each sample was quantitated using the Nanodrop 1000 Spectrophotometer (Thermo Fisher 

Scientific, Victoria). 

5.6.6 Library preparation and Semiconductor Sequencing 

Barcoded libraries were prepared by enzymatic fragmentation of 20 ng of purified amplicon pool 

for each sample, using the Ion Xpress™ Plus Fragment Library Kit (Catalogue number 4471269, 

ThermoFisher Scientific, Victoria). Standard protocol described by the manufacturer 

(MAN0007044, ThermoFisher Scientific, Victoria) was followed to generate the amplicon 

libraries and for template preparation of live Ion Sphere™ Particles. The barcoded libraries were 

purified, size selected, quantitated and diluted to a starting concentration of 50 pM in a volume 

of 70 µL and were loaded on to the Ion Chef™ system. The Ion Chef ™ system was operated 

according to the standard protocol described by the manufacturers. The four libraries were 

sequenced in four sequencing rounds on the Ion Torrent Personal Genome Machine (PGM) using 

318TM Chip v2. Samples which failed in the earlier sequencing rounds were included in the fifth 

sequencing round. 

5.6.7 Sequence Analysis Pipeline 

5.6.7.1 Sequence Quality analysis 

Analysis of raw sequence acquisition data was carried out using the routine analysis protocol of 

the inbuilt Torrent Suite™ Software Analysis Pipeline (Version 4.4.3). The metrics for each 

sequencing run were evaluated. 

5.6.7.2 Sequence Alignment 

Raw sequence reads were mapped to the RGS5 gene on the human reference genome assembly 

(hg19) using the T-MAP (Version 4.4.3) aligner in the inbuilt Torrent Suite™ Software Analysis 

Pipeline. The coverage, for each sample including the mapped reads, a mean depth of coverage 

per base per sample and the percentage of reads mapped to the target was calculated using the 

Coverage analysis plugin. 
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5.6.7.3 Variant calling 

Variants were called across 363 individuals (197 cases and 166 controls) using two variant calling 

programs. The Torrent Variant Caller (TVC) is the inbuilt variant caller in the Torrent Suite™ 

Software Analysis Pipeline (Version 4.4.3) whereas the Genome Analysis Toolkit (GATK) is an 

open source variant calling suite of tools developed and maintained by the Broad Institute (229).  

5.6.7.3.1 Variant calling using TVC 

Aligned sequence files in the .bam format generated by the Ion Torrent PGM were analysed by 

TVC (Version 5.0-13) to call variants using the default parameters. The individual sample variant 

calls in the variant caller format (VCF) files were then merged by comparing their chromosomal 

positions using the vcf-merge tool in the vcftools suite version (v0.1.13) (242) to produce one 

variant call file.  

5.6.7.3.2 Variant calling using GATK 

Aligned sequence files in the .bam format were downloaded from the Torrent server and variants 

were called using the Unified Genotyper tool in the Genome Analysis Toolkit (GATK) suite. The 

chromosome co-ordinates (chr1: 163112089-163187354) on hg19 were specified as the region 

across which variants were to be called by the variant caller. The output was specified to include 

only SNVs using the glm parameter. The heterozygosity was specified to be 0.001 and the 

stand_call_configuration and stand_emit_configuration parameters for SNVs was set at 30 and 

20 respectively. 

5.6.7.3.3 Overlap among variants called by the two platforms 

The variant call files from two variant callers GATK and TVC were analysed using the intersect 

function in the vcftools suite version (v0.1.13) (242). This function determines overlapping 

variants by comparing their chromosomal positions. Only SNVs that had been called by both the 

variant callers were considered for downstream association analysis. This analysis focused only 

on SNVs and did not include indels. Previous studies have shown that the Ion Torrent PGM calls 

SNVs accurately, however it cannot call indels accurately and generates a higher number of false 

positive calls in homopolymer DNA regions (368). Only overlapping variant calls from both the 

callers were considered for further analysis as a measure against false positives (369). 

5.6.7.4 Variant annotation 

All called variants were annotated using an open source software, ANNOVAR (233). The 

table_annovar perl script was used to annotate the called variants. Gene-based, region-based, 

filter-based annotation was performed. For gene based annotations gene definitions from the 

RefSeq, UCSC, ENSEMBL, GENCODE databases were incorporated. While for the region based 

annotation the databases included the transcription factor binding sites, DNAse I hypersensitivity 

sites, ENCODE methylation sites from the UCSC genome browser track. The dbNSFP (version 
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2) databases in ANNOVAR were used for the functional annotation of variants (234). These 

databases contain functionality prediction scores from different algorithms like SIFT, PolyPhen2 

HDIV, PolyPhen2 HVAR, LRT, MutationTaster, MutationAssessor, FATHMM for the variants. 

Additionally the dbNSFP database contains conservation scores for variants from the GREP++, 

PhyloP and SiPhy databases. Additional filter base annotations included all known variants from 

dbSNP database and allele frequencies from the 1000 genomes databases. 

5.6.7.5 Bioinformatic annotation of SNVs to identify regulatory variants 

SNVs were annotated using the Regulome database (Regulome DB) to determine their scores and 

to determine whether any variants would have a potential effect on the binding sites of 

transcription factors. The RegulomeDB database was launched as a part of the ENCODE project 

and it assigns scores to variants depending on their potential to affect the binding site of 

transcription factors (370). SNVs were also annotated to see whether they were a part of 

regulatory features using the Ensembl Regulatory Build database for grch37. 

The UCSC conserved transcription factor binding site track was checked to identify PPAR 

binding sites in the human RGS5 transcript. This track determines TFBS that are conserved across 

three species human, murine and rat. The default zScore threshold of 2.3 (corresponding to a p-

value of 0.01) was used. 

5.6.7.6 Variant filtration 

The variants called by the GATK caller were then filtered to get a quality score using the T-

Variant Filtration tool in the GATK suite (229). A quality depth (QD) score of ≥ 2 and a mapping 

quality (MQ) score of ≥ 40 were considered as the variant filtration threshold (371). Variants that 

failed either or both of these parameters were marked as fail. Only variants that passed both the 

filtration thresholds were considered for association analysis. 

5.6.7.7 Variant QC 

The variant calls were first filtered to include only those variants that were genotyped at a call 

rate of ≥ 95%. Individuals missing ≥ 10% of their genotyping data were excluded. The total 

number of individuals was reduced from 363 to 333 as 30 individuals were filtered out. For 

filtering out variants that deviated from Hardy Weinberg equilibrium a filter of p-value = 0.001 

was applied in Plink. Variants that had a minor allele frequency (MAF) below 1% were also 

filtered out. 
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5.6.8 Statistical Analysis 

5.6.8.1 SNV association analysis 

Association analysis for all SNVs passing the QC filters was performed in Plink 1.9 using logistic 

regression (243). An additive model with no covariates was considered for the logistic regression 

analysis.  

5.6.8.2 Correction for multiple testing 

The Bonferroni method for correction for multiple testing has been found to be conservative 

especially in the presence of background LD between the tested variants, as it over corrects for 

the inflated false positive results since it is based on the assumption that the tested SNVs are 

independent (372),(373). Alternative methods for correction for multiple testing have been 

suggested. Li and Ji method for correction for multiple testing involves estimating the equivalent 

number of independent variables for a correlation matrix. The number of SNVs tested can then 

be reduced by excluding highly correlated SNVs which are in LD with each other. The original 

number of SNVs with a MAF ≥ 1% tested for association with Preeclampsia was 105. The number 

of correlated variables or the effective number of independent variables (VeffLi) were determined 

using the equation number 5 described in the paper written by Li  et al. (372). The correlation 

matrix was calculated in R using the matSpD rscript written by Nyholt (373). The number of 

independent SNVs tested was 52 and the new experiment-wide significance threshold required to 

keep Type I Error Rate at 5% was 9.7 x 10-4. 

5.6.8.3 Haplotype association analysis 

5.6.8.3.1 Checking for Linkage Disequilibrium between the SNVs 

Haploview (version 4.1) (374) was used to create a Linkage Disequilibrium (LD) plot to 

determine LD structure across all SNVs that passed the quality control measures implemented in 

Plink (n=234). 

Haploview (Version 4.1) was also used to determine the haplotype structure across all SNVs that 

passed the preliminary quality filter of genotype call rate of ≥ 95% implemented in Plink 1.9 

(374). The CI based algorithm to determine haplotype blocks based on the method described by 

Gabriel et al. (375) using default parameters. 

All SNVs irrespective of their minor allele frequencies were used for structuring the haplotype 

blocks. The haplotypes within the blocks were tested for their association with PE using the chi 

squared test for association (374). 



Aim3: Analysis of variants in the RGS5 gene using NGS techniques 

Dnyanada Gokhale-Agashe - March 2018   109 

5.7 Results 

5.7.1 Results: Variant calling, annotation, filtration 

5.7.1.1 Sequence quality analysis 

The first step in evaluating the quality of the sequencing run was to determine the total number 

of bases sequenced for the given chip type (throughput). The throughput depends on the bead 

loading density, the total number of reads or the usable sequence and the read length. All of our 

sequencing runs generated an average of 4,208,035 million total reads per run which corresponds 

to the expected output from an Ion 318 ™ Chip v2 (4-5.5 million reads per run). This value is the 

total number of filtered and trimmed reads, independent of length which are reported in the output 

BAM file. The total reads value depends on well classification and read filtering. The values for 

bead loading density, total reads and read length for each run are shown in Aim 3: Appendix 2 : 

Sequencing run statistics 

5.7.1.2 Sequence alignment 

Coverage was analysed using the Torrent suite coverage analysis plugin. The coverage plugin 

calculates the mean depth at which each base is covered for each sample. Our samples had an 

average of 51000 mapped reads, a mean depth of coverage per base per sample of 47, with an 

average of 81.9% of reads being on target on RGS5 Transcript 1. For each sample, the number of 

average mapped reads, mean depth of coverage per base per sample and the percentage of reads 

that are on target are shown in Aim 3: Appendix 3: Coverage analysis. 

The study included an initial case-control cohort of 380 individuals that were sequenced on the 

Ion Personal Genome machine (PGM). Manual inspection of the sequencing quality data by 

visualizing it in the integrated genome viewer (IGV) led to the exclusion of 17 individuals based 

on regions of low depth, low number of reads and large amounts of missing data. 

5.7.1.3 Variant calling 

A total of 597 SNVs were called by TVC and a total of 629 SNVs were called by GATK in 363 

individuals. Multiallelic SNVs called by both the callers were excluded using vcftools version 

(v0.1.13) and the number of overlapping SNVs from the two callers were determined using the 

intersect function in vcftools version (v0.1.13) (242). A total of 487 overlapping biallelic SNVs 

were identified (Aim 3: Appendix 4: Variants called by two callers). 

5.7.1.4 Variant annotation 

The number of known, novel variants and their positions are shown in Aim 3: Appendix 4: 

Variants called by two callers. Among the 487 overlapping variants, 392 were known and 95 were 

novel variants not mentioned in the dbSNP database. 
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5.7.1.5 Variant filtration 

458 SNVs in 363 individuals passed the quality filters and were tested for association with PE. 

Quality statistics for the overlapping variants were calculated using the vcfstats tool in the vcftools 

suite version (v0.1.13). The Ts/Tv ratio was 2.23. A schematic showing the variant filtration 

strategies is given below. 
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Figure 5-3: Variant filtration strategies 

The figure shows the filtration steps in the Sequence analysis pipeline. The variants that passed the 

mapping quality and quality depth filters were further filtered for genotyping quality, hardy 

weinberg equilibrium and MAF in Plink. A total of 105 SNVs with a minor allele frequency of ≥ 1% 

were analysed for their association with PE using logistic regression. 

 

5.7.2 Results: SNV association analysis 

Preliminary analysis revealed 16 variants among 105 tested that show baseline association with 

PE (p-value ≤ 0.05), shown in Table 5-1. In the preliminary analysis, SNV rs7513108 shows the 

most significant unadjusted p-value (1.94 X 10-3). However, after applying Li and Ji correction 



Aim3: Analysis of variants in the RGS5 gene using NGS techniques 

112  Dnyanada Gokhale-Agashe - March 2018 

for multiple testing none of the SNVs showed statistically significant association with PE 

(corrected p-value = 9.7 X 10-4).  

The variants that showed preliminary significance in the current study and were also studied in 

earlier studies conducted to determine genetic variants associated with hypertension have been 

listed in Table 5-2 below. Among the 16 SNVs that show preliminary association with PE the 

SNV rs7513108 showing the most significant unadjusted p-value (1.94 X 10-3) in this analysis 

was tested as a part of an LD block with SNV rs1553695 in an earlier analysis (327). Thus it was 

hypothesized that the association signal could include rare variants that may constitute a haplotype 

block and it was decided to investigate haplotype structure across all SNVs that had passed the 

genotyping quality filter (n=234). The data in this study is from a targeted sequencing experiment, 

hence a dense set of SNVs is available for structuring the haplotypes increasing the chances of 

structuring haplotypes that include SNVs that are present at a low frequency. This allows testing 

for association between PE and any low frequency SNVs that may be a part of a haplotype versus 

the common SNVs that have been tested in earlier genotyping studies. 
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Table 5-1: Results: SNVs showing preliminary association with PE (p-value ≤ 0.05) 

(a) 

Chr 

(b) 

Coordinate 

(c) 

rsID 

(d) 

Ref 

(e) 

Alt 

(f) 

MAF (this study) 

(g) 

MAF(1000g) all 

(h) 

MAF(1000g) EU 

(i) 

P-value 

(j) 

OR 

1 163163777 rs7513108 * T G 0.179 0.177 0.151 1.94E-03 2.05 (1.30-3.22) 

1 163153906 rs73024780 C T 0.185 0.241 0.156 3.17E-03 1.95 (1.25-3.04 

1 163174876 rs77868258 G A 0.029 0.008 0.022 1.37E-02 6.37 (1.46 -27.78) 

1 163183005 rs2036701 C T 0.140 0.277 NA 1.43E-02 0.56 (0.36-0.89) 

1 163172944 rs115038574 G C 0.024 0.008 0.022 2.32E-02 5.67 (1.27-25.37) 

1 163142168 rs10917690 A G 0.301 0.288 0.310 2.46E-02 0.67 (0.48 -0.95) 

1 163147616 rs10159453 G A 0.121 0.142 0.110 2.71E-02 1.75 (1.07-2.89) 

1 163169308 rs76770876 C T 0.015 0.004 0.012 2.91E-02 0.10 (0.01-0.79) 

1 163154333 rs4132247 G A 0.172 0.241 0.156 3.64E-02 1.57 (1.03-2.40) 

1 163134404 rs6704267 A C 0.382 0.377 0.420 3.94E-02 0.72 (0.53-0.98) 

1 163124381 rs6692560 C A 0.096 0.272 0.096 4.12E-02 0.56 (0.33-0.98) 

1 163149026 rs12567772 C A 0.169 0.237 0.154 4.26E-02 1.53 (1.01-2.31) 

1 163176344 rs12737418 T G 0.159 0.082 0.169 4.27E-02 0.64 (0.42-0.99) 

1 163149809 rs7528044 A C 0.123 0.143 0.110 4.91E-02 1.63 (1.00-2.65) 

1 163178020 rs565864461 T C 0.018 0.003 0.002 4.91E-02 7.76 (1.01-59.80) 

1 163171640 rs1553695  T G 0.126 0.142 0.112 5.22E-02 1.61 (1.00-2.61) 

Table 5-1 shows 16 SNVs that showed preliminary association with Preeclampsia (p-value ≤ p-alpha = 0.05). In the table above, column (a) = chromosome number, column (b) = base pair 

coordinates (reference genome hg19), column (c) = SNV ids from the dbSNP 147 database. Column (d), (e) respectively = reference and alternate alleles. Column (f) = MAF calculated from 

the samples analysed. Column (g) = MAF in the 1000 genomes dataset for all analysed populations. Column (h) = MAF in the 1000 genomes dataset for European populations. Column (i) = 

the statistical p-value for association with PE as calculated by logistic regression analysis in Plink 1.9. Column (j) = the odds ratio (OR) with upper and lower 95% confidence intervals. SNV 

rs7513108 has the lowest p-significance value (1.94E-03). However the association is not significant after correction for multiple testing. 
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Table 5-2: SNVs associated with blood pressure phenotypes identified in earlier studies that also show preliminary association with PE in this study 

(a) 

rsID 

(b) 

Ref 

(c) 

Alt 

(d) 

Previously 

studied 

(e) 

Group 

(f) 

SNV/haplotype tested 

(g) 

Phenotype 

(h) 

P-value (earlier study) 

(i) 

P-value 

(current 

study) 

(j) 

OR (current 

study) 

rs7513108  T G Yes 
Chang et al. 

(327) 

LD block (rs4657251-

rs7513108-rs2999967-

rs1553695) 

SBP 

0.009 for SNV rs2999967 in 

European American 

population 

1.94E-03 2.05 (1.30-3.22) 

rs10917690 A G Yes 

Faruque et al. 

(361), Xiao et 

al. (362) 

SNV, part of the haplotype 

comprised of 5 SNVs, 

rs12041294(C/T), 

rs10917690 (A/G), 

rs10917695 (T/C), 

rs10917696 (T/C), 

rs2662774 (G/A) 

DBP, EH 

0.0123 in African American 

population, The SNV was a 

part of the 5 SNV haplotype 

that in combination showed 

association with  EH in a 

Chinese population 

2.46E-02 0.67 (0.48 -0.95) 

rs1553695  T G Yes 
Chang et al. 

(327) 

LD block (rs4657251-

rs7513108-rs2999967-

rs1553695) 

SBP 

0.009 for SNV rs2999967 in 

European American 

population 

5.22E-02 1.61 (1.00-2.61) 

Table 5-2 shows SNVs associated with PE in the current study that have also been associated with blood pressure phenotypes in earlier studies. In the table above, column (a) = SNV ids 

from the dbSNP 147 database. Column (b) = the reference allele, column (c) = alternate allele. Column (d) indicates whether the variant has been studied previously. Column (e) = name 

of the author/ group that conducted the study. Column (f) = SNV/haplotype tested. Column (g) = phenotype tested. Column (h) = p-value of association in the earlier study. Column (i) = 

p-value of association in the current study. Column (j) = Odds ratio in the current study. 

SBP = systolic blood pressure, DBP = diastolic blood pressure, EH = essential hypertension 
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5.7.3 Results: Haplotype analysis 

A total of 9 haplotype blocks were determined across 234 SNVs and the LD structure among 

haplotype blocks is shown in Figure 5-4 below. Haploview (version 4.1) was used to create a 

Linkage Disequilibrium (LD) plot to determine LD structure across all SNVs (n=234). The CI 

based algorithm to determine haploblocks based on the method described by Gabriel et al. was 

implemented in Haploview.  
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Figure 5-4: LD plot showing the 9 haplotype blocks across 234 SNVs 

In the above figure, Haploview (version 4.1) was used to create a Linkage Disequilibrium (LD) plot to determine LD structure across 

all SNVs (n=234). The CI based algorithm to determine haplotype blocks based on the method described by Gabriel et al. was 

implemented in Haploview (374). The 9 haplotype blocks are marked by black triangles.  
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5.7.4 Results: Haplotype blocks determined 

The CI based algorithm in Haploview was used to partition the 234 SNVs into 9 haplotype blocks 

which are shown in Table 5-3 below. Due to a dense set of markers used (n=234) the largest block 

(block number 2) was 2.5 kb in size. 

Table 5-3: Haplotype blocks determined across 234 SNVs 

(a) 

Haplotypes 
(b) 

rsID 

(c) 

Number 

of SNVs  

(d) 

Block 

coordinates 

(e) 

Block 

size 

(kb) 

Block 1 

AT 
rs16849973, rs77514087 2 

chr1:16313270

7-163132769 
0.063 

GG 

Block 2 

AA 

rs11580141, chr1:163138501 2 
chr1:16313599

1-163138501 
2.51 GC 

GA 

Block 3 

ACCTGTAACCCGCGAG 
rs79891327, rs80241289, rs11587203, 

rs12128615,  rs10159453, rs10917694, 

chr1:163147667, rs6685564,  

rs764358990, rs10917695, rs183248248, 

rs79271011, rs79313621, rs12567772, 

chr1:163149216, rs556306344, 

rs12565879 

17 
chr1:16314714

3-163149312 
2.17 

ACCCGCAATCCGCGAG 

ACTTGTAACCCGCGAG 

GCCTATAACCCGAGAA 

ACCTGTAACCCAAGAA 

GACTATAACCCGAGAA 

ACCTGTAACCTGCGAG 

ACCCGCAACCCGCGAG 

Block 4 

TA 
rs10917696, rs10917697 2 

chr1:16314932

5-163149497 
0.173 

CG 

Block 5 

GA 

rs4132247, rs4132246 2 
chr1:16315433

3-163154369 
0.037 AG 

AA 

Block 6 

GATAACGTCGA 
rs7521266, rs7556104, rs74117616, 

rs7556112, rs7556121, rs61810823, 

rs12142767, rs12140110, 

chr1:163164624, rs76960476, 

chr1:163165029 

11 
chr1:16316412

3-163165029 
0.907 

GATAACGTTGG 

GATAATGTTGG 

AGTCGCAATGG 

AGTCGCAATAG 

GATAACGTCGG 
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Block 7 

AA 
rs2999967, chr1:163166723 2 

chr1:16316667

6-163166723 
0.048 

GC 

Block 8 

TCTGGGTCGA rs56291815, chr1:163180588, rs2940676, 

rs61810848, rs549471768, 

chr1:163181081, chr1:163181093, 

rs182756488, rs187722117, rs56002643 

10 
chr1:16318012

8-163181430 
1.303 

TTTGGGTCGA 

GCTCGGTCGG 

TCTCGGTCGG 

Block 9 

TCCTCTGTCCTCG rs12730221, rs35792769, rs35047999, 

chr1:163181711, rs2036702, 

chr1:163182013, chr1:163182025, 

chr1:163182037, rs192198333, 

chr1:163182666, rs55921055, 

chr1:163183005, rs2036700 

13 
chr1:16318154

6-163183196 
1.651 

TCCTCTGTCCCCG 

TCCTCTGTCCTTG 

ATTTATGTCCTCA 

TTCTCTGTCCTCA 

The above table shows the 9 haplotype blocks determined across 234 SNVs. Column (a) =haplotypes. Column (b) 

= SNV ids from the dbSNP 147 database. Column (c) = number of SNVs. Column (d) = block coordinates (hg19). 

Column (e) = the size of the haplotype block in kb. 
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5.7.5 Results: Haplotype association analysis 

A total of 9 haplotype blocks were determined across 234 SNVs. Among the 9 haplotype blocks 

tested, one haplotype within block 5 shows association with PE (Table 5-4). Haplotype AA in 

Block number 5, comprising of SNVs (rs4132247, rs4132246) shows association with PE, which 

remains statistically significant after correcting for multiple tests (Bonferroni method p-value 

(corrected) = 0.05/9 = 0.0055). The results of the association analysis for all haplotypes in 9 blocks 

are shown in Aim 3: Appendix 5: Haplotype association analysis. 

 

Table 5-4: Haplotype association analysis 

(a) 

Haplotypes 

(b) 

rsID 

(c) 

Haplotype 

Freq. 

(d) 

Case,Control 

Frequencies 

(e) 

Chi 

Square 

(f) 

p-value 

Block 5 

GA 

rs4132247, rs4132246 

0.823 0.792, 0.864 5.672 0.0172 

AG 0.145 0.155, 0.132 0.69 0.4061 

AA 0.027 0.044, 0.004 10.096 0.0015* 

Table 5-4 shows the haplotype within haplotype block number 5 that is associated with PE. Column (a) 

=haplotypes. Column (b) = SNV ids from the dbSNP 147 database. Column (c) = haplotype frequencies. 

Column (d) = haplotype frequencies in cases and controls. Column (e) = chi squared test statistic for the 

association analysis carried out in Haploview. Column (f) = p-value of association for the chi squared test of 

association carried out in Haploview. 

Haplotype AA in Block number 5 (marked with an *) shows association with PE, which remains statistically 

significant after correcting for multiple tests. (Bonferroni method p-value (corrected) = 0.05/9 = 0.0055) 

 

5.7.6 Results: Bioinformatic annotation of SNVs 

The bioinformatic annotation of 16 SNVs that showed preliminary association with PE is shown 

in the table 5-3. Of the 16 SNVs that showed preliminary association, 9 SNVs are located in the 

first intron of RGS5 (transcript id ENST00000313961) while 5 are located in the 5’ upstream 

region. The haplotype block that showed association with PE after correction for multiple testing 

is also located in the first intron of the RGS5 transcript. Three PPAR binding sites in the human 

RGS5 transcript were determined from the UCSC conserved transcription factor binding site 

database. The co-ordinates for the three sites are shown in Table 5-7. 
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Table 5-5: Bioinformatic annotation of SNVs showing preliminary association with PE 

(a) 

Chr 

(b) 

Base pair 

(c) 

rsID 

(d) 

Ensembl Transcript id 

(e) 

Variant consequence with respect to 

transcript id 

(f) 

Regulome DB 

score 

(g) 

Regulatory feature 

1 163163777 rs7513108 ENST00000313961 Intron 1 variant 6 None 

1 163153906 rs73024780 ENST00000313961 Intron 1 variant 5 None 

1 163174876 rs77868258 ENST00000313961 5'upstream 6 None 

1 163183005 rs2036701 ENST00000313961 5'upstream 6 None 

1 163172944 rs115038574 ENST00000313961 outer range variant Exon 1 4 Promoter flanking region 

1 163142168 rs10917690 ENST00000313961 Intron 1 variant 5 None 

1 163147616 rs10159453 ENST00000313961 Intron 1 variant 5 None 

1 163169308 rs76770876 ENST00000313961 Intron 1 variant 6 None 

1 163154333 rs4132247 ENST00000313961 Intron 1 variant 5 None 

1 163134404 rs6704267 ENST00000313961 Intron 2 variant 5 Open chromatin 

1 163124381 rs6692560 ENST00000313961 Intron 3 variant 6 None 

1 163149026 rs12567772 ENST00000313961 Intron 1 variant No data None 

1 163176344 rs12737418 ENST00000313961 5'upstream 5 None 

1 163149809 rs7528044 ENST00000313961 Intron 1 variant 6 None 

1 163178020 rs565864461 ENST00000313961 5'upstream No data None 

1 163171640 rs1553695 ENST00000313961 Intron 1 variant 5 None 

Table 5-5 shows the bioinformatic annotation for the 16 SNVs that showed preliminary association with PE (p-value ≤ p-alpha = 0.05). In the table above, column (a) = 

chromosome number, column (b) = base pair coordinates (reference genome hg19), column (c) = SNV ids from the dbSNP 147 database annotated using ANNOVAR. Column (d) 

= Ensembl transcript id for the variant (build 88 for GRCh37). Column (e)= intronic/exonic classification of SNV with respect to Ensembl transcript id  
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Table 5-5 continued 

Column (f) = Regulome database score. Column (g) = presence of a regulatory feature as annotated using Ensembl biomart (build 88 for GRCh37).  

None of the SNVs are predicted to affect binding as they all have high Regulome database scores indicating that they are less likely to affect binding.  

Among the regulatory features SNV rs115038574 is located in a Promoter flanking region while SNV rs6704267 is located in an open chromatin containing region 

 

Table 5-6 shows the bioinformatic annotation of the SNVs rs4132247, rs4132246 forming haplotype AA from block 5 that showed association with PE which remained 

significant after correction for multiple testing. The block spans from co-ordinates chr1:163154333-163154369 (hg19) and is located in the 1st intron of the RGS5 

transcript (ENST00000313961). 

Table 5-6: Bioinformatic annotation of SNVs in haplotype block showing association with PE 

(a) 

Haplotypes 

(b) 

rsID 

(c) 

Ensembl transcript id 

(d) 

Intron/exon 

(e) 

Regulome DB 

(f) 

Regulatory feature 

AA 
rs4132247,  

rs4132246 

ENST00000313961 Intron 1 5 None 

Table 5-6 shows the bioinformatic annotation for the haplotype AA from block 5 that showed association with PE which remained 

significant after correction for multiple testing. In the table above, column (a) =haplotype, column (b) = SNV ids from the dbSNP 147 

database annotated using ANNOVAR. Column (c) = Ensembl transcript id for the variant (build 88 for GRCh37). Column (d) = 

intronic/exonic classification of the block with respect to Ensembl transcript id. Column (e) = Regulome database score. Column (f) 

= presence of a regulatory feature as annotated using Ensembl biomart (build 88 for GRCh37).  

None of the SNVs in the haplotype block are predicted to affect binding as they all have high Regulome database scores indicating 

that they are less likely to affect binding. There were no known regulatory features in the haplotype block.  
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Table 5-7: PPAR binding sites from the UCSC conserved TFBS database 

(a) 

Chr 

(b) 

Start position 

(c) 

End position 

(d) 

Factor name 

(e) 

Score 

(f) 

Strand 

(g) 

zScore 

(h) 

Intron/exon 

Chr1 163117212 163117232 PPARA_01 780 + 2.54 Exon 5 

Chr1 163117275 163117296 PPARG_01 784 + 2.7 Exon 5, intron 4 

Chr1 163146985 163147006 PPARG_01 753 - 2.15 Intron 1 

The above table shows three PPAR binding sites in the RGS5 transcript as determined from the UCSC conserved TFBS database. Two PPAR binding sites, PPARα and PPARγ are located 

in Exon 5 of the RGS5 transcript while one PPARγ binding site is located in Intron 1 of the RGS5 transcript. 
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5.8 Discussion 

The candidate gene approach has been widely used to determine genetic variants that may play a 

role in complex diseases like hypertension and PE (376). This is the first targeted sequencing 

based study conducted to test the association of genetic variants in the human RGS5 gene with 

PE. Earlier studies by Holobotovskyy et al. have explored the role of RGS5 in the pathology of 

PE using murine models (329). This group also studied the expression of human RGS5 in the 

myometrial arteries of women with normal pregnancies and Preeclamptic women. Their findings 

included reduced expression of RGS5 in the myometrial arteries of Preeclamptic women. One of 

the characteristic features of PE pathology is the failure of uterine spiral arteries to transform into 

dilated uteroplacental vessels. In women with PE, the process of spiral artery transformation is 

abnormal characterized by a proliferation of vascular smooth muscle cells accompanied by 

atherotic changes. A recent study by Daniel et al. (348) has shown the downregulation of RGS5 

leads to the proliferation of vascular smooth muscle cells. Thus loss of RGS5 affects the vascular 

remodelling process. 

In the current study we attempted to determine genetic variants in the RGS5 gene including SNVs 

and haplotypes that may be associated with the risk of PE. 

The key findings of the current study are, 

 16 SNVs show preliminary association with PE (p-value ≤ 0.05). However, none of the 

variants show any association after correction for multiple testing (p-alpha (corrected) = 9.7E-

04) with SNV rs7513108 showing the lowest uncorrected p-value of 1.94E-03, OR 

=2.05(1.30-3.22). 

 Of the 16 SNVs showing preliminary association with PE, 3 variants (rs7513108, 

rs1553695, rs10917690) have also been associated with blood pressure, SBP and DBP 

phenotypes in earlier studies (Table 5-2 ). The variant rs7513108 has been associated 

with erythrocyte count in the dbGaP database. 

 A total of 9 haplotype blocks were determined and haplotypes within the block were 

tested for their association with PE. Haplotype AA from haplotype block number 5 

comprising of SNVs (rs4132247, rs4132246) shows association with PE (p-value = 

0.0015), which remains statistically significant after correction for multiple testing 

(Bonferroni method p-value (corrected) = 0.0055). 

5.8.1 Comparison to earlier studies 

Genetic variants in the RGS5 gene have been studied previously to determine their association 

with hypertension. The variants rs7513108, rs1553695 were previously tested in a study done by 

Chang et al. in 2007 in which an LD block comprising of SNVs rs4657251-rs7513108-rs2999967-
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rs1553695 spanning a region of 14.7 kb from chr1:163156864-163171640 (hg19 coordinates) 

showed association with the SBP phenotype (p-value = 0.009 for SNV rs2999967) in European 

American families (327). However, none of these findings were replicated in a follow up study 

conducted by Ehret et al. in a larger cohort in 2009 (328). Among the other variants showing 

preliminary association with PE in the SNV analysis, rs10917690 shows nominal association (p-

value = 0.0123) with the DBP phenotype in an African American population studied by Faruque 

et al. This variant is a part of the five variant haplotype rs12041294(C/T), rs10917690 (A/G), 

rs10917695 (T/C), rs10917696 (T/C), rs2662774 (G/A). Multiple haplotype combinations of 

these five variants were found to be associated with essential hypertension in a study conducted 

by Xiao et al. in a Chinese population (361), (362). 

Of the 16 variants showing preliminary significance with PE, 9 of the variants are located in the 

1st intron of the RGS5 transcript. This could be suggestive of the presence of rare regulatory 

variants in the intron 1 region of this transcript. Since only variants with MAF ≥ 1% were analysed 

in the SNV association study, it was decided to examine the LD structure across the region 

sequenced and structure haplotype blocks to include all common and rare variants from the 

sequenced dataset. Haplotypes within the blocks were tested for their association with PE. 

In the current study all SNVs that passed the quality filters were used to structure the haplotypes. 

A recent study by Kim et al. describes the effects of marker density on the partitioning of 

haplotype blocks by existing algorithms (377). In studies using sequence data the number of SNVs 

or markers is more, leading to smaller LD blocks being determined. In the current analysis the 

number of SNVs or markers used for structuring the haplotypes is higher, 234 SNVs leading to 

smaller LD blocks being determined across the RGS5 transcript using the method described by 

Gabriel et al. Thus in the current study a total of 9 haplotype blocks were determined and 

haplotypes within the block were tested for their association with PE. Haplotype AA from 

haplotype block number 5 comprising of SNVs (rs4132247, rs4132246) remains statistically 

significant after correction for multiple testing (Bonferroni method p-value (corrected) = 0.0055). This 

haplotype block spans a region of 0.037 kb from chr1:163154333-163154369 (hg19 coordinates) 

and is located in 1st intron of the RGS5 transcript.  

Based on the results of the SNV and haplotype association analysis, the variants showing 

preliminary association with PE in this study are located in the 1st intron of the RGS5 transcript. 

This could be suggestive of the presence of rare regulatory variants in this region which may play 

a role in the regulation of blood pressure and also in the pathology of PE. Previous studies have 

determined a role of peroxisome proliferator-activated receptors (PPAR) agonists in normalizing 

blood pressure and vascular function through effects on RGS5 signalling pathways. PPARγ 

agonists are involved in the regulation of the RGS5 signalling pathways and studies performed 

by Holobotovskyy et al. have shown that treatment with the PPARγ agonist abolishes 

hypertension in pregnant heterozygous RGS5 deficient mouse models of gestational hypertension 
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(329). This group have put forth the hypothesis that RGS5 is involved in regulating vascular 

sensitivity by supressing angiotensin II (AngII) mediated signalling. This suppression of AngII 

signalling occurs in response to activation by PPAR (367). Murine studies have also shown intron 

1 of the murine RGS5 gene to contain PPRE binding elements (378). Three PPAR binding sites 

in the human RGS5 transcript have been identified, 2 of which are in Exon 5 while 1 is located in 

the 1st intron of the RGS5 transcript. 

5.8.2 Limitations of this study 

RGS5 being a conserved gene, common variants will be expected to have minor effects on the 

phenotype and on blood pressure regulation. It will be the rare variants that may have major 

effects on the regulation of blood pressure.  Although this study is a targeted sequencing study 

covering all of the variation in this transcript, the study is underpowered to detect the presence of 

rare variants that may have a regulatory role owing to the small case-control study sample size 

(n=333). Thus only variants having a minor allele frequency of ≥ 1% were analysed for individual 

variant association analysis.  

In the haplotype association analysis all SNVs passing the quality filters were used to structure 

the haplotypes. The current algorithms to partition haplotype blocks depend on marker density. 

In this study we could test the association of haplotypes with disease status, but due to the lack of 

clinical data (SBP, DBP measurements, gestational age, weight at birth etc.), the effect of 

covariates could not be tested. 

This study did not include indels and multiallelic SNVs as the sequencing was performed on the 

Ion Torrent PGM platform. For the Ion Torrent PGM platform, there exists a known limitation of 

being unable to accurately sequence homopolymer regions  (379) and of being unable to 

accurately call indels thus generating a higher number of false positive calls in homopolymer 

containing DNA regions (368). Hence variants detected in the homopolymer regions had to be 

excluded from further analysis. 

The genotyping quality was low. This has been a region difficult to sequence, owing to a large 

number of repetitive regions. These include simple tandem repeats. Thus only variants passing 

GATK hard filters of QD and MQ have been considered. 

5.8.3 Future directions 

The current study is a candidate gene study based on a strong biological hypothesis of the role of 

RGS5 in PE in murine models. Since it is a targeted sequencing study it covers the whole spectrum 

of variation and each SNV was tested for association with PE. However sample size (n=333) was 

too small to determine rare variants that may be associated with PE. Future targeted sequencing 

studies to identify rare variants would require a larger sample size.  
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The two SNVs detected in the haplotype show allele specific expression in the aorta, tibia. Allele-

Specific Expression (ASE) is a measurement of the difference of gene expression between the 

two alleles of a gene in a heterozygous individual. This difference (also called `allelic imbalance') 

can be due to many biological processes, including presence of cis-regulatory genetic variants, 

imprinting, and nonsense-mediated decay. Thus the putative regulatory function of the haplotype 

can be examined further in future functional studies. 

The potential regulatory role of identified PPARγ binding sites remain to be determined. Studies 

have shown the RGS5 gene promoter to be methylated (380). The current study did not study any 

epigenetic changes in the RGS5 transcript that may be associated with PE. Thus confirming the 

haplotype association determined in this study in a larger cohort, analysing the effect of covariates 

on the haplotype association, identifying the potential regulatory role of PPAR binding sites, 

identifying any epigenetic mechanisms in the RGS5 gene that may all contribute to the pathology 

of PE are the future directions of research stemming from the analysis conducted in this study. 
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6 GENERAL DISCUSSION AND 

CONCLUSIONS 

Recent advances in genomic technologies and the success of the human genome project have 

changed the way in which medicine is viewed and will be practiced in the future. As the costs of 

sequencing reduce further, most human diseases will be examined under a genomic lens to 

determine the genetic mechanisms that underlie the pathophysiology. Since the human genome 

project, the genetic mechanisms of many Mendelian diseases have been discovered and gene 

based therapies are making their debut in the practice of modern medicine. In the case of complex 

diseases with many factors contributing to risk, including multiple genes, gene-gene and gene-

environment interactions, there remain major gaps in our understanding of the underlying genetic 

architecture. As our ability to interrogate the genome progresses further through advances on the 

sequencing and data analysis fronts, we can hope to discover the hereditary patterns of complex 

disorders. In this thesis, I have attempted to identify susceptibility genes that may play a role in 

the pathophysiology of one such complex disorder, PE, with the aid of next generation sequencing 

technologies. 

6.1 Novel aspects and strengths of the current study 

6.1.1.1 Ability to examine rare variants 

In the past decade a large number of (mostly common) genetic loci associated with complex 

diseases have been identified through large scale GWAS. Despite these large scale studies 

comprising of thousands of samples, for a majority of human traits, these discovered genetic 

associations account for only a small fraction of heritability (381). It is now speculated that rare 

variation with large effect sizes contributes to the missing heritability of complex traits and 

diseases (129) and with the advent of NGS technologies there has been increasing interest in 

identifying such variants (133). Recently completed population based WGS studies, for example 

the 1000 genomes project and the UK10K project, have demonstrated that most variants in the 

population are rare with a MAF < 0.1% (269). The importance of rare variation in complex traits 

is now supported by a large number of studies that have shown that there exists a negative 

correlation between functionally important variants and their allele frequencies.  

The early successes of targeted candidate gene studies that identified rare coding variants with 

large effects especially for Crohn’s disease, low-density lipoprotein (LDL) cholesterol and high 

density lipoprotein (HDL) levels in the PCSK9 and ABCA1 genes respectively were responsible 
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for generating interest in rare variant analysis in complex diseases. Most of the variants that affect 

protein function are rare (381). As sequencing technologies improved, the last decade has seen an 

increase in rare variant analysis with many rare variant associations with complex traits being 

identified, for example with Alzheimer’s disease (382), (383), age related macular degeneration 

(384), LDL cholesterol (385) and Type 2 diabetes (386), to name a few. 

6.1.1.2 Family-based sequencing study design 

Traditional methods of testing association with individual common genetic variants are 

underpowered to detect rare variants unless the rare variants have large effect sizes or the study 

size is very large (244). However, a family based study design can capture multiple copies of a 

rare variant leading to an increase in the power to detect rare variation. Recent studies in other 

common complex diseases have demonstrated that it is possible to find high risk variants for 

common complex diseases through a family-based approach, with genetic associations reported 

for migraine (387), inflammatory bowel disease (388), celiac disease (389), bipolar disorder 

(390), autism spectrum disorders (391), schizophrenia (392),(393), type II diabetes (394), 

Alzheimer’s disease (395), Parkinson’s disease (396), age-related macular degeneration (397), 

intracranial aneurysms (398) and rheumatoid arthritis (399), among others. 

6.1.1.3 WGS methodology 

The determination of disease association with a gene depends on a fundamental understanding of 

the genetic diversity at the sequence level. The recent relative accessibility of WGS to smaller 

genetic studies now offers the gold standard for characterisation of genetic variation at the 

individual level. The studies described in this thesis are the first to employ a family based study 

design using WGS data for gene discovery in PE. In the SNV study we tested sequence variants 

that were present in at least one copy in a minimum of 5 individuals for their association with PE. 

The study focussed on rare variants that were predicted to have deleterious consequences by in-

silico bioinformatics tools.  

The advent of WGS has also greatly facilitated the detection of CNVs from paired-end sequence 

data. WGS is advantageous over WES for the discovery of rare and novel CNVs (277). This is 

the first study to identify rare and novel CNVs in families with multiple PE cases by using paired-

end WGS data. 

6.1.1.4 Targeted resequencing using NGS 

Targeted resequencing of candidate genes can be the method of choice to identify rare functional 

variants in a complex disease if there is a strong biological hypothesis behind the choice of the 

candidate gene. NGS technologies provide better per base resolution and rare haplotypes can be 

studied in known candidate genes or in susceptibility genes identified in earlier positional cloning 

studies, including GWAS. 
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6.2 Aims of the current study 

There were three specific aims of this thesis designed to enhance our understanding of the genetic 

risk of PE through the use of next generation sequencing techniques in a family based study. 

i. Identification of putative SNVs through whole genome sequencing of multiplex families 

with cases of PE. 

ii. Identification of putative CNVs through whole genome sequencing of affected multiplex 

PE families. 

iii. To determine if variants in the candidate susceptibility gene RGS5, are associated with 

an increased risk of developing PE. 

6.3 Main findings 

6.3.1 Findings from the SNV and CNV analysis 

The main findings from the SNV and CNV analysis conducted in this thesis have provided 

compelling evidence for the involvement of the Type IV collagen genes in the risk of PE. The 

SNV analysis identified a novel variant located in intron 20, position (chr13: 111109624) of the 

COL4A2 gene. However, this variant is located within exon 5 of the COL4A2-AS2 antisense 2 

gene on the opposite strand, where it is predicted to be deleterious by SIFT. Conditional analysis 

of other SNVs in the COL4A2 gene region identified other variants that showed association with 

PE independently of the novel COL4A2-AS2 antisense 2 gene variant at position (chr13: 

111109624) on hg19. A large body of evidence is emerging that both rare and common variation 

within intronic and intergenic sequence is involved in the regulation of gene expression (400), 

(401), (402). It is speculated that the COL4A2-AS2 antisense 2 gene variant and the other COL4A2 

intronic variants identified in the conditional analysis may also have potential regulatory roles 

associated with the perturbed expression of this gene observed in PE (2), (403). 

Further support for Type IV collagen genes in PE came from the CNV analysis in Chapter 4, 

where the identification of a novel duplication spanning the COL4A1 and COL4A2 genes unique 

to one family (Family ID I) is described. The top results from the ‘cellular component’ sub-

analysis of the gene entity analysis identified the collagen trimer as one of the top enriched cellular 

components.  

6.3.1.1 Prior genetic evidence supporting the identification of COL4A1 and COL4A2 as 

candidate susceptibility genes 

The families the subject of this thesis are a subset of the 34 family cohort used in a linkage study 

by the Australian PE Genetics Group that identified a linkage to chromosome 13, where the 

COL4A1 and COL4A2 genes are located and speculated to be positional candidates (1). The 

identification of SNVs and CNVs in Type IV collagen genes that are associated with PE in these 
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families may be largely responsible for the original linkage signal previously reported in the larger 

family cohort. 

Table 6-1 below, describes all the studies conducted by the Australia PE Genetics Group 

supporting the identification of Type IV collagen genes as candidate susceptibility genes for PE.  

Table 6-1: Earlier studies conducted by the Australian PE Genetics Group supporting the role 
of Type IV collagen genes in PE 

Study Findings 

Genome-wide linkage and fine mapping 

analysis in 34 Australian/New Zealand PE 

families 

Linkage to chromosome 13q and identification 

of COL4A1 and COL4A2 as positional candidate 

genes (1). 

Decidual mRNA expression analysis of  

positional candidate genes in case-control 

samples 

Increased expression of the COL4A1, COL4A2 

genes in placentas of women with sPE (2). 

Analysis of plasma levels of Type IV collagen 

anti-angiogenic fragments in PE and 

normotensive women 

The circulating levels of anti-angiogenic Type IV 

collagen α chain 1 fragment, Arresten, is higher 

in the plasma of women diagnosed with PE (3). 

Pathway analysis of identified positional 

candidate genes in decidual samples. 

Identified that the COL4A1 gene regulates VEGF 

by employing a novel pathway analysis strategy 

(403). 

 

The novel variant in the COL4A2 gene identified in this study is located in exon 5 of the COL4A2-

AS2 antisense 2 gene and is thus predicted to have deleterious consequences by the SIFT 

algorithm. The COL4A2-AS2 is a non-protein coding antisense RNA 2 gene. Antisense transcripts 

are a class of long non-coding RNAs (lncRNA) (258). Long non-coding RNAs have diverse 

functions and are primarily involved in regulatory functions but also play a role in embryonic 

pluripotency, differentiation and development (259). Recent studies have identified a role for 

lncRNAs in trophoblast function, normal placentation and other pregnancy complications (404). 

A study conducted by Gormley et al. has shown the differential expression of non-coding RNA’s 

by trophoblasts in severe PE vs non infected preterm birth samples (260). Another microarray 

analysis study conducted by He et al. analysing the expression of lncRNAs in placenta from 

normal and preeclamptic pregnancies found three lncRNAs LOC391533, LOC284100, and 

CEACAMP8 to be highly expressed in placenta from a preeclamptic pregnancy (405). The 

pathway enrichment analysis carried out in the study by He et al. study identified pathways 

involved in the type II immune response and lipid metabolism to be enriched. This is consistent 

with the hypothesis of immune maladaptation playing a role in the pathogenesis of PE. A study 

conducted by Zou et al. studied the expression of lncRNA SPRY4-IT1 with respect to its role in 

the proliferation, migration and apoptosis of trophoblast cells. The study by Zou et al. identified 

the expression of SPRY4-IT1 to be increased (2.8 fold) in pregnancies complicated by PE as 

compared to normal pregnancies. The lncRNA SPRY4-IT1 has been associated with the 
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formation of endothelial cell like tubular networks indicating that it may play a role in the process 

of angiogenesis in placental development (406). Thus, increasing knowledge about the role of 

lncRNAs in both normal and abnormal placental development will be crucial to elucidate the 

process of pathogenesis in pregnancy complications. This makes the novel variant located in exon 

5 of the COL4A2-AS2 antisense 2 gene a plausible candidate variant warranting future functional 

studies. 

6.3.1.2 Prior evidence for the role of Type IV collagen genes in the pathophysiology of 

PE 

6.3.1.2.1 Important components of the basement membrane 

Type IV collagens are integral components of the basement membrane which is a specialized 

form of the extracellular matrix (ECM) (407). Type IV collagen is formed by six alpha chains (1-

6), encoded by six different genes COL4A1 through COL4A6. Basement membranes are formed 

by interweaving of type IV collagens with laminins, nidogen and sulphated proteoglycans (408). 

The macromolecular network of Type IV collagen serves as a scaffold for the basement 

membrane and also plays a role in the interaction of all basement membrane cells (409). Studies 

on the localization of Type IV collagen in normal and PE placenta have shown Type IV collagen 

to be present in the basement membrane of trophoblast cells and fetal vascular elements. For 

example, collagens form an important component of the basement membranes of the umbilical 

cord artery, the umbilical cord vein and Wharton’s jelly (410), (411). Histological and 

biochemical studies on umbilical cord arteries have found the total collagen content to be twice 

that observed in the umbilical cord arteries (UCAs) of infants born out of a preeclamptic 

pregnancy as compared to infants born out of a normotensive pregnancy. This is due to both the 

enhanced biosynthesis of collagen and decreased degradation of collagen observed in PE (412). 

The proportional relationship between the different types of collagens also differed in infants born 

out of a preeclamptic pregnancy versus those born out of a normotensive pregnancy. Extensive 

remodelling of the ECM in the umbilical cord is observed in PE. This increased collagen content 

with simultaneous reduction of elastin content in the UCA affects the remodelling process, 

causing a reduction in the elasticity of the arterial wall corresponding to a reduced fetal blood 

flow in PE (413). Levels of collagen in umbilical cord veins are decreased in pregnancies 

complicated by PE. There is also an overall decrease in the collagen solubility in the umbilical 

cord veins in PE (414), (415). Thus alterations in the collagen component of the umbilical cord 

arteries and veins are associated with ECM rearrangements which contribute to the pathology of 

PE (416). 

The processes of trophoblast invasion and decidualization during pregnancy involve extensive 

remodelling of the ECM. Type IV collagens are an essential component of the basement 

membrane in primary villi. In the study conducted by Risteli et al. primary villi from women with 

a normal pregnancy and those with a preeclamptic pregnancy were studied to determine the 
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distribution and concentrations of basement membrane proteins, laminin and type IV collagen. 

This study reported that the ratio of type IV collagen:laminin was significantly higher in PE 

samples than in control samples; thought to reflect a decrease in the concentration of laminin in 

the villi in PE and suspected to be involved in the impaired attachment of trophoblasts to the 

underlying basement membrane (417).  

6.3.1.2.2 Role in the development of glomerular lesions 

Alterations in the components of the ECM including type IV collagens, laminin, fibronectin, 

vitronectin and others play a role in preeclamptic nephropathy and in the formation of sclerotic 

lesions. The deposition of ECM components and plasma derived proteins in the sub endothelial 

layer of capillary walls leads to the development of glomerular lesions (418). 

6.3.1.2.3 Role in Alport’s syndrome 

Mutations in the genes encoding Type IV collagen are known to cause Alport’s syndrome, also 

defined as hereditary congenital haemorrhagic nephritis (419). It is a genetically heterogeneous 

progressive nephropathy that affects the glomerular basement membrane. The renal features of 

this syndrome include, splitting of the glomerular basement membrane, hematuria, interstitial 

nephritis and progressive kidney failure (420), (408). The X-linked hereditary form of Alport’s 

syndrome is caused by mutations in COL4A5 gene which is located on chromosome Xq22.3. The 

autosomal recessive form is caused by mutations in the COL4A3 and COL4A4 genes, both of 

which are located in a head to head conformation on chromosome 2q36.3 and share a common 

promoter (421) similar to the genomic arrangement of the COL4A1 and COL4A2 genes on 

chromosome 13. The causal mutations in the COL4A5, COL4A3 and COL4A4 genes include 

deletions, missense mutations, non-sense mutations and splice site mutations, all of which lead to 

a deficiency of the type IV collagen α3.α4.α5(IV) network in the glomerular basement membrane 

and the tubular basement membranes of kidneys. These mutations also lead to the accumulation 

of other type IV collagen networks in the glomerular basement membrane (422), (423). 

Each of the six alpha chains can form a triple helical molecule, termed a protomer with two other 

subunits. Three sets of protomers α1.α1.α2(IV) , α3.α4.α5(IV) and α5.α5.α6(IV)  exist which 

create collagenous networks by combining two NC1 trimers to form hexamers and four 7S 

domains to form tetramers with other protomers. The α1.α1.α2(IV)- α1.α1.α2(IV) network, the 

α3.α4.α5(IV)-α3.α4.α5(IV) network and the α1.α1.α2(IV)- α5.α5.α6(IV) network are the three 

canonical collagen networks that are formed. During embryonic development the α1.α1.α2(IV)- 

α1.α1.α2(IV) network originally present in the glomerular capillary loop is replaced by the 

α3.α4.α5(IV)-α3.α4.α5(IV) network and the α5.α5.α6(IV) network replaces the Bowman’s 

capsule. This developmental switch is an essential step in the maturation of the kidneys. Mutations 

occurring in Alport’s syndrome in the three genes encoding the α3(IV), α4(IV) and the α5(IV) 

chains cause mutations in the α3.α4.α5(IV)-α3.α4.α5(IV) network and arrest the developmental 
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switch. The α3.α4.α5(IV)-α3.α4.α5(IV) network in mature kidneys is heavily cross linked and 

less susceptible to endoproteolysis as compared to the embryonic α1.α1.α2(IV)- α1.α1.α2(IV) 

network. In patients with Alport’s syndrome, the arrest in the developmental switch leads to the 

accumulation of α1.α1.α2(IV)- α1.α1.α2(IV) network which is subjected to selective basement 

proteolysis leading to the thinning and eventual splitting of the glomerular basement membranes 

(420) , (408). 

Few studies have been reported on Alport’s syndrome in pregnancy (424). A case study reported 

by Matsuo et al. studied a woman diagnosed with Alport’s syndrome and showed the disease to 

become more severe during pregnancy culminating in adverse pregnancy outcomes of severe PE, 

fetal growth restriction and renal failure. The Matsuo et al. study suggests a possible link between 

Alport syndrome and PE speculating that mutations in Type IV collagens that play a role in Alport 

syndrome could also contribute towards accelerating the progression of PE (425). However the 

exact mechanisms remain to be discovered. A possible mechanism could be the over-expression 

of COL4A1 and COL4A2 genes, as observed in PE decidua by Yong et al (2014) and consistent 

with our finding of a novel duplication in these two genes. This may cause an increase in the 

α1.α1.α2(IV)- α1.α1.α2(IV) network that when also supplemented by an arrest in the 

developmental switch in patients with Alport’s syndrome leads to the accumulation of 

α1.α1.α2(IV)- α1.α1.α2(IV) network in the glomerular basement membrane, thereby accelerating 

disease progression. 

Further evidence in support of a link between Alport Syndrome and pregnancy complications 

comes from other family-based linkage mapping studies. The results of a heterogeneity based 

meta-analysis of genome-wide linkage studies for PE identified novel susceptibility loci for 

general (mild) PE on 2q32.1-2q35 and for severe PE on 2q37.1-2q37.3 (144). This is of potential 

major interest as the COL4A3, COL4A4 genes linked to the recessive form of Alport’s syndrome 

are located in the nearby 2q36.3 chromosomal region and a suggestive linkage signal associated 

with risk of pre-term birth is also at this same location (426). It is known that PE is one of the risk 

factors for PTB. Whether genes in this susceptibility region have a role to play in both PE and 

Alport’s syndrome remains to be explored. 

6.3.1.2.4 Role in Goodpasture’s syndrome 

Goodpasture’s syndrome is a severe kidney and lung disease caused by autoantibodies to α3(IV) 

chain of collagen. These autoantibodies cause inflammation on binding to the NC1 domain of the 

α3(IV) chain of collagen. This syndrome manifests as glomerulonephritis, kidney failure and lung 

haemorrhage (427). Pathogenesis of both Goodpasture’s syndrome and Alport’s syndrome have 

been associated with modifications in the same α3.α4.α5(IV) protomers. Case studies of 

pregnancies in patients with Goodpasture’s syndrome to determine maternal and fetal outcomes 

have reported complications in pregnancy including PE and gestational diabetes (428). A case 
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study has implicated PE as a risk factor for the relapse of Goodpasture’s syndrome (Friend 2015), 

however the mechanism of this possible link is yet unexplored. 

6.3.1.2.5 Contribution to the angiogenic imbalance in PE 

Various fragments derived from Type IV collagens are endogenous inhibitors of angiogenesis. 

Arresten is the C-terminal globular non-collagenous (NC1) domain fragment of the α1 chain of 

Type IV collagen encoded by the COL4A1 gene (429). It is expressed in the basement membrane 

of the human placenta and inhibits endothelial cell migration and tube formation. Canstatin is the 

C-terminal globular non-collagenous (NC1) domain fragment of the α2 chain of Type IV collagen 

encoded by the COL4A2 gene (430). The extravillous cytotrophoblasts from the anchoring villi 

also express high amounts of Type IV collagen mRNA. Studies by Pang et al. have demonstrated 

higher expression levels of COL4A2 gene in the preeclamptic placenta. The mRNA expression of 

the COL4A1, COL4A2 positional candidate genes in maternal decidua was assessed in earlier 

studies with higher expression levels shown to be associated with severe PE (2). Circulating 

arresten levels were also increased in second and third trimester PE plasma and third trimester PE 

decidua (3). Since arresten is an anti-angiogenic fragment, increased circulating levels could be 

indicative of the angiogenic imbalance which is a characteristic feature of PE. 

6.3.1.2.6 Role in the pathogenesis of CVD 

The Type IV collagen genes have also been implicated in the pathogenesis of CVD. The basement 

membrane surrounding cardiomyocytes is made up of Type IV collagen. In the heart, Type IV 

collagens induce the formation of neovessels, stabilize neovascular outgrowth and prevent 

vascular regression (431). The COL4A1 and COL4A2 gene cluster on chromosome 13, plays a 

role in vascular remodelling and has been identified as a susceptibility loci for coronary artery 

disease (CAD) in the many GWAS that have been conducted (432), (433). A recently conducted 

exome-wide study to identify genes associated with the development of atherosclerotic lesions in 

CAD has also implicated a variant rs72657934 in the COL4A2 gene (434), (435). Women 

diagnosed with PE during pregnancy are at an increased risk of developing cardiovascular 

diseases in later life (436). Thus functional studies on variants in the Type IV collagen genes 

found to be associated with PE in the current analysis may also shed light on the link between PE 

and risk of later life CVD. 

6.3.2 Findings from the RGS5 candidate gene study 

The RGS5 gene was chosen for investigation in this study because of its major role in gestational 

hypertension, at least in the mouse model (329).The RGS5 gene codes for the RGS group of 

proteins which function as negative regulators of G-protein signalling pathways by enhancing the 

GTP-hydrolysing activity of the Gα subunits of G-protein (342). The targeted sequencing study 

in RGS5 provided evidence to support a role for this gene in susceptibility to PE. Among the 
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SNVs showing preliminary association with PE in the current study, 3 SNVs were associated with 

systolic and diastolic blood pressure phenotypes in earlier studies (327), (361). Among the SNVs 

showing preliminary association with PE, 11 are located in intronic regions of the RGS5 gene 

indicating that the variants showing association with PE may have putative regulatory roles. Of 

the 11 intronic variants identified, 9 were located in the 1st intron of the RGS5 transcript. The 

results of the haplotype association analysis conducted in this thesis identify haplotype AA from 

haplotype block number 5 comprising of SNVs (rs4132247, rs4132246) to show association with 

PE that remains significant after Bonferroni correction for multiple testing. This SNVs 

comprising this haplotype are located in intron 1 of the RGS5 gene. 

Emerging evidence from murine experiments have determined the crucial role of peroxisome 

proliferator-activated receptors (PPARs) in maternal vascular adaptation. The PPARγ agonists 

are involved in the regulation of the RGS5 signaling pathways and studies performed by 

Holobotovskyy et al. have shown that treatment with the PPARγ agonist abolishes hypertension 

in pregnant heterozygous RGS5 deficient mouse models of gestational hypertension (329). This 

group have put forth the hypothesis that RGS5 is involved in regulating vascular sensitivity by 

suppressing AngII mediated signaling (342), (367). This suppression of AngII signaling occurs 

in response to activation by PPAR. Murine studies have shown intron 1 of the murine RGS5 gene 

to contain PPRE binding elements. Three PPAR binding sites in the human RGS5 transcript have 

been identified, 2 of which are in exon 5 while 1 is located in the 1st intron of the RGS5 transcript. 

Since the most significant association signals for the SNV and haplotype analysis conducted in 

the candidate gene study described in this thesis are localized to intron 1 of the RGS5 gene future 

studies could analyse the regulatory functions of these variants with respect to PPAR binding and 

activation. 

6.4 Current challenges in the genetic analysis of complex diseases 

Understanding the functional mechanisms underlying the genetic association signals for complex 

diseases continues to be a challenge (437). Majority of the GWAS studies done to identify 

common variants influencing complex disease have identified variants in non-coding regions. The 

molecular mechanisms by which these non-coding variants may affect phenotypic variation and 

predispose to disease remains to be discovered for many of the identified genetic association 

signals (438), (439). Genetic variants associated with complex diseases are rarely the sole cause 

of the disease rather they influence the risk of developing them (132). Moreover, no single gene 

is associated with the risk of developing the disease. Rather the risk of disease is attributed to 

several genes acting together. There are often other factors influencing the genetic analysis of 

complex diseases; in particular when the phenotype is not precisely defined, as is perhaps the 

situation with the clinically defined phenotype of preeclampsia/eclampsia including mild PE, 

severe PE and eclampsia all apparently reflecting the spectrum of severity of the same underlying 
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genetic disorder. There can also be the problem of incomplete penetrance where all individuals 

carrying the disease allele may not always demonstrate the disease phenotype and the existence 

of genetic or locus heterogeneity where the disease may segregate with a particular locus in some 

families but not in others, as seen in the genome wide linkage scans conducted in PE. Thus as in 

the case of most complex polygenic disorders, genotype, SNVs and CNVs are only some of the 

factors that may influence the probability of the disease. Many additional factors including 

environmental factors, the effects of other genes, imprinting and epigenetic modifications all need 

to be considered as possible causative factors of the PE syndrome.  

6.4.1 Integrative approach combining regulatory and epigenetic 

information on variants 

The genetic analysis of complex diseases is moving towards a more integrative approach 

involving multiple omic datasets and complex statistical and bioinformatics analyses to assist in 

gene prioritization/discovery. The integration of WGS with genome-wide transcriptomic data 

derived from the direct sequencing of transcripts through RNAseq and methylomic data derived 

from whole genome bisulfite sequencing is now a powerful approach being used to prioritize and 

ultimately identify causal genetic risk factors for complex disease. This is being greatly facilitated 

by the availability of comprehensive publicly available datasets, including functional annotation 

data from the US National Human Genome Research Institute's ENCODE (Encyclopedia of DNA 

Elements) project (440) and the US National Institutes of Health's Roadmap Epigenomics 

Program (441).  

Emerging data from numerous recent studies has revealed that many complex disease-associated 

variants are systematically enriched in chromatin marks. These active chromatin regions delineate 

the active regulatory regions in disease-relevant cell types (442). Thus integrating functional 

annotation from different databases can aid the prioritization of variants that can be tested in 

functional assays. A suite of functional assays which will correlate genotype to phenotype is the 

“need of the hour” (109). Family based cohorts are well-suited for the identification of epigenetic 

effects, since families tend to be more homogenous regarding their exposure to environmental 

factors. With this in mind our group is currently exploring the role of differential methylation and 

PE risk in the same families that were subjected to WGS analysis in this study. 

6.4.2 Third generation sequencing  

New third generation sequencing machines for example, the sequencer from Pacific Biosciences 

which can generate long reads of up to 10000 base pairs can be used in future studies to confirm 

the existence of rare (including novel) variants in repetitive regions (108), like the COL4A-AS2 

antisense gene variant identified in this study that could not be readily confirmed by Sanger 

sequencing.   
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6.4.3 Functional analysis 

In the last decade high throughput genome-wide genotyping and sequencing technologies have 

led to the identification of many genetic variants associated with complex disease and clinical 

phenotypes. However the biological consequence of many of these variants remain to be 

identified. In recent years a variety of high throughput assays have been developed to analyse the 

functional impact of identified genetic variants. These can be broadly classified into assays to 

identify the functional impact of coding variants, assays to identify the regulatory functions of 

genetic variants and assays to identify the functional consequence of splice variants (443).  

Deep mutational scanning is a mutagenesis method that comprises of assays which couple 

genotype to phenotype. These can be used to assess the functional consequences of every single 

amino acid change at every position in a protein. These experiments yield large scale datasets that 

reveal the biochemical properties of many proteins, their interactions within cells, and the 

functional consequences of human genetic variation on the protein product (444). The 

experimental steps involve protein expression in a suitable vector system and mutant selection 

followed by high throughput sequencing to determine the functions of genetic variants in protein 

coding regions (445). The deep mutational scanning approach has been successfully applied to 

measure the effects of ~2000 missense substitutions in the BARD1 RING domain of the BRAC1 

gene. This study analysed the effect of these substitutions on the E3 ubiquitin ligase activity and 

binding affinity to this domain thus creating a prediction model of variant effect based on 

functional scores which will aid in interpretation of variants with clinical significance (446). This 

technique could be applied for experimental confirmation of the in-silico deleterious predictions 

of the variants identified in the SNV analysis of this thesis. 

Reporter gene assays are the most common form of transcription regulation assays and have long 

been used as gold standards. These include luciferase reporter gene assays, SEAP (secreted 

alkaline phosphatase) assays, beta galactosidase (LacZ gene product) assays and assays 

measuring GFP (Green fluorescent pigment) and RFP gene variants. Transcript assays, abortive 

initiation assays, potassium permanganate footprinting assays are some of the other in vitro 

methods to monitor transcription factor activity. New high throughput functional assays to 

analyse regulatory functions of variants have been developed in recent years which include 

massively parallel reporter assay (MPRA), multiplexed editing regulatory assay (MERA) and 

self-transcribing active regulatory region sequencing (STARR-seq) (443). The recent advances in 

CRISPR-Cas9 technology has also been employed in CRISPR-Cas9 mediated in situ saturating 

mutagenesis assays (447). Advances have also been made to address the problem of analysing 

gene regulation on a genome-wide scale to determine interactions between different gene 

regulatory elements and to determine which regions of the genome control the gene expression 

patters of any particular gene. Conventional chromatin capture methods have been used to identify 

the interactions between various regulatory elements for example, enhancers, silencers, promoters 
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that regulate gene expression at individual loci. The Capture-C method is one of the recent high 

throughput technologies which expands on the conventional chromatin capture methods by 

upscaling it to include a high throughput method that allows researchers to capture the regulatory 

interactions between hundreds of single loci at a high resolution in a single experiment (448). The 

results of the conditional analysis of all variants in the COL4A2 gene (See Chapter 3), identified 

three variants located in transcription factor binding sites (TFBS). The variant rs111950631 is 

located in a TFBS for factor EGR1, the variant rs375383117 is located in a TFBS for factor 

SUZ12 and a novel variant at position (chr13:111007909) on hg19 is located in the TFBS for 

factor ZEB1. The potential regulatory functions of these variants can be determined by the 

functional methods described above. 

LncRNAs are currently a hot topic in biological research owing to their role in regulatory 

mechanisms essential for mammalian homeostasis. Gene perturbation experiments using 

overexpression and knockdown have been used to study the functions of lncRNAs. These have 

now been complemented by the development of the CRISPR system (449). The most significant 

finding of this thesis is the novel variant in the COL4A2-AS2 antisense gene. The potential 

regulatory function of this variant and the antisense gene it is located in can be explored in the 

future using the CRISPR system. 

6.4.4 Concluding remarks 

The overall findings of this thesis confirmed our original hypothesis of using a family based study 

design to identify rare variants that may contribute to the risk of PE. Strong evidence supporting 

the involvement of rare variation in the Type IV collagen genes in risk of PE, at least in some 

families, was obtained. The analysis of genetic variation within these genes in other population 

and family cohorts affected by PE is now required to determine their overall contribution to the 

underlying genetic risk architecture of PE and potentially other pregnancy complications, in 

particular pre-term birth. The study further points the way for other research groups with 

multiplex families to implement a similar study design to identify other potentially novel rare 

variation involved in familial risk of PE. Similarly, this study has provided some evidence to 

support the involvement of genetic variation in the RGS5 gene and PE risk and this requires 

validation studies in other large population-based PE cohorts, ideally by deep re-sequencing using 

NGS technology.  
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AIM 1: APPENDIX 1: PEDIGREE CHARTS 

 

Figure 7-1: Pedigree Family ID I 

Figure 7-1 shows the pedigree structure for Family ID I. This study includes whole 

genome sequence data from 15 members of Family ID I as indicated by sample ids. 

 

 

Figure 7-2: Pedigree Family ID II 

Figure 7-2 shows the pedigree structure for Family ID II. This study includes whole 

genome sequence data from 13 members of Family ID II as indicated by sample ids. 
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Figure 7-3: Pedigree Family ID III 

Figure 7-3 shows the pedigree structure for Family ID III. This study 

includes whole genome sequence data from 5 members of Family ID III 

as indicated by the sample ids. 
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Figure 7-4: Pedigree Family ID IV 

Figure 7-4 shows the pedigree structure for Family ID IV. This study includes whole genome 

sequence data from 7 members of Family ID IV as indicated by sample ids. 

 

 

Figure 7-5: Pedigree Family ID V 

Figure 7-5 shows the pedigree structure for Family ID V. This study includes whole genome 

sequence data from 8 members of Family ID V as indicated by sample ids. 
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AIM 1: APPENDIX 2: PRE-ALIGNMENT STATISTICS 

Pre-alignment statistics for 48 individuals from 5 families are shown below. In table the Total 

yield corresponds to the total number of reads multiplied by the read length. The reference size is 

the Non-N bases present in the human genome reference size which is 2,858 Mbp. The throughput 

mean depth is the total yield divided by the size of the reference (2,858 Mbp).  

The average number of total reads across 48 samples was 410,782,215, while the average total 

yield across 48 samples was 61,617(Mbp). The average throughput mean depth for 48 samples 

was 21.5. 

Table 7-1: Pre-alignment statistics 

(a) 

Family ID 

(b) 

Sample ID 

(c) 

Total reads 

(d) 

Read length 

(bp) 

(e) 

Total yield 

(Mbp) 

(f) 

Reference 

size (Mbp) 

(g) 

Throughput 

mean depth 

(X) 

I I:II:1 418,234,976 150 62,735 2,858 21.9 

I:II:2 409,533,026 150 61,429 2,858 21.5 

I:II:3 356,963,306 150 53,544 2,858 18.7 

I:III:1 614,534,376 150 92,180 2,858 32.2 

I:III:2 482,034,746 150 72,305 2,858 25.3 

I:III:3 591,226,768 150 88,684 2,858 31 

I:III:4 355,106,568 150 53,265 2,858 18.6 

I:III:5 349,131,886 150 52,369 2,858 18.3 

I:III:6 405,270,810 150 60,790 2,858 21.3 

I:III:7 380,478,484 150 57,071 2,858 20 

I:III:8 469,661,626 150 70,449 2,858 24.6 

I:III:9 647,635,500 150 97,145 2,858 34 

I:IV:1 401,727,250 150 60,259 2,858 21.1 

I:IV:2 394,624,498 150 59,193 2,858 20.7 

I:IV:3 689,742,944 150 103,461 2,858 36.2 

II II:II:1 405,437,498 150 60,815 2,858 21.3 

II:II:2 336,038,312 150 50,405 2,858 17.6 

II:II:3 380,853,328 150 57,127 2,858 20 

II:II:4 351,140,376 150 52,671 2,858 18.4 

II:II:5 326,093,614 150 48,914 2,858 17.1 

II:II:6 390,978,586 150 58,646 2,858 20.5 

II:III:1 355,525,460 150 53,328 2,858 18.7 

II:III:2 473,560,430 150 71,034 2,858 24.8 

II:III:3 312,920,350 150 46,938 2,858 16.4 

II:III:4 370,261,348 150 55,539 2,858 19.4 
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(a) 

Family ID 

(b) 

Sample ID 

(c) 

Total reads 

(d) 

Read length 

(bp) 

(e) 

Total yield 

(Mbp) 

(f) 

Reference 

size (Mbp) 

(g) 

Throughput 

mean depth 

(X) 

II II:III:5 371,233,926 150 55,685 2,858 19.5 

II:III:6 334,533,994 150 50,180 2,858 17.6 

II:IV:1 373,790,978 150 56,068 2,858 19.6 

III III:II:1 342,056,634 150 51,308 2,858 17.9 

III:II:2 313,784,064 150 47,067 2,858 16.5 

III:III:1 411,811,616 150 61,771 2,858 21.6 

III:IV:1 343,585,068 150 51,537 2,858 18 

III:IV:2 360,569,946 150 54,085 2,858 18.9 

IV IV:I:1 431,458,418 150 64,718 2,858 22.6 

IV:I:2 334,012,666 150 50,101 2,858 17.5 

IV:II:1 409,030,582 150 61,354 2,858 21.5 

IV:II:2 460,056,322 150 69,008 2,858 24.1 

IV:II:3 438,111,110 150 65,716 2,858 23 

IV:II:4 467,273,308 150 70,090 2,858 24.5 

IV:III:1 405,935,838 150 60,890 2,858 21.3 

V V:I:1 349,704,598 150 52,455 2,858 18.3 

V:II:1 364,449,020 150 54,667 2,858 19.1 

V:II:2 363,720,828 150 54,558 2,858 19.1 

V:II:3 461,741,116 150 69,261 2,858 24.2 

V:II:4 498,915,376 150 74,837 2,858 26.2 

V:III:1 422,389,706 150 63,358 2,858 22.2 

V:III:2 376,832,960 150 56,524 2,858 19.8 

V:III:3 413,832,178 150 62,074 2,858 21.7 

The table shows the Pre-alignment statistics for 48 samples. Column (e) = Total yield = total number of reads 

X read length. Column (g) = Throughput mean depth = Total yield/Reference size 
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AIM 1: APPENDIX 3: POST-ALIGNMENT STATISTICS 

In the table below the reference size of the Non-N bases present in the human genome is 2,858 

Mbp. The percentage of de-duplicate reads equals the number of de-duplicate reads divided by 

the total number of reads expressed as a percentage. The percentage of reads mapped to the human 

genome (mappable reads) equals the number of mapped reads divided by the number of de-

duplicate reads expressed as a percentage. The mappable yield is the number of mappable reads 

multiplied by the read length while the mappable mean depth is the mappable yield divided by 

the size of the non-N human reference genome (2,858 Mbp). 

Table 7-2: Post-alignment statistics 

(a) 

Family 

ID 

(b) 

Sample 

ID 

(c) 

No of de-

duplicated 

reads 

(d) 

% of de-

duplicated 

reads 

(e) 

No. of reads 

mapped 

(hg19) 

(f) 

% of 

reads 

mapped 

(hg19) 

(g) 

Mappable 

yield 

(h) 

Mappable 

mean 

depth 

I I:II:1 389,133,790 93 368,943,714 94.8 55,341 19.4 

I:II:2 350,385,206 85.6 335,852,767 95.9 50,377 17.6 

I:II:3 312,535,668 87.6 297,893,207 95.3 44,683 15.6 

I:III:1 512,489,856 83.4 489,252,663 95.5 73,387 25.7 

I:III:2 451,746,052 93.7 433,625,304 96 65,043 22.8 

I:III:3 494,792,136 83.7 472,193,337 95.4 70,829 24.8 

I:III:4 299,725,726 84.4 286,494,929 95.6 42,974 15 

I:III:5 295,709,748 84.7 283,324,069 95.8 42,498 14.9 

I:III:6 387,161,442 95.5 367,333,354 94.9 55,100 19.3 

I:III:7 341,486,086 89.8 324,821,027 95.1 48,723 17 

I:III:8 381,559,854 81.2 364,599,611 95.6 54,689 19.1 

I:III:9 531,021,184 82 508,203,560 95.7 76,230 26.7 

I:IV:1 341,390,986 85 326,382,556 95.6 48,957 17.1 

I:IV:2 339,056,818 85.9 324,123,856 95.6 48,618 17 

I:IV:3 566,758,680 82.2 542,457,444 95.7 81,368 28.5 

II II:II:1 389,559,952 96.1 372,886,566 95.7 55,932 19.6 

II:II:2 322,636,934 96 311,363,690 96.5 46,704 16.3 

II:II:3 361,294,478 94.9 347,785,144 96.3 52,167 18.2 

II:II:4 333,028,612 94.8 318,099,975 95.5 47,714 16.7 

II:II:5 309,382,190 94.9 299,220,291 96.7 44,883 15.7 

II:II:6 364,062,136 93.1 346,088,222 95.1 51,913 18.2 

II:III:1 339,328,792 95.4 323,576,072 95.4 48,536 17 
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Table 7-2 continued 

(a) 

Family 

ID 

(b) 

Sample 

ID 

(c) 

No of de-

duplicated 

reads 

(d) 

% of de-

duplicated 

reads 

(e) 

No. of reads 

mapped 

(hg19) 

(f) 

% of 

reads 

mapped 

(hg19) 

(g) 

Mappable 

yield 

(h) 

Mappable 

mean 

depth 

II II:III:2 435,980,596 92.1 414,787,353 95.1 62,218 21.8 

II:III:3 296,015,210 94.6 282,863,274 95.6 42,429 14.8 

II:III:4 352,363,626 95.2 336,726,306 95.6 50,508 17.7 

II:III:5 352,198,870 94.9 336,350,664 95.5 50,452 17.6 

II:III:6 320,225,860 95.7 308,285,486 96.3 46,242 16.2 

II:IV:1 351,670,450 94.1 335,794,868 95.5 50,369 17.6 

III III:II:1 325,321,532 95.1 314,058,352 96.5 47,108 16.5 

III:II:2 298,607,570 95.2 287,181,127 96.2 43,077 15.1 

III:III:1 389,329,896 94.5 370,004,428 95 55,500 19.4 

III:IV:1 324,991,020 94.6 308,085,514 94.8 46,212 16.2 

III:IV:2 343,735,796 95.3 329,358,849 95.8 49,403 17.3 

IV IV:I:1 387,743,504 89.9 360,741,537 93 54,111 18.9 

IV:I:2 316,940,928 94.9 302,543,548 95.5 45,381 15.9 

IV:II:1 370,028,278 90.5 349,729,996 94.5 52,459 18.4 

IV:II:2 366,531,500 79.7 340,640,218 92.9 51,096 17.9 

IV:II:3 412,094,950 94.1 389,852,621 94.6 58,477 20.5 

IV:II:4 376,238,358 80.5 346,616,123 92.1 51,992 18.2 

IV:III:1 347,377,274 85.6 326,211,681 93.9 48,931 17.1 

V V:I:1 331,803,126 94.9 316,091,056 95.3 47,413 16.6 

V:II:1 347,649,172 95.4 331,313,190 95.3 49,696 17.4 

V:II:2 348,795,070 95.9 330,460,926 94.7 49,569 17.3 

V:II:3 426,931,316 92.5 404,931,484 94.8 60,739 21.2 

V:II:4 444,280,884 89 422,933,161 95.2 63,439 22.2 

V:III:1 383,540,884 90.8 357,856,058 93.3 53,678 18.8 

V:III:2 356,813,696 94.7 334,790,461 93.8 50,218 17.6 

V:III:3 381,050,114 92.1 368,728,557 96.8 55,309 19.3 

Table 7-2 shows the Post alignment statistics for 48 samples. Column (c) = Number of de-duplicated reads. 

Column (d) = percentage of de-duplicated reads. Column (e) = number of reads mapped to the human genome 

reference assembly (hg19) post alignment. Column (f) = number of mapped reads divided by the number of de-

duplicate reads expressed as a percentage. 
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AIM1: APPENDIX 4: COVERAGE ANALYSIS 

We received medium coverage (15X) whole genome resequencing data from 48 individuals 

covering at least 98.9% of the genome at 1X and at least 97.7% of the genome at 5X. On an 

average 71 % of the genome was covered at 15X 

 

Table 7-3: Shows the percentage of the genome covered for each sample 

(a) 

Family 

ID 

(b) 

Sample 

ID 

(c) 

% ≥ 1X 

(d) 

% ≥ 5X 

(e) 

% ≥ 15X 

I I:II:1 98.7  98.3  95.6  

I:II:2 98.6  97.5  60.4  

I:II:3 98.7  97.6  64.0  

I:III:1 98.7  98.2  94.4  

I:III:2 98.7  98.3  95.2  

I:III:3 98.6  97.5  60.9  

I:III:4 98.7  98.0  83.1  

I:III:5 98.6  97.9  75.5  

I:III:6 98.7  97.9  74.0  

I:III:7 98.7  98.1  88.9  

I:III:8 99.5   98.8   79.6  

I:III:9 98.7  98.3  96.2  

I:IV:1 98.7  97.9  71.2  

I:IV:2 98.7  97.9  74.3  

I:IV:3 99.4   98.6   76.6  

II II:II:1 99.5   98.8   80.9  

II:II:2 98.8   97.3   61.2  

II:II:3 98.8   97.6   66.7  

II:II:4 98.8   98.2   63.3  

II:II:5 98.7   94.5   55.1  

II:II:6 98.8   98.2   68.4  

II:III:1 99.5   98.5   67.9  

II:III:2 98.8   98.3   85.1  

II:III:3 98.7   92.5   39.6  

II:III:4 98.8   98.3   72.0  

II:III:5 98.9   98.4   73.9  

II:III:6 98.8   95.3   57.3  

II:IV:1 98.8   98.3   71.8  

III III:II:1 98.8   95.4   56.1  

III:II:2 98.8   97.7   52.7 
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(a) 

Family 

ID 

(b) 

Sample 

ID 

(c) 

% ≥ 1X 

(d) 

% ≥ 5X 

(e) 

% ≥ 15X 

III III:III:1 98.8   98.2   72.4  

III:IV:1 98.8   98.0   57.3  

III:IV:2 98.8   97.8   66.4  

IV IV:I:1 99.4   98.5   74.3  

IV:I:2 98.8   98.1   58.7  

IV:II:1 98.8   98.2   74.7  

IV:II:2 98.8   97.6   68.7  

IV:II:3 98.8   98.1   76.1  

IV:II:4 98.9   97.8   72.1  

IV:III:1 98.8   97.9   67.6  

V V:I:1 98.8   98.2   65.6  

V:II:1 98.8   98.3   69.8  

V:II:2 99.5   97.5   63.0  

V:II:3 99.5   98.8   84.1  

V:II:4 98.9   98.5   93.3  

V:III:1 98.8   97.9   70.0  

V:III:2 98.8   94.5   42.0  

V:III:3 98.8   96.0   68.1 

Average 98.9 97.7 71.0 

The table shows the percentage of the genome covered at 1X, 5X, 15X 

for all sequenced samples. 

 

 

 

 

 

 

 

 

 

 

 



Appendices 

Dnyanada Gokhale-Agashe - March 2018   149 

AIM 1: APPENDIX 5: SANGER SEQUENCING CONDITIONS 

A novel SNV in the COL4A2 gene at position (chr13:111109624) on hg19 had the lowest p-

significance value and was chosen for validation by Sanger sequencing. Sanger sequencing to 

confirm this novel variant was performed on 15 members of Family I by the Australian Genome 

Research facility (AGRF), Perth. The primer sequences and PCR conditions for the Sanger 

validation are shown below. 

 

Table 7-4: Primers for Sanger sequencing 

Primer name Primer sequence 

COL4A2_F1 CTTGATGCTGGTGCCTCA 

COL4A2_R GGCCGAGTGCTCAGACAG 

 

Table 7-5: Master Mix and volumes used for Sanger Sequencing 

Master Mix Volume per sample 

Promega PCR Mastermix 7.5 

Primer mix(5uM) 1.5 

Template (10ng/uL) 2 

mgCl2 0 

Q soln 0 

Water 4 

 

Table 7-6: PCR conditions for Sanger Sequencing 

Temperature (0C) Time Cycles 

95 2min X1 

94 30sec 

X35 65 30sec 

72 30sec 

72 7min X1 

10 hold  
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AIM 2: APPENDIX 1: CNV QUALITY CONTROL 

CNV calls made by all four tools were analysed for each sample to determine the CNV counts 

per tool per sample. If the count per tool for any sample was double the median for that tool it 

was decided to ignore CNV calls from that tool. 

 

 

Figure 7-6: CNVs called by Cn.mops 

The figure shows the CNV counts by Cn.Mops tool for each sample. 12 samples had counts that 

were double the median. (median = 411) 

 

 

 

Figure 7-7: CNVs called by CNVnator 

The figure shows the CNV counts by CNVnator for each sample. 2 samples had counts that were 

double the median. (median = 2198). These two samples also had high CNV counts for the 

Cn.mops tool. 
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Figure 7-8: CNVs called by DELLY 

The figure shows the CNV counts by DELLY for each sample. No sample had counts that were 

double the median. (median = 1532).  

 

 

 

Figure 7-9: CNVs called by LUMPY 

The figure shows the CNV counts by LUMPY for each sample. No sample had counts that were 

double the median. (median =1413) 

 

For a total of 10 samples, CNV calls made by Cn.mops were higher than twice the median count 

while for 2 samples the calls made by both Cn.mops and CNVnator were higher than twice the 

median count. Thus for the 10 samples, CNVs identified by Cn.Mops were excluded from further 

analysis. For the latter 2 samples, CNVs identified by both the read-depth based CN.Mops and 

CNVnator tools were excluded from further analysis and calls made by only two tools DELLY, 

LUMPY were considered. 
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AIM 2: APPENDIX 2: CNV ANNOTATION 

The final curated set of CNVs comprised of 1259 deletions and 161 duplications. Among, these 

396 were unique deletions (counted once if shared among individuals) and 75 were unique 

duplications. The number of unique CNVs occurring in exonic intronic, intergenic, upstream and 

downstream regions of a gene, UTRs and ncRNAs were determined and the number of deletions 

and duplications identified in the annotated regions is shown in the graphs below. 

 

Figure 7-10: Distribution of CNV deletions by position 

The above figure shows the distribution of CNV deletions calls in the six annotated 

regions (exonic, intronic, intergenic, Upstream/downstream, UTR and ncRNA). The 

number of CNVs in each region is indicated above the graph. 
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Figure 7-11: Distribution of CNV duplications by position 

The above figure shows the distribution of CNV duplication calls in the six annotated 

regions (exonic, intronic, intergenic, Upstream/downstream, UTR and ncRNA). The 

number of CNVs in each region is indicated above the graph. The number of exonic 

duplications is higher than the number of intronic duplications. 

 

CNV Size/Length: The final curated set of unique CNV calls (396 deletions, 75 duplications) 

were assessed to determine the distribution of CNV lengths.  

 

Figure 7-12: Distribution of CNV size/ length (deletions) 

The above figure shows the distribution of CNV lengths for the deletion calls. Majority of 

the deletion calls are between 1000bp to 10kb in length. 
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Figure 7-13: Distribution of CNV size/length (duplications) 

The above figure shows the distribution of CNV lengths for the duplication calls. Majority of the 

duplication calls are longer between 10kb to 100kb in length. This observation is in line with the 

hypothesis that large duplications are better tolerated than large deletions (Lupski) 
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AIM 2: APPENDIX 3: CNV CALLS IN POSITIONAL 

CANDIDATE GENES 

CNVs located under all previously known linkage peaks from the different genome-wide linkage 

scans conducted are listed in Table 4-2. Among the CNVs identified, two deletions have been 

identified in previously determined positional candidate genes LRP1B and KYNU under the 

linkage peak on chromosome 2q. When all CNVs in the 1-LOD flanking regions of linkage peaks 

on chromosomes 2, 5 and 13 were analysed, we also identified a novel duplication in previously 

studied positional candidate genes COL4A1, COL4A2 on chromosome 13q. The table below 

indicates the number of algorithms that identified the CNVs in the positional candidate genes. To 

eliminate false positives all CNVs called by single tools were checked to identify any CNVs that 

may have been falsely identified as novel as they had been called by only a single tool. The 

segregation of these three CNVs in their respective family pedigrees are shown in figures 7-14, 

7-15, 7-16 below. 
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Table 7-7: CNVs identified in positional candidate genes 

(a) 

Coordinates (hg19) 

(b) 

CNV 

(c)  

Region 

(d) 

Genes(distance 

from start of gene 

in bp) 

(e) 

CNV size 

(bp) 

(f) 

Status 

of 

carriers, 

family 

ids 

(g) 

CNV type, 

frequency 

(h) 

Family id 

(i) 

Sample ids 

(j) 

Called by algorithms 

chr2:142037073-

142039376 
deletion intronic LRP1B 2303 N novel II II:II:5 Delly, Lumpy 

chr2:143372463-

143383028 
deletion intergenic 

LRP1B(483000), 

KYNU(252000) 
10565 PE novel V V:II:3, V:III:3 

Cn.mops, Cnvnator, Delly, 

Lumpy 

chr13: 110488198 - 

111065566  
duplication exonic COL4A1, COL4A2 577368 PE,N novel I 

I:II:3, I:IV:2, 

I:III:7, I:III:1, 

I:III:9, I:III:8 

Cnvnator, Delly, Lumpy in four 

samples and only Cnvnator in 

two 
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Segregation of the identified CNVs in pedigrees are shown below  

 

 

Figure 7-14: Segregation of the novel duplication in the COL4A1, COL4A2 genes in Family I 

The above figure shows the segregation of the novel duplication identified in the COL4A1, COL4A2 

genes in six members of Family I (marked by stars). The duplication was identified by three tools 

in four members of the family (I:II:3, I:IV:2, I:III:7, I:III:1). This included tools based on both the 

read depth and combined approach indicating it to be a high confidence CNV call. The duplication 

was identified by only one read depth based tool in two members of the family (I:III:9, I:III:8). Due 

to the presence of this CNV in a previously identified candidate susceptibility gene, it remains the 

top choice for confirmation and future functional analysis 
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Figure 7-15: Segregation of the novel deletion in the LRP1B gene in Family II 

The above figure shows the segregation of the novel deletion identified in the LRP1B gene in one 

member of Family II (marked by stars). The deletion was identified by two tools in only one member 

of Family II. Although the CNV has been observed in only one normotensive individual, the CNV is 

located in a known candiate gene and warrants further investigation to confirm any role in the 

pathophysiology of PE. 
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Figure 7-16: Segregation of the novel deletion in the LRP1B, KYNU genes in Family V 

The above figure shows the segregation of the novel deletion identified in the LRP1B, 

KYNU genes in two members of Family V (marked by stars). The deletion was identified 

by two tools in only one member of Family V and by a single tool in one member of 

Family V. 
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AIM 2: APPENDIX 4: PATHWAY ANALYSIS 

A list of all genes containing SNVs that showed preliminary association (p-value ≤ 0.05) in the 

SNV association analysis (Chapter 3, Aim1 of this thesis) and genes in which exonic CNVs were 

identified was created. This list used as the input list for gene entity analysis. Pathway studio 

version (11.4) was used to identify the top pathways for genes from the PE dataset. The gene 

entity analysis aimed to identify whether genes containing deleterious SNVs that show 

preliminary association with PE and genes whose exonic regions contain CNVs, belong to 

pathways that have a role in the pathophysiology of PE 

 

 

 



Appendices 

Dnyanada Gokhale-Agashe - March 2018   161 

 

Table 7-8: Shows the top 10 GO terms identified for Cellular component 

(a) 

Name 

(b) 

GO ID 

(c) 

Number of 

entities 

(d) 

Expanded 

number of 

entities 

(e) 

Overlap 

(f) 

Percent 

overlap 

(g) 

Overlapping entities (Top 5) 

(h) 

p-value 

(i) 

Jaccard 

similarity 

keratin filament 45095 132 132 18 13 KRTAP9-9, KRTAP10-4, KRTAP10-

5, KRTAP10-7, KRTAP10-6 

7.92E-12 0.032 

collagen trimer 5581 95 95 11 11 C1QTNF9, COL4A1, COL4A2, 

COL7A1, COL6A3 

5.26E-07 0.020 

proteinaceous extracellular matrix 5578 356 356 20 5 OC90, MMP3, DSPP, LAMC3, 

COL4A1, COL4A2 

2.55E-06 0.026 

basement membrane 5604 109 109 9 8 LAMC3, COL4A1, COL4A2, COL7A1, 

COL17A1 

8.78E-05 0.017 

myofibril 30016 45 45 6 13 ALPPL2, TTN, NRAP, MYH7, MYH6 9.60E-05 0.012 

Golgi lumen 5796 97 97 8 8 DEFA4, MUC19, VCAN, MUC5B, 

MUC2 

2.18E-04 0.015 

sperm connecting piece 97224 2 2 2 100 SPATA6, GLIPR1L1 2.76E-04 0.004 

extracellular matrix 31012 235 235 12 5 MMP3, COL4A1, COL4A2, COL7A1, 

MMP25 

6.11E-04 0.018 

integral component of lumenal side of 

endoplasmic reticulum membrane 

71556 29 29 4 13 HLA-A, HLA-DQA1, HLA-DQB1, 

HLA-DRB1 

1.29E-03 0.009 

MLL1 complex 71339 29 29 4 13 RUVBL2, PELP1, KANSL1, CHD8 1.29E-03 0.009 
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Table 7-9: Shows the top 10 GO terms identified for Molecular function 

(a) 

Name 

(b) 

GO ID 

(c) 

Number of 

entities 

(d) 

Expanded 

number of 

entities 

(e) 

Overlap 

(f) 

Percent 

overlap 

(g) 

Overlapping entities (Top 

5) 

(h) 

p-value 

(i) 

Jaccard 

similarity 

alpha-amylase activity 4556 6 6 4 66 AMY1A, AMY1C, AMY1B, 

AMY2A 

1.10E-06 0.009 

actin-dependent ATPase activity 30898 14 14 4 28 MYH7, MYH6, MYO1C, MYO10 6.61E-05 0.009 

hydrolase activity, acting on carbon-nitrogen 

(but not peptide) bonds, in cyclic amidines 

16814 7 7 3 42 APOBEC3C, APOBEC3B, 

APOBEC3D 

1.52E-04 0.007 

actin binding 3779 386 386 17 4 IQGAP2, WIPF3, HIP1R, 

DAAM1, CAPG 

2.84E-04 0.021 

muscle alpha-actinin binding 51371 10 10 3 30 TTN, NRAP, LDB3 5.02E-04 0.007 

histone-lysine N-methyltransferase activity 18024 45 45 5 11 KMT2D, SETD1B, SMYD3, 

PRDM2, SETD1A 

8.78E-04 0.010 

MHC class II receptor activity 32395 12 12 3 25 HLA-DQA1, HLA-DQB1, HLA-

DRB1 

8.99E-04 0.007 

proteinase activated receptor binding 31871 4 4 2 50 BICD1, PDCD6IP 1.62E-03 0.005 

phosphatidic acid binding 70300 15 15 3 20 ATP13A2, RAPGEF2, PLCD1 1.79E-03 0.007 

cupric reductase activity 8823 5 5 2 40 STEAP2, STEAP1B 2.67E-03 0.004 
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Table 7-10: Shows the top 10 GO terms identified for Biological processes 

(a) 

Name 

(b) 

GO ID 

(c) 

Number of 

entities 

(d) 

Expanded 

number of 

entities 

(e) 

Overlap 

(f) 

Percent 

overlap 

(g) 

Overlapping entities (Top 5) 

(h) 

p-value 

(i) 

Jaccard 

similarity 

retinal blood vessel morphogenesis 61304 6 6 3 50 COL4A1, LRP5, CYP1B1 8.80E-05 0.007 

protein targeting to Golgi 42 18 18 4 22 RGPD6, RGPD1, RGPD2, RGPD5 1.92E-04 0.009 

negative regulation of transposition 10529 8 8 3 37 APOBEC3C, APOBEC3B, 

APOBEC3D 

2.40E-04 0.007 

regulation of transcription from RNA 

polymerase II promoter in response to stress 

43618 2 2 1 50 MUC1 2.76E-04 0.005 

O-glycan processing 16266 58 58 6 10 MUC19, GALNT9, MUC5B, MUC2, 

MUC4, MUC1 

3.98E-04 0.012 

negative regulation of cell adhesion mediated 

by integrin 

33629 10 10 2 20 CYP1B1, MUC1 5.02E-04 0.007 

regulation of chromatin assembly or 

disassembly 

1672 3 3 1 33 TLK1 8.19E-04 0.005 

collagen catabolic process 30574 68 68 6 8 MMP3, COL4A1, COL4A2, COL7A1, 

COL6A3, COL6A5 

9.36E-04 0.012 

extracellular matrix organization 30198 219 219 11 5 DSPP, LAMC3, COL4A1, COL4A2, 

COL7A1 

1.17E-03 0.017 

negative regulation of T cell proliferation 42130 50 50 5 10 HAVCR2, HLA-DQA1, HLA-DQB1, 

HLA-DRB1 

1.42E-03 0.010 
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AIM 3: APPENDIX 1: PRIMER DESCRIPTION 

 

All primer pairs were designed using Primer 3 software from Sigma Aldrich. The primers were 

designed to cover ~75kb of the RGS5 gene. The sequenced region covered entire Transcript 

variant 1 (NM_003617.3, ENST00000313961) spanning coordinates chr1:163,112,094-

163,172,903 (hg19). An additional 10kb region 5’upstream of Transcript variant 1 spanning 

coordinates chr1:163,172,903-163,187,354 (hg19) was also sequenced to include the 

transcription start site (TSS) 
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Table 7-11: Primers used for RGS5 PCR amplification 

Primers Coordinates Primer sequence 
Melting 

temperature 
Fragment size(bp 

Primer 1 F chr1:163163484-163174768 CTTGAATAGTCCATCACATGAACT 57.3 11285 

Primer 1 R CAGACAGCAGTCTTCATAGCAC 57.8 

Primer 2 F chr1:163153880-163164105 GATGCAATCAATTACATATGTGCAA 60.9 10226 

Primer 2 R GGTTACTGGAATAGGAGTCTCTAAG 56.2 

Primer 3 F chr1:163143301-163154388 CTTCAAGATCCTTAACTTATCACTTC 56.3 11088 

Primer 3 R GGTTATCACCTTAAGATGCATAAGTGT 60.1 

Primer 4 F chr1:163133367-163144394 CAAGGACAGAAATTGAATTCACTTA 58.8 11028 

Primer 4 R GAGGTCAATAACTCCTCTTGGCTCT 62.5 

Primer 5 F chr1:163124170-163134086 GTCAGCTATGACCTTGCAAACCAG 64.3 9917 

Primer 5 R GGCTAGGTAGATCGTTAACTTGTGT 59.2 

Primer 6 F chr1:163112164-163124541 GCACTTATGCTAACTCTCGTGTCAC 61.5 12378 

Primer 6 R CCAGAAGCATGAGTCACATAGTAC 61.5 

Primer 7 F chr1:163172881-163187354 CACATCTTACAGATGCACAGTGCTC 63.3 14474 

Primer 7 R CATCTGCTCTTATCACAACACTCTC 63.3 

The above table shows the 7 primer pairs used to amplify the 70kb target region of the RGS5 gene from coordinates chr1:163112164 to 

chr1:163187354. All coordinates and base pair positions mentioned are based on reference human genome assembly hg19. 
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AIM 3: APPENDIX 2: SEQUENCING RUN STATISTICS 

 

Table 7-12: Sequencing run statistics 

(a) 

Sequencing Run 

(b) 

Chip 

(c) 

Wells 

(d) 

Bead 

Loading 

density 

(%) 

(e) 

Total Reads 

(f) 

Read 

Length 

(bp) 

(g) 

Throughput 

(200bp 

library) 

Sequencing run 1 Ion 318 ™ Chip v2 ~11 million 69 4,363,331 185 806 M 

Sequencing run 2 Ion 318 ™ Chip v2 ~11 million 65 3,568,158 210 749 M 

Sequencing run 3 Ion 318 ™ Chip v2 ~11 million 71 4,446,261 208 927 M 

Sequencing run 4 Ion 318 ™ Chip v2 ~11 million 68 3,759,643 199 749 M 

Sequencing run 5 Ion 318 ™ Chip v2 ~11 million 90 4,902,781 210 1.03 G 

Average 4,208,035 202 847 

The above table shows the run statistics for each of the 5 sequencing runs. Column (a) = Sequencing run name. Column (b) 

= chip used. Column (c) = the number of wells. Column (d) = the bead loading density expressed as a percentage. Column 

(e) = total number of reads per run. Column (f) = average read length per run. Column (g) = throughput for a 200bp library. 

All of our sequencing runs generated an average of 4,208,035 million total reads per run which corresponds to the expected 

output from an Ion 318 ™ Chip v2 (4-5.5 million reads per run). 
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AIM 3: APPENDIX 3: COVERAGE ANALYSIS 

Coverage analysis results for each sample showing the number of mapped reads, percentage of mapped reads, and depth of coverage per base per sample are shown. 

 

Figure 7-17: Number of Mapped Reads 

This figure shows the number of reads per sample that mapped to the target region post alignment. An average of 51000 reads per sample have been mapped to the target 

region human RGS5 Transcript 1 
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Figure 7-18: Percentage of reads on target 

This figure shows the percentage of reads that are on target. On an average, 81.9% of reads were on target (RGS5 Transcript 1). 
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Figure 7-19:Mean depth of coverage per base per sample 

This figure shows the mean depth of coverage per base per sample. The average mean depth of coverage was 47 for per base per sample. 
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AIM 3: APPENDIX 4: VARIANTS CALLED BY TWO CALLERS 

The number of variants called by each of the two callers, the number of overlapping variants and 

the number of variants passing quality filters are shown in Table 7-13, 7-14 below. 

Table 7-13 shows position based annotation of the variants, while Table 7-14 classifies the 

variants into known and novel variants. 

Table 7-13: Position based annotation of variants called by two callers 

Position 

Intronic/Exonic 

Number of biallelic variants called 

TVC GATK 
Overlapping 

variants 

Filtered 

variants 

Exonic 2 1 1 1 

Intronic 126 128 98 91 

nc_RNA_exonic 24 27 22 21 

nc_RNA_intronic 406 436 334 313 

UTR 37 35 32 32 

Total 595 627 487 458 

 

Table 7-14: Variant type based annotation of variants called by the two callers 

Variant type 

Number of known and novel biallelic variants called 

TVC GATK 
Overlapping 

variants 
Filtered variants 

Known variants 406 406 392 386 

Novel variants 189 221 95 72 

Total  595 627 487 458 
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AIM 3: APPENDIX 5: HAPLOTYPE ASSOCIATION 

The results for the haplotype association analysis for all the 9 haplotype blocks are shown in Table 

7-15 below. 

Table 7-15: Haplotype association results for all 9 haplotype blocks 

(a) 

Haplotypes 

(b) 

rsID 

(c) 

Haplotype 

Freq. 

(d) 

Case,Control 

Frequencies 

(e) 

Chi 

Square 

(f) 

P Value 

Block 1 

AT 
rs16849973, rs77514087 

0.925 0.926, 0.924 0.013 0.9106 

GG 0.074 0.074, 0.073 0.003 0.9548 

Block 2 

AA 
rs11580141, 

chr1:163138501 

0.379 0.347, 0.421 3.752 0.0527 

GC 0.379 0.395, 0.357 0.954 0.3286 

GA 0.234 0.251, 0.213 1.292 0.2558 

Block 3 

ACCTGTAACCCGCGAG rs79891327, rs80241289, 

rs11587203, rs12128615,  

rs10159453, rs10917694, 

chr1:163147667, 

rs6685564,  rs764358990, 

rs10917695, rs183248248, 

rs79271011, rs79313621, 

rs12567772, 

chr1:163149216, 

rs556306344, rs12565879 

0.351 0.343, 0.362 0.263 0.6079 

ACCCGCAATCCGCGAG 0.247 0.239, 0.258 0.309 0.5785 

ACTTGTAACCCGCGAG 0.173 0.163, 0.187 0.671 0.4128 

GCCTATAACCCGAGAA 0.069 0.088, 0.045 4.653 0.031 

ACCTGTAACCCAAGAA 0.039 0.040, 0.038 0.006 0.936 

GACTATAACCCGAGAA 0.036 0.048, 0.021 3.317 0.0686 

ACCTGTAACCTGCGAG 0.026 0.029, 0.021 0.43 0.5118 

ACCCGCAACCCGCGAG 0.015 0.013, 0.017 0.199 0.6558 

Block 4 

TA 
rs10917696, rs10917697 

0.798 0.796, 0.801 0.02 0.8887 

CG 0.2 0.201, 0.199 0.003 0.9546 

Block 5 

GA 

rs4132247, rs4132246 

0.823 0.792, 0.864 5.672 0.0172 

AG 0.145 0.155, 0.132 0.69 0.4061 

AA 0.027 0.044, 0.004 10.096 0.0015* 

Block 6 

GATAACGTCGA rs7521266, rs7556104, 

rs74117616, rs7556112, 

rs7556121, rs61810823, 

rs12142767, rs12140110, 

chr1:163164624, 

rs76960476, 

chr1:163165029 

0.436 0.431, 0.443 0.099 0.7526 

GATAACGTTGG 0.182 0.181, 0.183 0.004 0.9494 

GATAATGTTGG 0.179 0.176, 0.183 0.056 0.8126 

AGTCGCAATGG 0.106 0.123, 0.084 2.477 0.1155 

AGTCGCAATAG 0.052 0.060, 0.042 1.024 0.3116 

GATAACGTCGG 0.014 0.005, 0.025 4.477 0.0343 

Block 7 
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AA rs2999967, 

chr1:163166723 

0.53 0.545, 0.511 0.771 0.38 

GC 0.459 0.444, 0.479 0.773 0.3793 

Block 8 

TCTGGGTCGA rs56291815, 

chr1:163180588, 

rs2940676, rs61810848, 

rs549471768, 

chr1:163181081, 

chr1:163181093, 

rs182756488, 

rs187722117, rs56002643 

0.509 0.505, 0.514 0.047 0.8283 

TTTGGGTCGA 0.266 0.270, 0.260 0.072 0.788 

GCTCGGTCGG 0.189 0.188, 0.191 0.01 0.9191 

TCTCGGTCGG 0.014 0.013, 0.014 0.005 0.9418 

Block 9 

TCCTCTGTCCTCG rs12730221, rs35792769, 

rs35047999, 

chr1:163181711, 

rs2036702, 

chr1:163182013, 

chr1:163182025, 

chr1:163182037, 

rs192198333, 

chr1:163182666, 

rs55921055, 

chr1:163183005, 

rs2036700 

0.475 0.497, 0.449 1.491 0.222 

TCCTCTGTCCCCG 0.202 0.202, 0.202 0 0.9849 

TCCTCTGTCCTTG 0.128 0.102, 0.162 5.366 0.0205 

ATTTATGTCCTCA 0.126 0.125, 0.129 0.021 0.8861 

TTCTCTGTCCTCA 0.044 0.051, 0.036 0.784 0.3758 

The above table shows the 9 haplotype blocks tested for their association with PE. Column (a) =haplotypes. 

Column (b) = SNV ids from the dbSNP 147 database. Column (c) = haplotype frequencies. Column (d) = 

haplotype frequencies in cases and controls. Column (e) = chi squared test statistic for the association analysis 

carried out in Haploview. Column (f) = p-value of association for the chi squared test of association carried 

out in Haploview. Haplotype AA in Block number 5 (marked with an *) shows association with PE, which 

remains statistically significant after correcting for multiple tests. (Bonferroni method p-value (corrected) = 

0.05/9 = 0.0055) 
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