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ABSTRACT 
 

Background: Pre-eclampsia (PE) is a hypertensive disorder of pregnancy which is 

characterised by reduced placental cell invasion into the maternal arteries. Lack of invasion 

causes insufficient transformation of arteries which disrupts blood flow to the fetus. PE is a 

leading cause of maternal and fetal death, yet the pathogenesis is not fully elucidated. PE 

establishes in the early stages of pregnancy but is only diagnosed after 20 weeks gestation due 

to late onset of symptoms, making early prediction and prevention difficult. Recently, the 

pregnancy-specific glycoprotein (PSG) genes were proposed as a potential biomarker for early 

detection of PE and have been hypothesised to have roles in facilitating invasion.  

 

This study aimed to determine if PSG gene expression is downregulated in the PE placenta. 

Further, expression of PSG genes in first trimester was interrogated to address the role of PSG 

genes in invasion. 

 

Methods: The NanoString, nCounter platform quantified PSG4, PSG9 and PSG11 gene 

expression in PE placentae, control (term) placentae (>36 weeks gestation), and first trimester 

placentae (<13 weeks gestation). The promoter regions of the PSG genes were interrogated 

using targeted bisulfite sequencing (TBS) on the iSeq platform to quantify DNA methylation. 

 

Main findings: A lower mean expression for each PSG gene was observed in the PE placenta 

compared to term but this was not statistically significant. PSG9 and PSG11 were significantly 

upregulated in the invasive period of first trimester compared to term. Supporting these 

findings, it was confirmed that PSG genes were aberrantly expressed in invasive melanoma 

cell lines compared to somatic tissues. However, DNA methylation at the promoter of the PSG 

genes did not inversely correlate with gene expression. 
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Conclusion: PSG genes may not be implicated in the pathogenesis of PE. However, PSG genes 

are upregulated in first trimester which may provide insight into how these genes contribute to 

early placental development. These findings provide further scope to investigate the role of 

PSG genes in invasion. 
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CHAPTER 1  

 

1. Introduction 

 
Although transient, the placenta is vital for a human pregnancy. New life is dependent on 

correct placental establishment for support and nourishment of the developing fetus [1]. During 

the first trimester of pregnancy (the first 13 of 40 weeks gestation), the placenta invades into 

the maternal arteries. This transforms these vessels to have low resistance and provide high 

blood flow. This allows oxygen, nutrients and waste to be exchanged between the mother and 

fetus [2]. Abnormal artery transformation is believed to be at the root of placental pathology 

and can cause significant health complications for the mother and fetus. Pre-eclampsia (PE) is 

a placental disorder characterised by shallow placental cell invasion and is one of the leading 

causes of maternal and perinatal death worldwide [3]. Despite the large disease burden, PE is 

referred to as the ‘disease of theories’ because there is little known about the aetiology of this 

disorder [4, 5]. 

 

1.1 The human placenta 

A successful human pregnancy is dependent on correct formation and function of the placenta 

during the first trimester. Derived from the trophectoderm, the placenta is a fetal tissue which 

forms an interface between the mother and fetus [6]. The placenta takes on a plethora of 

responsibilities to support successful embryonic development. Being the first major organ to 

develop, the placenta acts as the lungs, gut and kidney of the fetus in the early stages of growth 

[2]. Further, the placenta interacts with maternal immune cells to prevent rejection of the 

genetically distinct fetus and secretes hormones into the mother’s bloodstream to modulate 

maternal physiology [7]. Failure to carry out such tasks has been associated with placental 

pathologies.  
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The first trimester is considered a crucial stage of pregnancy, where proper placentation is 

critical [8]. During the dynamic period of first trimester, cytotrophoblast cells (CTBs) 

differentiate into two major subtypes; syncytiotrophoblasts (STBs) and extra-villous 

cytotrophoblast cells (EVTs) (Figure 1A). Proximally, undifferentiated CTBs are highly 

proliferative and fuse to form multinucleated STBs. STBs are endocrine cells, which secrete 

proteins and hormones into the maternal blood stream to support pregnancy [6]. Distally, the 

EVTs have migratory capabilities, where they delaminate from the placental cell columns to 

establish within the decidua, taking on two different EVT subtypes. Interstitial EVTs are 

responsible for decidua invasion, migrating as deep as the inner third of the maternal 

myometrium. Endovascular EVTs are required for correct maternal spiral artery remodelling 

and are required for efficient blood flow to the fetus [9]. Correct trophoblast differentiation and 

establishment in first trimester is required for successful pregnancy outcomes. If these 

physiological processes are dysregulated, complications of pregnancy such as miscarriage, 

intrauterine growth restriction and PE can arise [10]. 

 

1.2 Pre-eclampsia. 

PE is a hypertensive condition of pregnancy which originates in the early stages of placental 

development. PE is characterised by shallow trophoblast invasion into the maternal arteries 

(Figure 1) [11]. In the mother, PE presents with new-onset hypertension (>140 mmHg systolic 

or >90 mmHg diastolic) and proteinuria after 20 weeks gestation [12]. PE presents in an  

estimated 2-8% of pregnancies worldwide [13]. Early clinical diagnosis of PE is difficult as 

complications occur in the second half of pregnancy due to incorrect placental development 

throughout first trimester [14, 15]. Because proper establishment is critical for the success of a 

pregnancy, disturbances to early placentation is thought to contribute to the development of 

this disorder. 
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Figure 1. Establishment of the normal placenta compared to the PE placenta. The PE placenta is 

characterised by a lack of EVT cell invasion into the maternal arteries for transformation. There is less 

immune cell activation to maintain the fetal allograft and is associated with an increased inflammatory state. 

Abbreviations: (STBs) syncytiotrophoblast cells. (CTBs) cytotrophoblast cells. (EVT) extra-villous 

trophoblast cells. (IC) immune cells. (MSA) maternal spiral artery. Original figure based on Louwen et al. 

Oncotarget, 2012. Created with BioRender.com. 

The causes of PE are considered to be multifactorial, however they are not fully understood. 

PE pathogenesis is thought of as a two stage process [16]. The first stage of PE originates in 

the placenta as a result of abnormal placentation. This causes reduced blood flow to the fetus 

and fetal growth restrictions. After 20 weeks of gestation, PE pathogenesis progresses into the 

maternal syndrome stage. Women with PE experience late onset, multisystemic complications 

which include eclampsia (a progressive form of PE characterised by seizures), cardiovascular 

disease or liver and kidney dysfunction later in life. In severe cases, PE can cause death (Figure 

Normal placenta PE placenta 

Maternal uterine 

wall 

https://biorender.com/
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2) [17]. Due to the late onset, the only clinical treatment for PE is delivery of the placenta and 

baby. This often leads to premature birth which is a leading cause of neonatal death worldwide. 

Children are burdened with an increased risk of developing health complications later in life, 

such as type II diabetes. Therefore, in the interest of the fetus, PE pregnancies tend to be 

prolonged until the mother’s condition becomes unmanageable [18]. PE poses a predicament 

where both the mother and fetus have conflicting needs.  

 

Figure 2. The stages of PE pathogenesis and symptom onset in the mother throughout gestation. 

Original figure, created with BioRender.com. 

 

PE is a spectrum disorder which presents differently between individuals. Pathology can range 

from mild gestational hypertension (GH) to severe PE. The pathogenesis of GH and PE is still 

unclear. This has led to debate on whether GH and PE are distinct disorders or are different 

presentations of the same condition [19]. Regardless, there are currently no clinical biomarkers 

https://biorender.com/
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for early detection of these disorders, which prevents timely intervention and management [12]. 

This predicament justifies the need to investigate genes that may be implicated in PE, which 

will contribute to better health outcomes for both the mother and child. 

 

1.3 The pregnancy-specific glycoprotein genes 

Reduced expression of the pregnancy-specific glycoprotein (PSG) genes may be implicated 

with the development of PE. Although the literature is limited and contains controversial 

findings, the PSG genes have been proposed as potential biomarkers for early clinical detection 

of PE [20].  

 

PSG genes play critical roles in a successful pregnancy [20, 21]. There are 10 functional PSG 

genes clustered within 700-kilobases of each other on chromosome 19 (Figure 3). Interestingly, 

this region is rich in transposable elements (TEs) and arose through duplication events, meaning 

each gene shares 93% sequence similarity [22, 23]. Slight variation in nucleotide sequences 

between PSG genes alter binding affinity of regulators, leading to differential expression of 

each gene [13]. PSG genes are considered placental specific; they are secreted by the STB cells 

of the placenta and are the most abundant placental proteins in the maternal blood [24]. PSG 

gene expression coincides with trophoblast maturation and are considered good markers of 

trophoblast differentiation, as transcripts dramatically increase [10]. Hence, PSG genes are 

likely being transcribed for placental function [24].  

Figure 3. 10 functional PSG genes on chromosome 19q13. The PSG genes are clustered together on 

chromosome 19 and share high sequence homology. All genes are antisense, depicted by arrows. Red vertical 

lines represent exons of each gene. Original figure based on the UCSC genome browser tracks. 
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The clinical relevance of PSG genes is still unknown, yet they are associated with correct 

placental formation and their reduced expression is believed to contribute to placental 

pathologies [25]. It was shown that antibodies raised against PSGs in non-human primate 

models resulted in spontaneous loss of the fetus [26, 27]. Interestingly, PSG genes are 

upregulated in cancer and associated with tumour progression [28, 29]. 

 

1.3.1 The roles of PSG genes in the normal placenta 

To understand how reduced PSG gene expression may contribute to the development of PE, it 

is important to acknowledge the physiological role of PSG genes in normal placental 

development. The PSG genes have been implicated in immune tolerance, inducing 

angiogenesis and enhancing trophoblast migration in successful pregnancies.  

 

1.3.1.1 PSG genes and immune tolerance 

Species with haemochorial placentas present a unique challenge to the immune system during 

pregnancy, where genetically distinct fetal cells come into direct contact with the maternal 

bloodstream [30]. The immune systems of these species have co-evolved specific mechanisms 

of tolerance for the fetus [31]. PSG genes are unique to species with invasive placentas and are 

believed to play a pivotal role in immune system evasion [32]. The literature has frequently 

implicated PSG genes in immunomodulation and have been suggested to have roles in immune 

tolerance [33].  

 

A successful pregnancy is characterised by a precisely balanced TH1 (pro-inflammatory 

cytokine) and TH2 (anti-inflammatory cytokine) inflammatory state, which maintains the fetal 

allograft [34]. Literature has reported PSG genes to promote TH2 immune responses through 

regulatory T-cell (Tregs) expansion and anti-inflammatory cytokine secretion, such as 
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interleukin (IL)-10 and transforming growth factor β1 (TGF-β1). Tregs are involved in the 

physiological process of self tolerance and dramatically increase during pregnancy for the fetal 

allograft. It was shown that antibody-mediated depletion of Tregs in allogenic mated mice 

caused improper implantation of the embryo [35], highlighting the crucial role of Tregs in 

preventing fetal rejection. The addition of purified PSG9 protein in cell culture was shown to 

induce population expansion of Tregs and increase the number of IL-10 secreting cells [36-

39]. There is convincing evidence that PSG genes enhances anti-inflammatory cytokine 

secretion for promoting a TH2 response, which is critical for successful pregnancy outcomes.  

 

The ‘immune system maladaptation theory’ associates PE with the loss of the TH1/TH2 

immune response and the fetal allograft [40]. There is a dramatic decrease of Treg cells in PE 

women, which consequently leads to a lack of anti-inflammatory cytokine secretions. The 

TH1/TH2 balance is thrown off, which can lead to a loss of immune tolerance throughout 

pregnancy [41-43]. PSG genes interact with Tregs for population expansion and induce an anti-

inflammatory environment for successful pregnancy outcomes. Since the literature has 

reported PSG expression to be significantly reduced in PE, it is plausible that depleted PSG 

expression may be contributing to the loss of immune tolerance, leading to an inflammatory 

state in the uterine environment.  

 

1.3.1.2 PSG genes and vasculature remodelling 

Angiogenesis in pregnancy induces endothelial cell proliferation to form new structures of the 

placental vasculature from pre-existing vessels. Transformation of uterine vessels are required 

to provide high blood flow for correct placental perfusion [44]. PSGs induce pro-angiogenic 

growth factors, TGF-β1 and vasculature endothelial growth factor (VEGF) for vasculature 

remodelling [21]. 
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Moore and Dveksler’s 2014 review article summarised that PSGs may contribute to 

angiogenesis through two different mechanisms, inducing monocyte secretion of pro-

angiogenic factors and through direct binding to endothelial cells for tube formation [24]. 

Culturing monocytes and EVTs in  PSG1  protein was shown to induce expression of VEGF, 

needed for angiogenesis [32]. In experimental assays, PSG1 was able to bind to 

glycosaminoglycans (GAGs) attached to syndecans on the surface of endothelial cells and 

induce tube formation. Experimentally, the deletion of surface GAGs caused PSG1 to no longer 

induce tube formation [45]. These findings conclusively demonstrate that PSG genes interact 

and induce angiogenesis for placental function. 

 

PE is characterised by insufficient placental perfusion as a result of abnormal uterine artery 

remodelling and endothelial dysfunction. Women with PE lack proper endothelial tube 

formation which leads to impaired myometrial artery remodelling [46].  Reduced expression 

of the PSG genes in PE may limit PSG interactions with GAGs on the surface of endothelial 

cells. This can cause reduced blood flow to the developing fetus and may result in restricted 

growth [47]. Although PSGs are known to induce angiogenesis for placental function, reduced  

PSG gene expression has not been investigated in abnormal vasculature remodelling in PE. 

PSGs crucial role in these processes provides clear scope for further investigation into whether 

these genes are reduced in PE and contribute to poor maternal artery remodelling. 

 

1.3.1.3 PSG genes in trophoblastic invasion 

PSG genes are thought to contribute to trophoblastic invasion, which is reduced in the PE 

placenta. Recently, strong PSG gene staining has been found in distal EVT cells which are an 

invasive placental cell population [48]. Further, an RGD (Arg-Gly-Asp) amino-acid sequence 
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present in PSG proteins is characterised to bind to integrins, cell surface receptors that play 

important roles in cell adhesion. Integrins have previously been characterised in trophoblastic 

differentiation, where transformation into invasive cell types is accompanied by a switch in 

integrin expression, α6β4 to α5β1. Failure to switch integrins during trophoblastic invasion has 

been associated with PE [49]. Interestingly, staining has demonstrated that PSGs co-localise 

with integrin α5β1 expression in first trimester EVT cells, alluding to a possible interaction for 

early trophoblast migration. Further, it was demonstrated that EVTs had increased migratory 

capability on PSG coated wells compared to controls. Interactions with α5β1 is believed to 

upregulate this migratory phenotype [48]. This is relevant as reduced PSG gene expression in 

PE may affect co-localisation with integrin receptors, resulting in shallow trophoblastic 

invasion.  

 

1.3.1.4 Summary of PSG genes role in placental function  

It is evident that the PSG gene family has a significant contribution to placental function in 

order to support a healthy pregnancy. Although not addressed in the literature, failure to carry 

out these essential functions are all characteristic of PE. If PSG genes are significantly reduced 

in PE women, these normal physiological processes of the placenta may be thrown off, 

contributing to the pathology. The first step towards addressing these observations is to validate 

whether PSG gene expression is reduced in PE, which may contribute to this phenotype. 

 

1.3.2 The potential role of PSG genes in pre-eclampsia. 

There are currently no clinical biomarkers for early detection of PE. This is likely because PE 

is a spectrum disorder, where predictive markers are likely to vary between patients [50]. PSG 

genes have been identified as candidate biomarkers for the development of PE. However, 

literature has been conflicting, leading to debates on whether PSG genes are associated with 
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this hypertensive disorder. The majority of studies have investigated PSG protein concentration 

in the serum of women diagnosed with PE compared to serum from women who experienced a 

non-problematic pregnancy. Earlier findings found that there were no significant PSG 

concentration differences in the serum of women with PE [51, 52]. However, more recent 

studies have challenged this and found PSG protein serum levels to be significantly reduced in 

PE compared to controls. Interestingly, they also found there was a negative correlation 

between PSG1 levels and age in both case and control groups. Increasing maternal age is a risk 

factor of PE development [20, 53]. 

 

Bersinger & Odegard found that at 17 weeks gestation (second trimester) women with PE had 

significantly lower PSG protein concentrations compared to controls. However, as a 

consequence of PE, they believe that diminished trophoblast volume and cellular stress may be 

the cause of reduced PSG secretion from syncytiotrophoblast cells [21]. They proposed that 

their findings are due to mechanical consequences of PE, not a result of decreased PSG 

expression at the genetic level. This alternative hypothesis highlights a large gap in 

understanding the genetic contribution to altered PSG protein concentrations. To address this, 

PSG expression needs to be quantified directly from placental tissue in order to determine if 

reduced PSGs are due to decreased expression or impaired cellular function. 

 

The dynamics of PSG gene expression throughout pregnancy is poorly understood. A 1990 

study found PSG gene expression from placental tissue remained constant throughout gestation 

[54], conflicting with other studies which claimed PSG expression to increase as gestation 

progresses [55, 56]. However, beyond this there has been no further investigation into PSG 

gene expression throughout pregnancy. This may be because first trimester placental tissue is 

precious, with limited accessibility. This makes it difficult to compare expression at different 
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stages of gestation. However, due to differential regulation of each PSG gene, understanding 

their baseline expression throughout pregnancy would recognise each gene’s contribution to 

placental function. This may assist in distinguishing deviations from the norm which may be 

implemented in disease.  

 

Despite the high frequency of PE worldwide, PSG genes and their contribution to PE is still up 

for debate. It is evident that further investigation is required to understand whether altered PSG 

gene expression contributes to PE pathogenesis. To clarify the genetic contribution to PE, 

quantification of PSG gene expression directly from placental tissue will be required [48]. 

Interrogation into PSG gene expression dynamics is needed to understand aberrant expression 

in the disorder.  

 

1.3.2.1 PSG gene sequence similarity. 

Despite the controversy, measuring PSG concentrations in maternal serum has been considered 

unreliable due to cross-reactivity with other members of the PSG and CEACAM family (a 

closely related family of genes). All mentioned studies used antibodies to measure PSG protein 

in maternal serum. There are currently no antibodies that detect all individual members of the 

PSG family due to high homology between family members [24, 48]. The inability to 

distinguish between the 10 different PSG members may have led to conflicting results as each 

member is regulated differently throughout pregnancy [13]. This needs to be considered going 

forward as results may not accurately indicate altered expression of certain PSG members that 

are associated with PE pathology [24]. The limitation of specificity must be overcome before 

altered PSGs can be considered an appropriate biomarker [52].  
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1.4 Upregulation of PSG genes in invasive melanoma 

PSG genes are considered placental-specific [10]. However, recent findings in the Macaulay 

lab, in the Department of Pathology (University of Otago, Dunedin) found that members of the 

PSG gene family were upregulated in melanoma cell lines (Lynch-Sutherland and colleagues, 

unpublished findings). Melanoma cell line phenotypes were previously determined based on 

gene expression signatures [57]. Interestingly, PSG genes were exclusively upregulated in 

invasive melanoma cell lines and not in proliferative melanoma cell lines (Figure 4). These 

findings provide insight into a potential role of these genes in invasion. 

 

Figure 4. Upregulation of PSG genes in invasive melanoma cell lines. Heatmap of 9 PSG genes 

upregulated (red) in invasive melanoma cell lines and not proliferative melanoma cell lines (blue). Adapted 

from an unpublished figure by Chi Lynch-Sutherland and Dr Antonio Ahn (Department of Pathology, the 

University of Otago, Dunedin). 

 

Cancer and placental cells share similarities at the cellular level to facilitate their survival in the 

human body (Figure 5). At first glance, the placenta and cancer are two seemingly opposite 

tissues. The placenta relies on tightly regulated physiological processes to support new life, 
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whilst cancer is chaotic and pathological, causing death and disease [58]. However, both tissues 

have the capacity to invade into surrounding tissue, induce angiogenesis to gain a blood supply 

for nourishment and interact with immune cells to prevent rejection, as they are both genetically 

distinct tissues [58]. These shared mechanisms facilitate establishment of both tissues within 

the human body. It is thought that cancer ‘hijacks’ early developmental genes to facilitate these 

shared mechanisms, many of these being placental-specific [59, 60]. Recognition of these 

similarities has pioneered a new outlook on understanding the genetics which facilitate 

establishment in both tissue types.  

 

These observations highlight a possible role of PSG genes in invasion and have provoked 

interest in how reduced PSG gene expression may contribute to PE, a disorder characterised by 

shallow placental cell invasion. 
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1.4.1 Aberrant expression of PSG genes in cancer 

 

It is important to acknowledge the patho-physiological role of PSG genes in cancer as this may 

provide valuable insight into PSG function and whether reduced expression in the placenta 

contributes to PE pathogenesis. The PSG genes have been found to be aberrantly expressed in 

cancer cells and implicated in tumour progression in colorectal cancer (CRC) [28, 61]. In Gene 

Placental establishment Tumour establishment 

MSA 

Figure 5. Similarities between placenta and tumour cell establishment. At the cellular level, placenta 

and cancer cells share similar mechanisms of establishment within the human body. (A) placental 

establishment into the maternal uterine wall. (B) Tumour establishment into surrounding tissue. Both cell 

types invade into their surrounding tissues to gain a blood supply through inducing angiogenesis. Placental 

and malignant cells interact with immune cells to prevent rejection. Abbreviations: (STBs) 

syncytiotrophoblast cells. (CTBs) cytotrophoblast cells. (EVT) extra-villous trophoblast cells. (IC) immune 

cells. (MSA) maternal spiral artery. (MC) malignant cells. (A) artery. Original figure based on Macaulay 

2017. Created with BioRender.com. 

 

Maternal uterine 

wall 

Surrounding tissue 

https://biorender.com/
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Ontology analysis for CRC progression, the annotation ‘female pregnancy’ was enriched due 

to the upregulation of PSG genes in these cancers [29]. In functional assays, PSG9 was found 

to interact with TGF-β1, a cytokine implemented in immune tolerance, angiogenesis and 

metastasis of cancer [24]. Yang et al, found abnormal PSG9 protein levels in the serum of CRC 

patients. Elevated levels of PSG9 were reported with poor prognosis in CRC and associated 

with higher micro-vessel density, which is a marker of angiogenesis. Further, upregulating of 

PSG9 in cells with relatively low levels of PSG9 expression increased the cells proliferative 

and migratory ability. Therefore, it was proposed that PSG9 expression supports tumour growth 

and invasion for establishment.  

 

There is sufficient evidence that PSG genes are upregulated in tumours to modulate their 

regulatory environment and promote survival. The upregulation of placental-specific genes in 

cancer has been proposed as a new avenue for therapeutic targets in cancer [62]. Further 

research into these cancer therapeutics may model how down-regulation of the PSG genes could 

contribute to PE.  

 

Understanding the role of PSG genes in the non-pathological placenta, and their contribution to 

tumour survival can provide insight into possible consequences of reduced PSG gene 

expression. This has led to the hypothesis that reduced expression of PSG genes may contribute 

to the development of PE. 

 

1.5 The potential epigenetic regulation of PSG genes in PE 

The epigenetic regulation of the PSG genes requires further investigation, perchance reduced 

expression in PE is inversely correlated with DNA methylation [63]. DNA methylation is an 

epigenetic mark which involves the addition of a methyl group onto the C5 position of cytosine 
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residuals, forming 5-methylcytosine. DNA methylation is able to regulate gene expression by 

recruiting repressors or preventing transcription factor binding. Therefore, DNA methylation 

is usually associated with shutting down gene expression [64, 65].  

 

After fertilisation, the embryo experiences a wave of de-methylation, as the epigenetic 

landscape is reset. As development progresses, these marks are re-established which restrict 

cells to certain fates for biological function [66]. However, these marks are re-established to a 

lesser degree in extra-embryonic lineages, such as the placenta (Figure 6). The placenta is 

hypomethylated compared to somatic tissues, which allows for active transcription of TEs and 

placental-specific genes. Expression of these gene assist in placental function and are not 

usually expressed in somatic tissue [59]. Similar to the placenta, cancer has global 

hypomethylation [67]. Hypomethylated regions in cancer tend to overlap with stretches of 

hypomethylated regions in the placenta. These hypomethylated blocks are enriched in genetic 

pathways that both tissues use for development. In cancer, the epigenetic landscape is 

reprogrammed to express early developmental and placental-specific genes which facilitate 

survival and metastasis [68]. DNA methylation of placental and cancer cells may provide 

valuable insight into how epigenetic alterations contribute to PE, where these mentioned 

pathways are lost.  
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Figure 6. DNA methylation dynamics throughout early development. After the initial wave of de-

methylation, DNA methylation marks are eventually re-established but to a lesser degree in the placenta, 

allowing expression of early placental-specific genes. Original figure, based on Breton-Larrivée et al. 2019. 

 

Changes to the placenta’s epigenetic landscape in PE is believed to alter placental function and 

impact pregnancy outcome [69]. PE is associated with further global hypomethylation, with an 

increase in expression of genes associated with inflammation [70]. However, other genes 

associated with cell proliferation and migration are found to have increased DNA methylation 

at their promoters, silencing genes crucial for placental invasion [71]. Previous findings 

demonstrated that hypermethylated promoters in PE were associated with genes expressed by 

trophoblast cells. This may impact trophoblastic function and contribute to the pathogenesis of 

PE [72]. It is still poorly understood how these epigenetic changes occur in early placental 

pathology [73]. PSG genes are expressed by STB cells, assisting in pivotal placental function 

[36, 48]. If PSG genes were differentially methylated in PE, this could be a possible explanation 

for insufficient trophoblast function. The epigenetic landscape of PSG genes is yet to be 

interrogated which limits understanding of how changes to DNA methylation of these genes 

may burden correct placental establishment (Figure 7).  
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Figure 7. Proposed DNA methylation at the PSG gene promoter in PE. Original figure, Created with 

BioRender.com. 

 

1.6 Research hypothesis and Aims 

 

The PSG genes are required for essential placental function and have been proposed to have 

reduced expressed in PE. Based on the current understanding of PSG gene function in placental 

function and dysfunction, we believe PSG genes may contribute to an invasive phenotype. To 

address this, the following two hypotheses have been made. 

Hypothesis 1. PSG gene expression will be reduced in the PE placenta compared to 

the control placenta. 

Aim 1:  To determine whether PSG gene expression is altered in PE placentae 

             compared normal placentae. 

Aim 2:  To determine whether changes in PSG gene expression is associated with 

              altered DNA methylation. 

Hypothesis 2. PSG gene expression in the placenta will increase during the invasive 

period of the first trimester compared to term. 

Aim 1: To compare PSG gene expression changes between first trimester and term  

             placentae. 

Aim 2: To determine whether the changes in PSG expression is associated with 

             altered DNA methylation.  

 

https://biorender.com/
https://biorender.com/
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CHAPTER 2.  

2. Materials and Methods 

2.1 Experimental samples. 

 

Placental tissue was used to quantify PSG gene expression and promoter DNA methylation. 

The pathological (PE) and control (non-PE) placental tissues were collected from two different 

cohorts: one from Otago, New Zealand and one from Tokyo, Japan. In the Otago cohort, 

patients were diagnosed with PE based on guidelines by the Society of Obstetric Medicine of 

Australia and New Zealand (SOMANZ) [74]. The Otago placental samples ranged from 24 to 

40 weeks’ gestation and were fresh frozen for preservation. The Otago placental samples were 

used according to the provisions of the Lower South Regional Ethics Committee.   

 

In the Japanese cohort, patients were clinically diagnosed with gestational hypertension (GH) 

or PE based on classifications introduced by the Japan Society for the Study of Hypertension 

in Pregnancy (JSSHP) [75]. Diagnosis of GH does not require other organ complications, such 

as proteinuria. The Japanese placental samples were collected by Dr Ryuji Fukuzawa at the 

Tokyo Metropolitan Tama General Medical Centre in Tokyo. The Japanese samples ranged 

from 33 to 40 weeks of gestation and a cross-section of each placenta was taken and embedded 

in optimal cutting temperature (OCT) compound blocks for preservation of tissues. The 

Japanese samples were used under the provisions of the Tokyo Metropolitan Tama General 

Medical Centre’s Ethical Approval.  

 

All placental tissues were well characterised when collected. Clinical data included maternal 

age, delivery type, smoking history, mothers BMI, past history of miscarriage, fetal birth 

weight, baby gender and severity of PE. The clinical data relevant to this study is displayed in 
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Table 1. Importantly, the placental tissues in this study were grouped together based on 

pathology (PE vs control) and not based on the cohort from which they came (since this project 

was not searching for ethnic-specific differences). Therefore, all Otago/Japanese PE samples 

were compared to all Otago/Japanese control samples. This also increased the sample sizes for 

comparison (n=25). 

 

Table 1. PE placental tissue cohort.  

Sample name Gestational age Baby gender Pathology and 

severity * 

1197-JAP 36W 2D M PE/severe 

1226-JAP 26W 5D M/F PE/severe 

883-JAP 37W 2D M PE/severe 

512-JAP 33W 3D F PE/severe 

1824-JAP 32W 0D M PE/severe 

423-OTA 31W 3D F PE/severe 

424-OTA 33W 1D F PE/severe 

556-OTA 35W 0D F PE/severe 

117-JAP 37W 4D M/M PE/severe 

1449-JAP 36W 4D F PE/severe 

1996-JAP 34W 1D M PE/severe 

364-OTA 34W 4D F PE 

164-OTA 24W 2D M PE 

526-OTA 36W 2D M PE 

105-OTA 38W 2D M PE 

1947-JAP 35W 5D F PE/mild 

2092-JAP 36W 2D F GH/severe 

1960-JAP 36W 3D F GH/severe 

1905-JAP 39W 0D M GH/severe 

1932-JAP 37W 3D M GH/severe 

525-OTA 26W 4D M GH 

59-OTA 36W 3D M GH 

38-JAP 37W 1D M GH/mild 

1995-JAP 39W 0D F GH/mild 

1757-JAP 37W 0D M GH/mild 

*PE (pre-eclampsia): new onset hypertension and proteinuria. GH (gestational hypertension): 

new-onset hypertension with no other organ complications. 

 

To investigate PSG genes in the first trimester placenta, placental tissues were analysed from 

two first trimester cohorts: one from Auckland and one from Dunedin. The Auckland cohort 

consisted of 18 fresh-frozen first trimester placental tissues that ranged in gestational age from 
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7-12 weeks. This cohort was generated by Dr Joanna James at the University of Auckland 

(Auckland, New Zealand) and samples were used according to the provisions of the Northern 

X Regional Ethics Committee. Eight fresh-frozen first trimester placental tissues that ranged 

in age from 5-8 weeks’ gestation. This cohort was generated by Dr Erin Macaulay at the 

University of Otago (Dunedin, New Zealand) and samples were used according to the 

provisions of the Lower South Regional Ethics Committee.  

 

In addition to placental tissues, six invasive melanoma cell-lines and seven commercially 

available adult somatic tissues were included in the gene expression analysis of PSG genes 

(brain, heart, lung, ovary, testis, liver and kidney). For the DNA methylation analysis, five 

melanoma cell-lines and three adult somatic tissues (kidney, liver and pancreas) were used.  

The melanoma cell-lines in both studies had previously been phenotypically characterised as 

invasive, as opposed to proliferative [57].  

 

2.2 Nucleic acid extraction 

 

2.2.1 RNA extractions 

RNA was extracted from all placental tissue using the Qiagen RNeasy midi Kit and protocol. 

For RNA extractions, placentae were thawed and 0.1 g of tissue from each sample was 

dissected away. Excess placental tissue was returned to -80 freezers in RNAlater (an RNA 

stabilisation reagent). Working tissue was added to 5 ml of buffer RLT (lysis buffer) and 50 µl 

of β-mercaptoethanol, then disrupted in M tubes using the gentleMACS™ Tissue Dissociator 

for 45 seconds. The tissue lysate was centrifuged at 3,000 x g for 10 minutes and the 

supernatant was transferred to a new falcon tube without disrupting the pellet. One volume of 

70% ethanol was added to the lysate and mixed by vigorous shaking. The sample was then 

transferred to a RNeasy midi column and centrifuged for 5 minutes at 3,000 x g. The flow 
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through was discarded and then 4 ml of Buffer RW1 was added to the column and then 

centrifuged again at 3,000 x g. Next, 2.5 ml of Buffer RPE was added to the column and 

centrifuged for 2 minutes at 3,000 x g. This step was then repeated but centrifuged for 5 minutes 

at the same speed.  RNA was eluted twice in 100 µl of RNase free water and left to incubate at 

room temperature for 5 minutes before the final spin. 

 

After extraction the stock RNA concentrations and purities were measured for each sample on 

the Implen NanoPhotometer® N60/N50. For pure RNA the A260/A280 absorbances were 

considered between 1.8 and 2. Melanoma and somatic RNA were pre-extracted. 

 

2.2.2 DNA extractions. 

DNA was extracted using the QIAamp DNA mini kit and protocol on the Auckland first 

trimester placental tissues. 0.1 g of placental tissue was dissected away and disrupted using a 

homogeniser. After tissue disruption, DNA was incubated in a shaking water bath at 56°C with 

proteinase K overnight for tissue lysis. After incubation, 200 μl of Buffer AL was added to the 

sample and incubated at 70°C for 10 minutes. 200 μl of 100% ethanol was added and pulse-

vortexed for 15 seconds. The samples was then moved to a QIAamp Mini spin column and 

centrifuged at 6,000 x g for 1 minute, and then 500 µl of Buffer AW1 was added to the column 

and centrifuged. Buffer AW2 was then added to the spin column and centrifuged at full speed 

for 3 minutes. In the final step, DNA was eluted in 200 μl of nuclease free water and incubated 

at room temperature for 5 minutes. Stock concentration and purities were measured on the 

Implen NanoPhotometer®.  

 

 

 



 23 

2.3 Gene expression quantification (NanoString) 
 

 

The NanoString nCounter analysis system (NanoString Technologies, Seattle, WA, USA) is a 

digital detection system which utilises sequence-specific barcodes to directly count targeted 

mRNA molecules. Reporter and capture probe hybridisation allows for the direct quantification 

of mRNA molecules from multiplexed samples [76]. NanoString is an alternative to RT-qPCR 

as it avoids amplification errors and does not require reverse transcriptase. It is an ideal 

platform due to it not requiring high quality RNA. Probes were designed by Tim Riordan at 

NanoString technologies. Due to high sequence homology between the PSG genes, probes 

could only be confidently designed for PSG4, PSG9 and PSG11.  

 

For gene expression quantification samples were run on the NanoString nCounter system at 

the Otago Genomic Facility (OGF), Dunedin. All RNA samples were diluted in DEPC-treated 

water to 200 ng of total RNA. Diluted RNA samples were submitted to OGF where they 

performed quality control (QC) on all samples. The bioanalyzer provided RNA quality 

numbers (RQN) for the level of sample degradation.  

 

A total of 100 ng RNA in 5 µl was used in the standard nCounter Total RNA protocol. The 

RNA was combined with the reporter and capture probes in hybridisation buffer and incubated 

at 65°C for 22 hours, forming a tripartite complex. Data acquisition was performed on the 

GEN2 Digital Analyzer (DA), with the "Max" Field of View (FOV) setting (555 images per 

sample; 5 hour scan per cartridge).  

 

2.3.1 Gene expression analysis, nSolver 

Gene expression analysis was carried out on nSolver, NanoString’s analysis software. All gene 

counts were normalised to the positive control probes, negative control probes and a set of 
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housekeeping genes. Housekeeping genes were selected by geNorm (an algorithm built into 

nSolver), which selected stable housekeeping genes to normalise expression across all samples 

[77]. Two separate geNorm analyses were carried out for the two comparisons made in this 

study; PE compared to controls and first trimester compared to term. (Table 2). NanoString 

advised to use at least four housekeeping genes when possible. All analysis on melanoma and 

somatic tissues was performed on raw data (not normalised with housekeeping genes). This 

was due to corrupted files which prevented advanced analysis on nSolver software. Raw data 

is still able to be used as this represents pure mRNA counts. 

 

Table 2. Housekeeping genes selected by geNorm 

Group comparisons geNorm selected housekeeping 

genes 

Control placenta compared to PE placenta SRP14, HPRT1, ACTB, RPL27, 

UBC, CYC1 

First trimester placenta compared to term placenta SRP14, HPRT1, ACTB, CYC1, 

CLTA, TBP 

 

2.4 Targeted bisulfite sequencing (TBS) 

2.4.1 Bisulfite conversion of genomic DNA 

 

DNA from first trimester placentae, invasive melanoma cell-lines and somatic tissues were 

bisulfite treated. DNA was denatured (single stranded) and treated with sodium bisulfite which 

converts non-methylated cytosine residues into uracil bases. DNA retained only methylated 

cytosines, allowing DNA methylation levels to be quantified [78].  

 

DNA was bisulfite treated with the ZymoResearch EZ DNA Methylation, Direct Kit. 1000 ng 

of total DNA in a 20 μl volume for each sample was added to 130 μl of pre-prepared CT 

conversion reagent in a PCR tube. The samples were then placed in a thermal cycler and run 
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using the following conditions: 98°C for 8 minutes, 64°C for 3.5 hours, 4°C storage for up to 

20 hours. 

 

After thermal cycling, the sample was added to 600 μl of M-Binding Buffer in a Zymo-spin 

column and collection tube and then centrifuged at full speed for 30 seconds. 100 μl of M-

Wash Buffer was added and centrifuged at full speed for 30 seconds. 200 μl of M-

Desulphonation Buffer was added to the column and incubated at 30°C for 20 minutes and then 

centrifuged at full speed. 200 μl of M-Wash Buffer was added and centrifuged for a further 30 

seconds, and then repeated. After this, the column was removed and placed into a new 1.5 ml 

microcentrifuge tube and 10 μl of M-Elution Buffer was added to elute the bisulfite treated 

DNA. Eluted DNA was stored in a -20°C freezer for later use. 

 

DNA from PE and term placentas were pre-extracted using the QIAamp DNA midi kit and 

bisulfite treated using the ZymoResearch EZ DNA Methylation, Direct Kit by Dr Suzan 

Almomani (Department of Pathology, University of Otago, Dunedin).  

 

2.4.2 Primer design 

Primers were designed for the promoters of all functional PSG genes. Amplicons were 

designed within 1000 base pairs of the first exon. High sequence homology between PSG genes 

limited the positioning of forward and reverse primers [23]. 

 

To ensure specificity for each individual PSG gene, a series of steps were taken. Firstly, primers 

were designed on MethPrimer (https://www.urogene.org/methprimer/), a program for 

designing bisulfite-converted methylation PCR Primers. Primers were designed with a GC 

content between 40-65% and were between 23 and 29 base pairs in length. Secondly, these 

https://www.urogene.org/methprimer/
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amplicons were checked for specificity on BiSearch (http://bisearch.enzim.hu/?run). This 

programme predicted if primers would target non-specific products in the genome. Due to 

sequence homology, criteria was set where each primer was specific to a unique sequence by 

at least one nucleotide mismatch. All primers had an Illumina specific tag attached to the 5’ 

and 3’ ends, increasing the PCR product size by 18 base pairs: 

 

Illumina forward tag: 5’ ACGACGCTCTTCCGATCT 3’ 

Illumina reverse tag: 5’ CGTGTGCTCTTCCGATCT 3’ 

 

Table 3. Primers designed for the PSG genes. 

 

Primers were ordered from Integrated DNA Technologies, Singapore. Stock solutions were 

made into 100 µM using DNase free water. Working solutions were further diluted in DNase 

free water to 10 µM. 

 

Forward Primer sequence Reverse Primer sequence 

PSG1 AGGGATATTGTTTTTATTTGAGAGG PSG1 ACCAAACACCCTATAACCTACCTAC 

PSG2 TGTTTATATTTGAGAGGGTAGGTGG PSG2 ATCCCAAACCAAACCTAAAACTAAC 

PSG3 GTTTTGAGGTTTTTGATTTGGTTA PSG3 CCCTATATCCTACCTACTCCCTACAC 

PSG4 TTGTTTGGAGGGATTTTGTTTATAT PSG4 CACCCTATATCCTACCTACCCACTAC 

PSG5 TGGTTTGGGATGTTTTAGAGAATAG PSG5 TATAAATAACTCCAACCCCACACA 

PSG6 GAGAGGTTTGTGTTTGTTGTTTAGT PSG6 AAATCTCTCCAACTCTAAAACTCTACTC 

PSG7 AGAGGTTTGTGTTGATTGTTTAGTG PSG7 AAACTCCCCCTCCTATATCTCAA 

PSG8 GTTTGGAGGGATTTTGTTTATATTT PSG8 ACCAAACACCCTATAACCTACCTAC 

PSG9 ATAGTTGGGGGTAGGTGGTTATATT PSG9 CTATTCTCTAAAACTTCCCAAACCA 

PSG11 ATGTGTTGAGATATTTAGGGGTTTG PSG11 TAAAACATCCCAAACCAAACTTAAC 

http://bisearch.enzim.hu/?run
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2.4.3. Amplicon optimization 

Since there is 93% sequence homology between PSG gene members, amplicons were 

optimised to ensure amplification was specific. Touchdown PCR was performed to increase 

the specificity of amplification (refer to Table 4) [79]. Unless stated otherwise, each reaction 

was in a volume of 10 µl containing: 5 µl of 2x KAPA HiFi mix, 0.5 µl forward primer, 0.5 µl 

of reverse primer, 3 µl of MQ H2O and 1 µl of bisulfite treated DNA. After the touchdown 

protocol, PCR products were run on 2% agarose gels against a 1 kb ladder. Each amplicon was 

checked for band size.  

 

Table 4. Touchdown PCR protocol. Steps 1-4 were repeated for 20 cycles with annealing temperature 

dropped by 0.5 °C per cycle to increase specific primer anneal.  

Phase 1 Step Temperature Time (min) 

1 Denature 95 °C 4 

2 Denature 98 °C .5 

3 Anneal 63°C (- 0.5°C each cycle) .5 

4 Elongate 72°C 1 

Repeat steps 2-4 (x20 cycles) 

Phase 2 Step Temperature Time 

5 Denature 94°C .5 

6 Anneal 50°C  .5 

7 Elongate 72°C 1  

Repeat steps 5-7 (x40 cycles) 

Termination Step Temperature Time 

8 Elongate 72°C 5 

9 Hold 4°C  forever 
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2.4.4 DNA library preparation 

Each PCR reaction was prepared in a volume of 10 µl (9 µl of master mix and 1 µl of bisulfite 

treated DNA). The PCR was run on a Touchdown protocol (Table 4). Products were visualised 

on 2% agarose gels against a 1 kb ladder.  

 

After the first round of PCR, genes that amplified without contamination were pooled 

according to samples. DNA was cleaned up using TruSeq DNA Nano beads (Illumina) and 

eluted in 40 µl of Milli-Q®. DNA concentrations were measured using Qubit™ 1X dsDNA HS 

Assay Kit and diluted down to 1 ng/µl of DNA. Unique Illumina indexes were added on to 

each primer in a second round of PCR (Table 5) consisting of: 5 µl of 2x KAPA HiFi mix, 0.5 

µl forward index, 0.5 µl of reverse index, 3 µl of MQ H2O and 2 µl of pooled DNA. Addition 

of unique indexes allow each sample to be identified after sequencing.  

Table 5. Second round PCR protocol 

Step Temperature Time 

1 95°C (initial denature) 2 mins 

2 95°C 20 sec 

3 58°C 20 sec 

4 72°C 20 sec 

Repeat step 2 to 4 for a total of 10 cycles 

5 72°C 40 sec 

6 4°C Hold 

 

 

After the second round of PCR, products were visualised on 2% agarose gels against a 1 kb 

ladder. PCR products are larger in size due to the addition of Illumina indexes. All samples 

were pooled and again cleaned-up with TruSeq DNA Nano beads (Illumina). DNA 

concentration was determined using Qubit™ 1X dsDNA HS Assay Kit and further diluted to 
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1 ng/µl of DNA. The pooled DNA was then ran on the bioanalyzer using High Sensitivity DNA 

Reagents (Agilent) prior to sequencing to check sample quality. Sequencing was performed on 

the iSeq 100 System and sample reads were pulled out using the unique Illumina indexes. 

 

2.4.5 DNA methylation analysis of PSG genes using TBS. 

TBS is a sensitive, low cost tool which allows quantification of DNA methylation within the 

amplicon [80]. In this study, TBS was performed on the iSeq platform. This sequencing 

platform offers a maximum of 150 base pair read lengths for each primer, meaning amplicons 

longer than 300 base pairs had their middle section not sequenced. The PSG6 amplicon was 

longer than 300 base pairs and had 41 base pairs missing from the sequence. This did not 

include an CpG sites. 

 

The analysis of TBS was performed by Dr Rob Weeks (Department of Pathology, University 

of Otago, Dunedin). The iSeq system output generated 2 fast.q folders with reads for the 

forward and reverse primers for each sample (62 files in total). To merge the forward and 

reverse primers two programs needed to be used. For PSG6 (amplicon greater than 300 bp), 

the script was able to ignore the middle sequence missing and join the two sequences together 

using fast.q-join script. For the rest of the amplicons, PEAR was used. PEAR is a pair-end read 

merger which merges the amplicons together. Once the two sequences were joined, the 

amplicons are split into individual files based on the first 10 base pairs in the forward primers, 

amplicons are then arranged into sample files based on their unique Illumina indexes.  

 

For each sample the minimum alignment scores were individually calculated, which removed 

2 million reads. Bio-analyser was used to align sequences to the reference amplicons. This 

produced DNA methylation out-put for each sample, producing heatmap images, ‘pearl-
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necklace’ images and large data text files. The data text file was then ordered into amplicon 

data files for easier analysis (.csv files). The average DNA methylation at each CpG site was 

determined. 

 

2.5 Statistical analysis 
 

For statistical analysis of both gene expression and DNA methylation a normality test was 

applied to understand the distribution of the data. An unpaired, nonparametric t-test was used 

to determine statistical significance (P<0.05) and all tests were carried out on Prism8, 

GraphPad. 
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CHAPTER 3 

 

3. PSG genes in pre-eclampsia 
 

The aim of this analysis was to address whether PSG4, PSG9 and PSG11 gene expression was 

reduced in the PE placenta compared to the control placenta, using NanoString. TBS was then 

used to quantify DNA methylation of the promoter region in each gene, to understand 

epigenetic regulation. 

 

3.1 Pre-eclampsia as a spectrum disorder. 
 

PE is a spectrum disorder, where pathology can range from mild GH, to severe PE in the mother 

[81]. It is still unknown whether GH and PE are distinct disorders or are different presentations 

of the same condition [82]. Therefore, PSG genes may be expressed differently in the PE 

placenta depending on the severity and pathology of the patients condition. To properly 

interrogate PSG4, PSG9 and PSG11 gene expression in the PE placenta, it needed to be 

addressed whether PE and GH placental tissue reflected the same expression patterns for the 

three genes interrogated. 

 

The pathological cohort included 16 PE samples and 9 GH samples, ranging in severity. A 

comparative analysis was performed on PSG4, PSG9 and PSG11 gene expression between 

samples with PE and GH. There were no significant differences in PSG4 (P=0.6), PSG9 

(P=0.6) or PSG11 (P=0.4) gene expression, regardless of the patients diagnosis (Figure 8). It 

was concluded that all pathological (PE and GH) tissues were to be grouped into the same 

cohort as there were no significant differences in expression patterns. This cohort of tissues 

will continue to be referred to as the PE cohort. 
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Figure 8. PSG gene expression in PE placenta and GH placenta. PSG4, PSG9 and PSG11 gene 

expression quantified using NanoString in the PE placenta (n =16) compared to the GH placenta (n=9). 

There was no significant differences in gene expression between the different disorders (P>0.05). Unpaired 

non-parametric t-test. ns = not significant. PE (pre-eclampsia). GH (gestational hypertension). 

 

 

3.2 PSG gene expression in the PE placenta. 
 

PSG gene expression in the PE placenta compared to the control placenta was not statistically 

significant (Figure 9). These findings suggest that PSG4 (P=0.65), PSG9 (P=0.86) and PSG11 

(P=0.82) were not significantly downregulation in the PE placenta.  

 

 

Figure 9. Mean (± SEM) PSG gene expression in the PE placenta compared to the control placenta. 

(A) PSG4, (B) PSG9 and (C) PSG11 gene expression was quantified using NanoString in the PE placenta 

(n = 25) and compared with the normal placenta (n = 20). An unpaired non-parametric t-test was used for 

statistical analysis. ns = not significant. 
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During analysis, it became clear that there were some Japanese PE and control placental 

samples which seemed to be biologically different. These tissues showed sample variability, 

with low gene expression. Since the PSG genes are one of the most highly expressed genes in 

placental tissue, such low counts were unexpected in the control cohort.  These samples were 

labelled as “samples of concern” and were further investigated. 

 

3.2.1 Sample quality 

 

The RNA extracted from placental tissue was highly degraded. Both the term and PE placental 

tissues had a low RNA quality number (RQN) from QC, with 1 representing extremely 

degraded RNA and 10 being a measure of high quality RNA. The majority of placental samples 

failed initial QC performed by OGF, represented by the majority of RQN’s at 1 (Table 6).  

 

Table 6. RQN’s for PE and control tissues. 

Placental samples RQN Placental samples RQN Placental samples RQN  

1197-JAP 1.5 1270-JAP 1 164-OTA 1 

1226-JAP 1.9 1287-JAP 1 526-OTA 1 

2092-JAP 1 1427-JAP 1 105-OTA 1 

883-JAP 1 205-JAP 1 423-OTA 1 

1960-JAP 1 558-JAP 1.3 424-OTA 1 

1905-JAP 1 1536-JAP 1.3 364-OTA 1 

512-JAP 1 1415-JAP 1.3 525-OTA 1 

1757-JAP 1 1422-JAP 2.2 59-OTA 1 

1824-JAP 1 8311 1 556-OTA 1 

1947-JAP 1 8399 1.1 109-OTA 1 

1995-JAP 1 159-OTA 1 32-OTA 1 

117-JAP 1 46-OTA 1 195-OTA 1 

1932-JAP 1 474-OTA 1 470-OTA 1.2 

38-JAP 1 134-OTA 1 140-OTA 1 

1449-JAP 1 1996-JAP 1 495-OTA 1 

 

Due to time restraints, RNA could not be re-extracted. However, NanoString is an ideal 

platform for degraded RNA so the experiment was followed through with regardless of the low 

RQN’s. All samples went on to pass subsequent experimental QC and therefore, low 
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expression should not be a result of experimental error or a lack of probe binding due to 

degraded RNA. 

 

3.2.2 Sample variation 

 

There was large variation in gene expression between placental samples (Figure 10). This 

spread of variation may be explained by some samples having low PSG gene expression, with 

raw gene counts of 1.  

 

Figure 10. PSG gene expression (log10) in the PE placenta compared to controls. Gene expression 

quantified on NanoString, horizontal bars show the mean for each cohort. 

 

The NanoString cartridge had other placental-specific genes in the codeset which were 

intended for a separate experiment. However, due to the variation of PSG gene expression 

detected between samples within each cohort (PE and control), the expression of all genes in 

the codeset was interrogated for these samples. It was discovered that there was consistent low 

expression across these samples (data not included). These samples stood out as biologically 

different across all genes on the NanoString run. A PCA plot using all genes from the 

NanoString codeset was generated by Dr Euan Rodger (Pathology Department, University of 

Otago, Dunedin). A PCA plot is used to understand the genetic distance and relatedness 

between samples (Figure 11). Samples which had consistently low expression clustered away 
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from the other samples (circled in red in Figure 11). The variation in gene expression could be 

a result of poor quality RNA, or may reflect the heterogenous nature of placental tissue. This 

will be discussed in further detail in Chapter 6.  

 

Figure 11. PCA plot of PE and control placental samples  

 

After much consideration, it was decided to display results with and without the “samples of 

concern”, rather than excluding them all together. There were a number of reasons why this 



 36 

was the case, which are discussed in Chapter 6.4. When the “samples of concern” were 

removed from analysis, there was still no significant difference in PSG4 (P=0.15), PSG9 

(P=0.25) and PSG11 (P=0.27) gene expression between the PE placenta and controls. 

However, a lower mean expression for each PSG gene was observed in the PE placenta 

compared to the normal placenta (Figure 12). 

 

 

Figure 12. PSG gene expression in the PE placenta compared to controls (samples of concern removed) 

(A) PSG4, (B) PSG9 and (C) PSG11 gene expression was quantified using NanoString in the PE placenta 

(n = 19) and compared to the control placenta (n = 14). An unpaired non-parametric t-test was used for 

statistical analysis. ns = not significant. 

 

 

3.3. Targeted bisulfite sequencing of PSG genes in the pre-eclamptic placenta. 

 
 

3.3.1 Optimization of primers for DNA methylation analysis. 

 

Due to high sequence homology, distinguishing between the different members of the PSG 

genes has consistently been a challenge in the literature. PSG genes are expressed differently 

throughout gestation and therefore need to be individually interrogated [10]. A requirement for 
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this study was to design amplicons that specifically targeted the individual PSG genes to 

understand how DNA methylation was regulating gene expression.  

 

To confirm that the designed DNA methylation primers were specific to each PSG gene, each 

amplicon was optimized using Touchdown PCR, which increased specificity and annealing 

temperature. Visualisation by gel electrophoresis revealed primer dimers present at <100 bps, 

which were washed away in subsequent sample bead clean-up. Figure 13 shows optimization 

of the iSeq amplicons which were designed for the promoter regions of PSG1-11 gene promoter 

regions. PCR products were specific for PSG1-8, which was determined by products being the 

correct base pairs (bp) in length compared to the 1 Kb ladder.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B.           

A.           

C.           

Figure 13. Optimization of PSG1-PSG11 promoter primers. Touchdown PCR performed on 3 samples 

of bisulfite treated DNA. Samples (1) HL60 bisulfite treated DNA (2) Bisulfite treated pooled DNA (3) Jurkat 

bisulfite treated DNA (-) Negative controls. (A) PSG1: 260 base pairs (bp), PSG2: 323 bp PSG3: 327 bp, 

PSG4: 263 bp, PSG5: 239 bp. (B) PSG6: 341 base pairs (bp), PSG7: 306 bp, PSG8 bp: 266. (C) PSG9: 228 

bp, PSG11: 399 bp. PCR size can be read from the 1 KB ladder. 
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In Figure 13C, PSG11 was excluded from further experiments as amplification failed in all 

three samples. Amplification of the PSG9 amplicon showed non-specific bands in the sample 

wells, however because there was a desired product in well three, the touchdown protocol was 

repeated for PSG9. This was performed on experimental samples and specific products were 

obtained for PSG9 (data not shown).  

 

Specific amplicons were designed for 9 out of 10 of the functional PSG genes promoter regions. 

However, only PSG1, PSG3, PSG4, PSG5, PSG6, PSG7 and PSG9 genes were used in the 

final TBS experiment. After contamination issues in PSG2 and PSG8, first round PCR 

experiments were unable to be repeated due to time restraints. These genes were excluded from 

subsequent analysis. 

 

3.3.2 DNA methylation of the PSG genes in the pre-eclamptic placenta 

 

In most cases, DNA methylation is associated with silencing gene expression. Following this 

dogma, increased gene expression would be expected to be associated with reduced DNA 

methylation at the core regulatory regions. Seven specific amplicons were designed for each 

PSG gene, which covered between 4-8 CpG sites (section 3.3.1). PSG4 and PSG9 had matching 

expression data, which was used to investigate whether DNA methylation showed an inverse 

relationship with expression for these genes. An amplicon was unable to be designed for 

PSG11 due to an amplification error. Consistent with no significant changes to PSG4 and PSG9 

gene expression in the PE placenta (Figure 9), there were no significant differences to DNA 

methylation at any of the CpG sites in the promoter regions for these two genes (P>0.05, Figure 

14).  
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Figure 14. Average DNA methylation of PSG genes in the PE placenta compared to the control 

placenta. TBS quantified DNA methylation at various CpG sites in the PE placenta (n=7) and the control 

placenta (n=7) in the promoter regions of (A) PSG4 and (B) PSG9. No significant difference in DNA 

methylation at any of the CpG sites. Unpaired, non-parametric t-test. Significance (P<0.05). Y axis 

represents the proportion of methylation at each CpG site (out of 1). 

 

Interestingly, in the control placentae, there were higher levels of DNA methylation at the 

PSG9 promoter region (average amplicon DNA methylation, 74%) compared to the promoter 

region of PSG4 (average amplicon DNA methylation, 43%). This inversely correlated with 

gene expression in the same samples, where PSG4 had significantly higher levels of gene 

expression than PSG9 (P=0.0008, Unpaired, non-parametric t-test).  

 

A low positive r value indicated there was no inverse correlation between gene expression and 

DNA methylation for PSG4 (r=0.2, r2=0.08) and PSG9 (r=0.03, r2=0.001). (Figure 15). 

Samples did not have a tight fit to the linear regression line. Low r2 values indicated a poor 

linear relationship between sample gene expression and the level of DNA methylation at the 

CpG sites interrogated.  
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Figure 15. Correlation between PSG gene expression and DNA methylation in PSG4 and PSG9 in the 

PE and control placentae. There is no inverse correlation between gene expression and DNA methylation. 

Control samples (n=6) and PE samples (n=7). Pearson correlation coefficient gives r value. 

 

The “samples of concern” made up 4 of the 7 samples which were used to quantify DNA 

methylation in both the PE and control cohorts. Low PSG gene expression in these samples 

may have downstream consequences for comparing gene expression data and DNA 

methylation. When the “samples of concern” were removed, there is still a lack of inverse 

correlation between PSG4 (r=0.08, r2=0.005) and PSG9 (r=0.2, r2=0.046) gene expression and 

DNA methylation (Figure 16).  These findings may reflect that the few CpG sites interrogated 

may not regulate expression.  

 

 

Figure 16. Correlation between PSG gene expression and DNA methylation for PSG4 and PSG9 in 

the PE and control placentae (samples of concern removed). There was no correlation between gene 

expression and DNA methylation. Control samples (n=4) and PE samples (n=4). Pearson correlation 

coefficient gives r value. 
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Due to COVID 19 time pressures, there was no matching gene expression data for PSG1, 

PSG3, PSG5, PSG6 and PSG7. Therefore, conclusions could not be made on whether DNA 

methylation was regulating expression of these genes. Similar to observations in PSG4 and 

PSG9, there were no significant changes in DNA methylation at any of the CpG sites 

interrogated in PE placentae compared to term (P>0.05, Figure 17). 

 

  
Figure 17. Average DNA methylation of the PSG genes in the PE placenta compared to the control 

placenta. Targeted deep bisulfite sequencing quantified DNA methylation in the PE placenta (n=7) and the 

control placenta (n=7) in the promoter regions of (A) PSG1 (B) PSG3 (C) PSG5 (D) PSG6 (E) PSG7. There 

was no significant difference in DNA methylation at any of the CpG sites. Unpaired, non-parametric t-test. 

Significance (P<0.05) 
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CHAPTER 4 

 

4. PSG gene expression and DNA methylation in the invasive period of first 

trimester  
 

First trimester is an invasive period of pregnancy required for correct placental development. 

Since the PSG genes are believed to have roles in invasion, it was hypothesised that they would 

be increased during the invasive period of first trimester compared to term. 

 

4.1 PSG gene expression in the first trimester placenta 
 

PSG gene expression in first trimester placentae obtained from Auckland and Otago were 

analysed to determine if there were gene expression difference between cohorts. There were 

no significant differences in gene expression between the first trimester placenta collected from 

Auckland and Otago (P>0.05, Figure 18). All first trimester samples were grouped into the 

same cohort for analysis.  

 

Figure 18. PSG gene expression in first trimester placenta tissues collected from Auckland and Otago. 

PSG4, PSG9 and PSG11 gene expression was quantified using NanoString in the Auckland first trimester 

samples (n =18) compared to the Otago first trimester samples (n=8). There were no significant differences 

in gene expression between the samples collected from different locations. Unpaired, non-parametric t-test 

was used. P>0.05. 

 

PSG gene expression was then compared in all first trimester placentae compared to term. In 

Figure 19, PSG9 (P<0.0001) and PSG11 (P=0.0034) were significantly upregulated in first 

AKL OTA

0

20000

40000

60000

80000

P
S

G
4
 g

en
e 

ex
p

re
ss

io
n

AKL OTA

0

5000

10000

15000

20000

P
S

G
9
 g

en
e 

ex
p

re
ss

io
n

AKL OTA

0

5000

10000

15000

20000

25000

P
S

G
11

 g
en

e 
ex

p
re

ss
io

n



 43 

trimester placentae compared to term. However, there was no significant increase in PSG4 

expression in first trimester (P=0.13). These results may provide insight into a potential role of 

PSG9 and PSG11 in first trimester placental development, which will be expanded on in 

Chapter 6. 

 

 

Figure 19. Mean (± SEM) gene expression of PSG genes in the first trimester placenta compared to 

term. Gene expression was quantified using NanoString in first trimester placentae (n = 24) and compared 

to term placentae (n = 20). (A) PSG4 saw no significant difference in gene expression (P=0.13) (B-C) PSG9 

(P<0.0001) and PSG11 (P=0.0034) expression was significantly increased in first trimester placentae 

compared to term. Unpaired, non-parametric t-test. ns = not significant. ****(P<0.0001). **(P<0.01).  

 

 

When the “samples of concern” in the term cohort were removed (section 3.2), PSG11 is no 

longer significantly upregulated in the first trimester placenta compared to term (P=0.14). 

PSG9 remained significant regardless of these samples being removed (Figure 20). 
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Figure 20. PSG gene expression in first trimester placentae compared to term (“samples of concern” 

removed). Gene expression was quantified using NanoString in the first trimester placenta (n = 24) and 

compared to the term placenta (“samples of concern” removed) (n = 14). (A & C) PSG4 and PSG11 were 

not significantly upregulated in the first trimester (B) PSG9 was significantly upregulated in first trimester 

placentae. An unpaired non-parametric t-test was used for statistical analysis. ***(P<0.001). ns = not 

significant. 

 

4.2 Targeted bisulfite sequencing in the first trimester placenta.  
 

DNA methylation was quantified in the promoter regions of seven PSG genes using TBS in 

the first trimester and term placenta. Amplicons were optimized to ensure specificity (section 

3.3.1). There was a lack of inverse correlation between expression and DNA methylation. 

There were no significant changes to PSG4 gene expression between the first trimester and 

term placentae, however, there was a significant increase in DNA methylation at 3 of the 4 

CpG sites in the first trimester placenta compared to term (Figure 21A). PSG9 had increased 

gene expression in the first trimester placenta which was associated with an increase in DNA 

methylation at CpG site 3 in the first trimester placenta, Figure 21B. The lack of inverse 

correlation may reflect that the CpG sites interrogated may not contribute to the transcriptional 

regulation of these two genes. 
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Figure 21. Average DNA methylation of the PSG genes in the first trimester placenta compared to the 

term placenta. TBS quantified DNA methylation at various CpG sites in the first trimester placenta (n=9) 

and the term placenta (n=7) in the promoter regions of (A) PSG4 and (B) PSG9. Significant increase in DNA 

methylation in the first trimester placenta at some CpG sites. Unpaired, non-parametric t-test. *(P<0.05), 

**(P<0.01), ***(P<0.001). 

 

There was a significant increase in PSG11 gene expression in the first trimester placenta 

compared to term placenta. However, an amplicon was unable to be designed to target DNA 

methylation in the promoter region of PSG11. 

 

In the first trimester placental samples there seemed to be a very weak inverse correlation 

between PSG gene expression and DNA methylation (Figure 22), depicted by a negative slope 

for PSG4 (r= -0.3, r2= 0.076) and PSG9 (r= -0.1, r2=0.013). However, these samples had low 

r2 values and do not have a tight fit to the linear regression line. Therefore, there was a poor 

linear relationship between sample gene expression and the level of DNA methylation at the 

CpG sites interrogated. This may reflect that the few CpG sites interrogated may not regulate 

expression. 
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Figure 22. Correlation between PSG gene expression and DNA methylation in first trimester 

placentae.  There was a very weak inverse correlation between PSG4 and PSG9 gene expression and DNA 

methylation. First trimester samples (n=9). Pearson correlation coefficient gives r value. 

 

Although there was no matching gene expression data, the DNA methylation profiles of PSG1, 

PSG3, PSG5, PSG6 and PSG7 were interrogated (Figure 23). Following the trend of PSG4 and 

PSG9, there was increased DNA methylation in the promoter region of the first trimester 

placenta at certain CpG sites in PSG3 (Figure 23B). There were no significant differences at 

any of the CpG sites of the PSG5 promoter (Figure 23C). However, PSG1, PSG6 and PSG7 

(Figure 23A, D-E) had significantly increased DNA methylation at certain CpG sites in the 

term placenta compared with the first trimester placenta. Although there is no gene expression 

data to compare with DNA methylation it would be interesting to obtain expression data for 

the rest of these genes and determine whether these sites are regulating expression. 
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Figure 23. Average DNA methylation of the PSG genes in the first trimester placenta compared to the 

term placenta. TBS quantified DNA methylation at various CpG sites in the first trimester placenta (n=9) 

and the term placenta (n=7) in the promoter regions of (A) PSG1 (B) PSG3 (C) PSG5 (D) PSG6 (E) PSG7. 

There were significant differences in DNA methylation at various CpG sites across the different PSG genes. 

Unpaired, non-parametric t-test. Significance (P<0.05). *(P<0.05), **(P<0.01). 

 

 

4.3 Dynamics of PSG genes during the first trimester 

 
The dynamics of PSG4, PSG9 and PSG11 gene expression was investigated during weeks 7-

12 of first trimester. In all three PSG genes it was observed that the mean expression increased, 

as first trimester progressed beyond 8 weeks of gestation. However, this was not statistically 

significant, where P>0.05.  (Figure 24).   
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Figure 24. Mean (± SEM) PSG gene expression as gestation progresses in first trimester. PSG4, PSG9 

and PSG11 Gene expression was quantified using NanoString in the first trimester placental cohort before 

(n = 14) and after (n=12) 8 weeks of gestation. Statistical analysis using a unpaired non-parametric t-test.  
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CHAPTER 5 
 

5. Additional evidence supporting a role for PSG genes in invasion 

To support the hypothesis that PSG genes facilitated an invasive phenotype, invasive 

melanoma cell lines and somatic tissue samples were included in all gene expression and DNA 

methylation experiments. These samples assisted in validating aberrant expression of PSG 

genes in invasive melanomas and provided further evidence of these gene’s role in invasion.  

 

 

5.1 Aberrant expression of PSG genes in invasive melanoma 

PSG4 (P=0.03) and PSG11 (P=0.0006) were significantly upregulated in melanoma compared 

to somatic tissues (Figure 25A, C). Although PSG9 was seen to have increased mean 

expression in melanoma cell lines compared to somatic tissues, this was not statistically 

significant (P=0.06) (Figure 25B).  

 

Figure 25. Mean (± SEM) raw gene expression of PSG genes in placental tissue compared to melanoma 

cell lines and somatic tissue. (A) PSG4, (B) PSG9 and (C) PSG11 gene expression was quantified using 

NanoString in invasive melanoma cell lines (n = 6) and somatic tissues (n=7). PSG9 had no significant 

difference in expression melanoma and somatic tissues. PSG4 and PSG11 were significantly upregulated in 

melanoma compared somatic tissues. A non-parametric, Kruskal-Wallis test was performed. Not significant 

(ns) *(P<0.05) ***(P<0.001). 
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PSG4, PSG9 and PSG11 expression was compared between five different groups which were 

considered to have different invasive potentials: first trimester placenta was considered to be 

the most invasive tissue, followed by the term placenta, PE placenta, invasive melanoma cell 

lines and finally, somatic tissues. This comparison was made in order to understand if there 

was an obvious correlation between the level of PSG gene expression and the invasive capacity 

of the tissues. This comparison excluded the “samples of concern” as some of these tissues 

expressed PSG gene counts similar to levels observed in somatic tissues. 

 

There was a staircase trend in all three genes, where PSG gene expression reduced as the 

invasive potential of the tissue reduced (Figure 26). This provides evidence that PSG genes 

may be upregulated for invasive phenotypes and why these genes were expressed by invasive 

melanomas. For PSG11 and PSG9, there were no significant differences between gene 

expression in the term placenta and melanoma (P=0.11 and P=0.08), whilst there being 

significant difference between term placenta and somatic tissues (P=0.0045 and P=0.015). This 

provides evidence that invasive melanoma cell lines were upregulating PSG11 and PSG9, and 

the melanoma transcriptome may be beginning to reflect the placenta. Upregulation of these 

two, placental-specific genes may facilitate tumour survival and is something that will be 

discussed further (section 6.2.1). 
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Figure 26. PSG gene expression (raw data) in cohorts with different levels of invasion. A) PSG4, (B) 

PSG9 and (C) PSG11 mean (± SEM) gene expression in the first trimester placenta (n=26), term placenta 

(n=14), PE placenta (n=19) invasive melanoma cell lines (n=6) and somatic tissues (n=7). Statistical analysis 

used a non-parametric, Kruskal-Wallis test. *(P<0.05), **(P<0.01).  
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5.2 PSG DNA methylation in invasive melanoma cell lines 
 

Somatic and melanoma samples did not match between the gene expression and DNA 

methylation analyses. Therefore, these could not be compared to understand gene regulation. 

In Figure 27A, the term placenta had significantly reduced DNA methylation (amplicon 

average) compared to invasive melanoma cell lines and somatic tissues for  PSG4 and PSG9 

genes. There were no significant differences in DNA methylation in the promoter region of 

these genes in melanoma cell lines compared to somatic tissues. 

 

Figure 27. Average DNA methylation of PSG genes in the placenta, melanoma cell lines and somatic 

tissues. Targeted deep bisulfite sequencing quantified DNA methylation at various CpG sites in the placenta 

(n=7), melanoma cell lines (n=5) and somatic tissues (n=3) in the promoter regions of (A) PSG and PSG9 

(B) PSG3. Statistical analysis used Kruskal-Wallis test. *(P<0.05), **(P<0.01), ***(P<0.001). 

 

 

Interestingly, the melanoma cell lines and placental tissue in PSG3 (Figure 27B) had reduced 

DNA methylation compared to somatic tissues (P=0.018). The few CpG sites interrogated in 

melanoma seemed to reflect the placenta on average compared to somatic tissues. This is 

interesting as melanoma cells are derived from somatic cells. The other 4 amplicons (PSG1, 

PSG5, PSG6, PSG7) saw no significant changes to DNA methylation in placental tissues, 

melanoma cell lines and somatic tissues (data not included).  
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CHAPTER 6 
 

6. Discussion 
 

The aim of this study was to compare PSG gene expression in the PE placenta compared to the 

normal placenta to determine whether reduced expression of these genes is implicated in the 

pathogenesis of PE. Further, PSG gene expression was quantified in the first trimester and 

compared to the term placenta to determine whether these genes have essential roles in early 

placentation and invasion. Finally, the DNA methylation profile was interrogated in the PSG 

genes promoter region to see if expression was epigenetically regulated. 

 

6.1 PSG gene expression in the PE placenta 
 

This study is believed to be the first to quantify PSG gene expression directly from PE placental 

tissue. It was observed that the mean expression of PSG4, PSG9 and PSG11 was reduced in 

the PE placenta compared to the controls. However, this was not statistically significant (Figure 

12). From these results, PSG genes were not significantly reduced in PE placental tissue and 

may not contribute to the pathogenesis of this pregnancy condition. Due to the role of PSG 

genes in placental function, previous studies quantified PSG levels in maternal serum. Results 

have been controversial; some studies found there to be no significant reduction in serum PSG 

levels from PE patients [51, 52], whereas other studies found that PSG levels were reduced in 

the second trimester serum of PE patients [20, 21]. These studies had the advantage of 

measuring proteins which allows interrogation of PSG genes in early stages of pathology. 

 

PE is only diagnosed after 20 weeks gestation (due to the presentation of clinical symptoms) 

but the pathology is established in the early stages of placental development. This is a limitation 

when working with PE placental tissue, as pathological tissues were only accessible from late 

second trimester through to term. Gene expression changes which manifest in early 
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placentation and contribute to the underlying pathology can not be directly quantified. This 

limits an understanding of early changes to gene expression in first trimester of pregnancy.  

 

Interestingly, studies that found reduced PSG serum levels in PE patients proposed that reduced 

PSG proteins may not be a consequence of reduced expression, but rather an issue stemming 

from placental dysfunction in PE. The PE placenta is known to have reduced trophoblast 

volume and impaired function [21]. Reduced PSG protein in maternal serum may be due to 

impaired secretion of PSG protein into the maternal blood from dysfunctional trophoblasts. 

Reduced PSG protein may be a consequence of PE, not a contributing factor to the development 

of the disorder. Trophoblast dysfunction could be an explanation as to why there were no 

changes to PSG gene expression in the PE placenta in this study. Further investigation is 

required and could involve quantifying PSGs in maternal serum from patients with matching 

placental samples. Correlations between PSG gene expression and protein levels in the 

maternal serum could be determined. However, because PSGs have essential roles in 

supporting pregnancy, reduced PSG protein could still be contributing to downstream 

complications and may still be a relevant biomarker for early detection of the disorder.  

 

Although PSG4, PSG9 and PSG11 genes were not significantly reduced in the PE placenta, 

the data requires further validation with higher quality RNA. The expression results determined 

in this study should be further validated using qPCR. This family of genes are complex and 

have critical roles in placental establishment, so further investigation is required to determine 

the consequences of aberrant expression of these placental-specific genes in placental 

pathology. 
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6.2 PSG gene expression in first trimester 
 

There was a significant increase in PSG9 and PSG11 expression in first trimester placentae 

compared to term placentae. This increase in expression was not seen for PSG4 (Figure 19). 

The literature has characterised PSG genes as having roles in successful pregnancies by 

facilitating immune tolerance, angiogenesis and trophoblast invasion. These are all necessary 

for initial placental development. Increased expression of PSG9 and PSG11 in first trimester 

may provide valuable insight into the essential role of these genes in early placentation. These 

findings contradicted pervious literature, where PSG genes were believed to increase as 

gestation progressed [55, 56].  

 

Previously, PSG9 has been implicated in interactions required for proper placentation. PSG9 

has immunoregulation roles to prevent fetal rejection in early pregnancy. PSG9 protein directly 

binds to TGF-β1 to increase Treg differentiation, which is required for maintenance of the fetal 

allograft [38]. Further, PSG9 is consistently reported to be upregulated in cancers. PSG9 is 

upregulated in some hepatocellular carcinomas (a cancer characterised by rich vascularisation) 

and was found to promote angiogenesis by stimulating an increase in VEGF. Numerous studies 

reported PSG9 to be expressed in colorectal cancer (CRC). PSG9 was found to promote 

angiogenesis, cellular proliferation and migration. CRC samples that upregulated PSG9 

expression were associated with poor prognosis and expression was believed to facilitate 

tumorigenesis and promote cancer survival. [28, 83, 84]. From these observation, it is plausible 

that PSG9 is upregulated in these cancer types to mimic haemochorial placentation for 

successful establishment within the body. These findings further highlight the role of PSG 

genes in tissue establishment.  
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Increased expression of PSG11 during the first trimester of pregnancy (Figure 19) may 

contribute to the fetal allograft by stimulating monocyte secretion of the ani-inflammatory 

cytokine IL-10 [39]. Supporting this, patients who experienced recurrent spontaneous abortion 

were found to have reduced endometrium expression of PSG11 during first trimester [85]. If 

PSG11 interacts with cells of the immune system to support fetal acceptance, reduced 

expression may contribute to loss of the fetal allograft and increase the risk of rejection. 

Interestingly, a GWAS study found PE patients to have an enriched copy number deletion in 

PSG11 [86].  

 

Although there was no statistical significance, the mean PSG gene expression in all three genes 

did increase after 8 weeks gestation (Figure 24). This increase in expression corelates with 

timing of the first round of endovascular trophoblast invasion, which occurs in weeks 8-10 of 

gestation and initiates remodelling of the maternal arteries [87]. The observed increase in 

expression may facilitate initial invasion into the maternal uterine wall.  

 

These studies support a functional role of PSG9 and PSG11 upregulation in first trimester. The 

early expression of these genes is likely to promote proper placentation and maintain the fetal 

allograft during invasion into the maternal arteries. Upregulation of these genes may set the 

foundations for successful pregnancy outcomes. Functional knock-out experiments will be 

required in the future to determine the role of these genes being upregulated in placental 

development. Despite these findings, it is important to highlight the potential limitation of 

working with first trimester tissue. Due to the late onset of placental disorders, there is no way 

of knowing if first trimester placental samples used in this study are from healthy pregnancies. 

It has been recognised that there is a chance these tissues would have gone on to develop PE 
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pathology.  However, it would be unlikely due to the small sample sizes and incidence of PE 

(presenting in only 2-8% of pregnancies worldwide). 

 

6.2.1 PSG genes and invasion 

 

The hypothesis of PSG genes being implicated in PE was originally made due to observations 

of these genes being upregulated in invasive melanoma. The ‘re-awakening’ of developmental 

genes is a common phenomenon in cancer which is believed to assist in tumoral survival [59]. 

In agreement with initial observations in the Macaulay lab, PSG4 and PSG11 genes were 

upregulated in invasive melanoma cell lines. These findings provide evidence that the 

melanoma transcriptome may be beginning to reflect the placenta. Interestingly, PSG9 was not 

significantly upregulated (P=0.06) in melanoma cell lines compared to somatic tissue, despite 

consistently being reported in the literature to be aberrantly expressed in cancers [28, 84]. 

 

The upregulation of PSG gene expression may facilitate tumorigenesis and have a similar 

function in cancer as they do in the placenta, to support survival and growth. This was further 

profiled by comparing PSG gene expression in tissues with different invasive potentials. As 

tissues became less invasive, the levels of PSG gene expression reduced (Figure 26). Although 

these are preliminary findings, the association of PSG genes with an invasive phenotype could 

be explored further in the future using functional assays. Beyond the scope of this study, PSG 

genes could be investigated as a therapeutic target in invasive cancers [88].  

 

However, PSG genes were not significantly downregulated in the PE placenta, a disorder 

characterised by a lack of invasion. This may suggest that these genes have other roles that 

support the invasive potential of placental and cancer cells, but do not directly upregulate this 

invasive phenotype. PSG genes are best known for their roles in inducing immune tolerance 
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[38]. Interaction with immune cells may support invasion and would be essential in preventing 

rejection of genetically distinct, invasive cells as they penetrate tissue barriers. 

 

6.3 Targeted bisulfite sequencing results (lack of correlation) 
 

TBS was performed to quantify DNA methylation and determine if there was an inverse 

correlation between PSG gene expression and DNA methylation. The design of specific 

primers for quantification of DNA methylation was novel (and an achievement in itself). 

Despite the high sequence homology, nine of the 10 PSG genes were successfully amplified 

on bisulfite converted DNA. However, only seven PSG amplicons were used in the final 

experiment. Optimization of these amplicons and subsequent sequencing data confirmed that 

each PSG gene member was specifically targeted. 

 

The DNA methylation data for PSG4, PSG9 and PSG11 did not inversely correlate with gene 

expression for any samples. There was a poor correlation between the levels of gene expression 

and amount of DNA methylation at the CpG sites interrogated (Figure 15). In the first trimester 

samples, there was a negative linear regression line (Figure 22) but again this was associated 

with extremely poor correlation in both PSG4 (r= -0.3, r2= 0.076) and PSG9 (r= -0.1, r2=0.013). 

 

The reasoning for a lack of correlation could be due to experimental design. The few CpG sites 

interrogated may not contribute to the promoter region of the PSG genes interrogated. 

Originally, the entire length of the promoter region was intended to be analysed by designing 

multiple amplicons within this region. This was to grasp an understanding of the epigenetic 

landscape and regulation of these genes. However, due to time restraints, gene expression and 

DNA methylation experiments were performed concurrently. Therefore, one amplicon was 

designed in the promoter region for each PSG gene. This was a limitation as relevant CpG sites 
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which regulate expression may have been excluded from analysis. Furthermore, the high 

sequence homology between members of the PSG genes restricted amplicon design to certain 

areas of the promoter regions. This was a limitation which prevented amplicon design closer 

to the transcriptional start site of each gene; excluding CpG sites which may be involved in 

gene regulation. However, it is important to acknowledge that DNA methylation is not the only 

regulator of gene expression. Other epigenetic modifications may be contributing to gene 

expression, which is something that should be considered in future work [89]. 

 

Interestingly, the PSG gene cluster is situated along chromosome 19 in a transposable element 

(TE) rich region. TEs are repetitive sequences which were once considered to be ‘junk’ DNA 

as they are silenced via DNA methylation to prevent deleterious transposition and genomic 

instability in somatic tissues [90]. There has been a growing appreciation for TEs in the literature 

and their functional role in gene regulation, especially in the placenta [60]. TEs are generally 

associated with high levels of DNA methylation in somatic tissues, whilst having low levels of 

DNA methylation in the placenta due to the global hypomethylation of this tissue [91]. 

Demethylation in the placenta co-opts certain TEs to be expressed, becoming novel regulatory 

elements for placental-specific gene expression. This specific expression is believed to assist in 

essential placental function. There is a growing list of genes that are exclusively expressed in the 

placenta and are regulated by TE-derived promoters [92-95]. These TE-derived genes are not 

expressed in somatic tissues.  

 

It would be interesting to interrogate the DNA methylation profile of the TEs that surround the 

PSG genes. This may provide an alternate mechanism of regulation for this family of genes and 

may explain why they are exclusively expressed in gestation. This theory may also provide insight 

into how cancer upregulates placental-specific genes to facilitate establishment. Cancer’s 

epigenetic landscape is considered similar to the placenta due to its global hypomethylation [67]. 



 60 

Reduced DNA methylation at the TE sequences in the PSG genes may allow aberrant expression 

in malignant tissues, which is not seen in somatic tissues [96]. Further research is needed to 

understand the epigenetic regulation of the TE-derived PSG genes and if these repetitive elements 

have regulatory significance, similar to what is seen in other placental-specific genes. 

 

6.4 The limitations of variable gene expression  
 

A limitation of this study was the large variability in gene expression between different 

placental samples within the same cohort (Figure 10). PSG genes are secreted by the placenta, 

becoming the most abundant placental proteins in maternal serum to support a pregnancy [32]. 

It was unexpected to see a number of placental samples have low PSG gene expression, similar 

to what was seen in somatic tissues. The placenta is a RNase-rich tissue, making it difficult to 

extract good quality RNA from [97]. Although no samples failed experimental QC and had no 

probe binding errors, low RQN scores for placental samples cannot be ignored. These scores 

indicated highly degraded RNA. This low quality RNA may have been a reason why some of 

these samples, including controls, had low expression of PSG genes.  

 

The samples with low gene expression were all collected from Japan. None of the Otago 

placental tissues had extremely low expression. There were two considerations that needed to 

be addressed: 

1. It was suggested that the all samples collected from Tokyo, Japan were removed from 

analysis. This option was ruled out as this would have excluded multiple PE and control 

samples which didn’t have low gene expression. Further, this would have drastically 

reduced sample numbers, reducing the power of this study and any significant findings. 

Further, it was not appropriate to group samples into cohorts based of geographical 
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location collected as this study did not aim to detect cohort-specific differences, rather 

it aimed to find consistent differences in PSG expression of PE.  

 

2. Removing the “sample of concern” was considered as these samples had low expression 

across all genes on the NanoString codeset. From the clinical data, there were no 

obvious reasons for certain samples to have extremely low expression in the control 

cohorts. The expression quantified may just reflect the biology of these samples. Within 

the PE cohort, the five consistently low expressing samples were all from patients who 

were diagnosed with severe PE (Table 1; JAP1197, JAP883, JAP512, JAP1824, 

JAP1449). Low expression may be biologically relevant and due to PE pathology. 

Therefore, there was no justification to exclude samples from either cohort.  

 

It was decided that displaying the results with the “samples of concern” included and then 

excluded was the transparent way to address the data. The reasons for the large variations in 

gene expression were important to explore, instead of simply removing the samples from the 

analysis. 

 

All the “samples of concern” were from tissues preserved in optimal cutting temperature (OCT) 

compound blocks, including all samples which had consistently low expression. Embedding 

tissues in OCT is common practice for good morphological preservation of tissues [98]. 

However, studies have found OCT can interfere with downstream molecular analysis and have 

strongly advised not to use for storage of tissue [99, 100]. NanoString is a fairly new technology 

and there is no literature on how OCT could interfere with the assay. When placental tissue 

was dissected for RNA extraction, it is possible small amounts of OCT residue remained on 
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the sample. This is something to consider, as it may have interfered with the assay and caused 

unexpected low expression in placental samples.  

 

The low PSG gene expression (Figure 10) in some of the placental samples may reflect the 

heterogeneous nature of the placenta. One of the widely recognised and challenging aspects of 

working with placental tissue is that the placenta is made up of a variety of different cell types, 

ranging from specialised trophoblast cells, to mesenchymal and immune cells [87]. This makes 

it difficult to perform molecular and transcriptional studies in the placenta as one does not 

know the mixture of cell types that RNA is being extracted from (cell populations can vary 

between sampling sites of the placenta) [101].  

 

The Japanese placental samples were collected by taking a cross-section from the PE and 

control placental tissues. This cross section included the width of the placenta, spanning from 

the maternal side to the fetal side. These placental samples would include a variety of cellular 

subtypes. When dissecting these samples, there is no way to tell which cell populations are 

being included in the 0.1 g of tissue. Within these samples there are cells from both maternal 

and fetal origin. If RNA was extracted from the maternal side of the samples, PSG genes may 

not be expressed at high levels. A recent study found that PSG genes are most highly expressed 

within the syncytiotrophoblast cells (STBs), and have very low, if any expression in the other 

cellular subtypes, such as cytotrophoblast cells (CTBs) [102]. Therefore, when placental tissue 

was dissected for RNA extractions, there would be no way of knowing what placental cell 

populations are represented in the RNA.  

 

When working with placental tissue, it may be worthwhile to use tissue markers of placental 

cell subtypes to understand the placental populations represented. As undifferentiated placental 
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cells differentiate into specialised structures for placental function, they express certain 

markers and downregulate others. Loss and gain of these specific markers throughout 

differentiation can be exploited to distinguish between the different cell types of the placenta 

[103]. An example of these markers is PLAC8 which is confined to the extra-villous 

cytotrophoblasts (EVTs) and is required for differentiation of CTBs into EVTs. PLAC8 as a 

marker allows EVTs to be distinguished from CTBs [104]. Such markers would assist in 

understanding what cell populations make up the tissues being analysed. Further, amplicons 

for these trophoblast markers could be designed and qPCR performed on excess RNA used in 

the earlier NanoString run. This would determine what cell types contributed to the gene 

expression data generated in this study. PLAC8 could indicate if invasive cell types were 

included in the RNA samples and would be interesting to see if cell populations differed 

between samples, contributing to the large sample variability in PSG gene expression. It would 

be important to perform this in the “samples of concern” RNA.  

 

With advancement of single-cell technology, a popular method when working with placental 

tissue is using single-cell RNA-seq experiments to determine the cell subtypes being used in 

molecular analysis. Such experiments have shown the extreme diversity in placental cell types, 

which may account for the huge expression variation seen between samples [102, 105, 106]. 

Single-cell technology is something that could be considered going forward with placental 

research. 

 

Future directions of this study 
 

Due to the COVID-19 pandemic there were time restrictions which limited the scope of this 

study. There are a few future steps that should be taken to fully address the aims of this study. 

Firstly, for all future experiments the RNA quality from placental tissue should be improved. 
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This study used a normal RNA extraction kit. Optimization of this protocol should be 

considered going forward to ensure higher quality RNA. Secondly, all PSG gene family 

members are believed to be critical in placental function during pregnancy. In this study, only 

PSG4, PSG9 and PSG11 were interrogated. The probes for these genes were confirmed to not 

cross-hybridise with other members of the PSG gene family. These specific genes were not 

selected over other members of the PSG gene family for functional reasons. In the future it 

may be worthwhile to quantify the expression of the other seven PSG genes in the PE placenta. 

Aberrant expression of any of the PSG genes could contribute to the pathogenesis of PE, and 

may even be a useful biomarker, so need to be further investigated. 

 

The DNA methylation quantified in this study did not seem to inversely correlate with PSG 

gene expression. This is likely because only a few CpG sites were interrogated for each gene. 

A future step to understand the epigenetic regulation of the PSG genes would be to design 

multiple amplicons within the promoter and downstream of the first exon for those PSG genes 

that are differentially expressed in PE. This would provide more CpG sites to interrogate and 

give a better understanding of the regulatory region for each gene. Gene-specific amplicons for 

the four TE regions of the PSG genes have been designed for future investigation using TBS. 

These amplicons have been optimized in first round PCR and shown to be specific for the 

sequence of interest. These amplicons would provide insight into the potential epigenetic 

regulation of these repetitive sequences, which may be associated with the expression of these 

placental-specific genes.  

 

Finally, PSG genes are believed to have a roles in facilitating invasion. The data generated in 

this study is preliminary. To investigate the trend of PSG gene expression in invasive tissues, 

future experiments could look to use functional assays. To decipher the role of PSG genes in 
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invasion, commercialised siRNA could knock-down PSG genes in invasive-melanoma cancer 

cell lines. Invasion assays could subsequently be performed to see if the loss of PSG gene 

expression reduces the invasive capacity of these cells in Matrigel. 

 

Conclusion  
 

PE pathogenesis is still not fully understood which makes early prediction and prevention of 

PE difficult. This was a preliminary study to investigate whether aberrant PSG genes 

expression is a feature of PE. PSG gene expression was not significantly reduced in the PE 

placenta compared to the control placenta. Therefore, the three PSG genes investigated may 

not play a role in the development of PE and may not be the cause of reduced placental cell 

invasion. Future work could include looking for changes to gene expression in the other PSG 

genes, or changes in the PSG protein levels in maternal serum from women with PE. 

 

However, PSG genes were upregulated in the first trimester placenta which suggests they play 

an important role in early stages of placentation. A successful pregnancy is dependent on 

proper placental establishment in the early stages of gestation, which sets the stage for a 

successful pregnancy outcome. The findings from this study support that PSG genes may have 

a role in correct placental establishment. Highly invasive tissues, such as first trimester 

placentae and invasive melanomas tended to express high levels of PSG genes. These 

preliminary findings suggest a role of PSG genes in invasive phenotypes.  

 

In summary, the results from this study set the foundation for further investigations into the 

vital role of PSG genes in successfully pregnancy outcomes, as well as the potential role of 

PSG genes in pregnancy pathologies and even cancer. 
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