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Abstract 

 

Genomic imprinting is the parent -of-origin monoallelic expression of genes. It is an 

epigenetic process in which chromosomal regions from both parents become differentially 

marked, primarily by DNA methylation. Several research groups, including ours, have  

previously found that the human placenta contains many unique differentially methylated 

regions (DMRs) that are not present in other somatic tissues. A more extensive 

characterisation of these placenta-specific DMRs revealed that they are derived from 

human oocytes and are maintained throughout pre-implantation development. I refer to 

these regions as placenta-specific maternal DMRs (mDMRs). Many of these placenta-

specific mDMRs were identified by screening whole-genome bisulphite sequencing 

(WGBS) datasets from human gametes, blastocysts, and somatic tissues, including the 

term placenta. Curiously, some mDMRs were found to be highly polymorphic in the 

human population, and only some regulate monoallelic expression. The role of these 

placenta-specific mDMRs during development remains unclear, and many of the 

previously identified regions have yet to be fully characterised. 

 

In addition, several groups have identified a novel form of imprinting, initially mediated 

by histone post-translational modifications (PTMs) in rodent pre -implantation embryos. 

These histone PTMs are later replaced by secondary differentially methylated regions  

(sDMRs), often at endogenous retroviral elements (ERVs) in rodent extra-embryonic 

tissues. This type of imprinting is referred to as non-canonical imprinting. Non -canonical 

imprinting has been shown to be critical for imprinted X chromosome inactiva tion  (XCI)  

in rodent embryos and plays an important role in normal placental development. A few 

studies have attempted to investigate whether non-canonical imprinting is conserved in 

human embryos, but the findings have been inconsistent. Their status in the human 

placenta remains uninvestigated. 

 

During my PhD, I revisited placenta -specific mDMRs discovered by our group and others, 

which led to the identification of two promising placenta -specific mDMRs located at the 

CpG island promoters of G0/G1 Switch Regulatory Protein 2 (G0S2) and 

Phosphoinositide-3-Kinase Regulatory Subunit 1 (PIK3R1) isoform 3. I applied various 

molecular biology techniques, including methylation -sensitive genotyping, bisulphite 

PCR, and allelic RT-PCR, followed by Sanger sequencing, in a large placental cohort to 

characterise their allelic usage. I demonstrated that the placenta-specific mDMRs of G0S2 

and PIK3R1 isoform 3 are highly polymorphic, exhibiting maternal allele -specific 

methylation and monoallelic expression. Bisulphite -converted DNA from placental 

trophoblast and stromal cells, isolated using magnetic cell separation, revealed cell type-
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specific imprinting of these two genes. 

 

Additionally, I applied the same techniques to investigate non -canonical imprinted genes, 

primarily on the human term placenta and human pre -implantation embryos. I screened 

human orthologs of mouse and rat non-canonical imprinted genes, non-canonical 

impr inted genes previously reported in human embryos, genes with primate-specific ERV 

long terminal repeat (LTR)  elements, and genes harbouring potential placental sDMRs. 

The results provided no evidence of non-canonical imprinting in the human placenta. 

However, further research is needed to investigate non-canonical imprints in human pre -

implantation embryos. During this screen, I also demonstrated that XIST ncRNA, which is 

required for XCI in females, is not imprinted in human placental samples. Additionally, I 

identified several novel placenta-specific mDMRs that may regulate placenta-specific 

imprinting in the human placenta.  
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Chapter 1:  Introduction  
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Epigenetic modifications such as DNA methylation and histone modifications play a key 

role in regulating gene expression, lineage commitment, cellular differentiation and 

maintenance of genome stability (1,2). These epigenetic marks are modifications of DNA 

molecules and associated proteins that do not alter the nucleotide sequence (3). Recent 

advances in single-cell sequencing technologies provided new insights into the 

human epigenetic landscape, which is highly dynamic and undergoes dramatic changes 

during gametogenesis and early embryogenesis (4). 

 

Following fertili sation, the sperm nucleus is rapidly decondensed, and all protamines are 

replaced with canonical histone variants derived from the oocyte (5,6). Within a few hours 

of fertili sation, both maternal and paternal pronuclei fuse and form a diploid zygote 

through a process known as syngamy (7). Around this time, parental genomes present 

distinct epigenetic landscapes with global DNA methylation levels slightly higher in sperm 

than in the oocyte. These differences become largely equalised during epigenetic 

reprogramming, ensuring a totipotent state crucial for embryo development (4,8,9)  

(Figure 1.1). Concomitantly, maternal transcripts accumulated during oogenesis are 

gradually depleted, which stimulates transcription from the embryonic genome in a 

process known as embryonic genome activation (EGA), detectable at the 4- to 8-cell stage 

in human embr yos (10ï12). All these processes define the maternal-to-zygote transition 

(MZT) (12).  
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Figure 1.1. Changes in global DNA methylation levels throughout the lifecycle of imprinted 

genes. 

Following fertilisation, the maternal genome (red line) undergoes passive demethylation, while the 

paternal genome (blue line) is actively demethylated by the Ten-Eleven-Translocation 3 (TET3) 

enzyme, resulting in the lowest DNA methylation levels at the blastocyst stage. After implantation, 

de novo methylation is established by DNA methyltransferases (DNMTs), and the genome of the 

post-implantation embryo becomes gradually hypermethylated (black line). However, imprinted 

regions (dashed green line) are protected from demethylation by the ZFP57/ZNF445-DNMT1 

complex and such regions maintain approximately 50% methylation throughout the organism's life. 

Primordial germ cells (PGCs) of the post-implantation embryo undergo genome-wide epigenetic 

reprogramming driven by passive and active demethylation mediated by TET1 and TET2 (black 

line). Parent-specific imprints experience slower reprogramming (dashed black line). In males, new 

methylation patterns at germline differentially methylated regions (gDMR) or paternal imprinting 

control regions (ICRs) (paternal ICRs, dashed blue line; whole genome, blue line) are established 

earlier, while female-specific methylation at gDMRs/ICRs (maternal ICRs, dashed red line; whole 

genome, red line) is fully deposited by the time oocytes reach metaphase II (MII) . These parent-

specific methylation marks are established by de novo DNMTs. Light blue circle ï paternal 

pronucleus, red circle ï maternal pronucleus, orange circle ï embryonic nucleus. 

 

 

 

Immediately prior to embryo implantation (early blastocyst stage), the parental genomes 

reach their lowest DNA methylation levels (Figure 1 ) (4,8,9) . This is followed by 

progressive global remethylation observed in post-implantation embryos,  leading to a 
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gradual loss of cellular potency as the embryo has undergone committed differentiation, 

resulting in the formation of the epiblast (Epi), primitive endoderm (P rE) and 

trophectoderm (TE)  (13,14). The Epi will give rise to the embryo proper, while the PrE and 

TE will contribute to extra -embryonic tissues, including the placenta. Once cell-type-

specific epigenetic marks are established, they are steadily maintained throughout the life 

course of an adult, with some variation observed during human ageing (15). The exception 

to this is primordial germ cells (PGCs) located in the gonadal ridges of the developing 

embryo (16). These cells must undergo genome-wide epigenetic reprogramming so that 

new sex-speciýc epigenetic marks can be established in the developing oocyte and sperm, 

which will be passed on to the succeeding generation (Figure 1 ) (7,17). 

 

In nature, nearly all sexually reproducing diploid organisms, including humans, inherit 

two alleles of a gene, one from each parent, and demonstrate biallelic expression. Genomic 

imprinting is an epigenetic phenomenon that results in a subset of genes being 

monoallelically expressed based on their parent-of-origin. Therefore, these genes bypass 

classical Mendelian inheritance laws (7,17,18). Imprinted genes usually exist in clusters, 

known as imprinting domains, which are regulated by imprinting control regions (ICRs),  

i.e., genomic regions, which demonstrate allele-specific DNA methylation derived from 

either maternal or paternal chromosomes. These differentially methylated regions 

(DMRs), found at ICRs, are acquired during gametogenesis. ICRs coordinate the 

expression of proximal genes in a way that one allele will be expressed while the other 

allele will be permanently  silenced or imprinte d. Genomic imprints  are not affected by the 

epigenetic reprogramming event during pre -implantation development and are 

maintained throughout an organism's lifespan, but they are erased in PGCs to set new sex-

specific imprints ( Figure 1 ). Thus, genomic imprints are representative examples of 

intergenerational epigenetic inheritance (19). 

 

Recent studies have shown that some genes may demonstrate transient imprinting, which 

exists temporarily until the blastocyst implantation in human embryos (20ï23). These 

genes are enriched with maternal germline differentially methylated regions ( gDMRs) 

inherited from the oocyte and act as ICRs that coordinate paternal allele-biased 

expression. Such transiently imprinted regions survive pre -implantation reprogramming 

but are mainly lost in the post -implantation embryo by gaining or losing DNA methylation  

on one of the parental alleles. Several studies have reported that some of these transiently 

imprinted genes maintain their imprinting marks in the human placenta (20ï22). 

Moreover, it was recently noticed that histone modifications, such as histone 3 lysine 27 

trimethylation (H3K27me3), could mediate imprinted monoallelic expression in mouse 

morulae (24ï26). These 'non-canonical' imprinting marks are deposited in oocytes and 

persist after fertili sation, resulting in paternal expression. However, these marks are 
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restricted to pre -implantation stages. Interestingly, it was found that a few genes maintain 

paternal-specific expression in extra-embryonic lineages. Additionally, there is some 

promising evidence that this DNA methylation -independent imprinting mechanism  may 

exist in human embryos (27). To date, it remains unclear how many transiently imprinted 

genes and other monoallelically expressed transcripts exist in human embryos. Also, it is 

currently unknown whether transient imprinting influences the  early embryonic 

transcriptome  and affects lifelong genome regulation. In this literature review, I will 

describe the major types of epigenetic modifications, and then I will overview the initial 

events during human pre-implantation development , followed by the lifecycle of canonical 

imprinted genes. Finally, I will discuss some of the more recent discoveries in the field of 

genomic imprinting.  

 

 

 

1.1. Epigenetic modifications  

 

1.1.1. 5-methylcytosine (5mC) 

 

DNA methylation is a stable chemical modification of the DNA nucleotide sequence, which 

is important for many processes within mammalian cells (28,29) . It is vital for the 

regulation of gene expression and, therefore, for cell lineage specification, X chromosome 

dosage compensation, and the repression of retroviral elements, and plays a central role in 

genomic imprinting (1,2,30). A methyl group is attached to the 5-carbon atom of the 

cytosine ring, forming 5 -methylcytosine (5mC). The methylation reaction is carried out by 

a family of enzymes known as DNA methyltransferases (DNMTs), which use the universal 

methyl donor, S-Adenosylmethionine  (SAM), to transfer the methyl group to DNA (31).  

 

These 5mCs are mainly located upstream of guanine nucleotides and are referred to as 

CpG sites (CG). CpG sites are frequently clustered in the human genome and form so-

called CpG islands, which are rich in C and G nucleotides (GC content Ó 50 %) and are 

typically 200 to 500 bp in length. Other genomic regions, more distant from CpG islands, 

can also be methylated. Such regions include CpG island shores within 2 kb upstream and 

downstream of islands (referred to as CpG island north shore and CpG island south 

shore), CpG island shelves within 2-4 kb upstream and downstream of islands (termed as 

CpG island north shelf and CpG island south shelf), and finally the sea (regions with low-

density CpG sites in the genome) (32ï34).  

 

It is estimated that there are over 28 million CpG sites, which constitute approximately 1% 
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of the human genome (35ï37). The majority of CpG islands are located near or within 

gene promoters or other regulatory elements and are predominantly in the 

hypomethylated state. Some CpG dinucleotides are found within gene bodies (intragenic) 

and intergenic regions but at lower densities and are typically hypermethylated. These 

differences in the CpG dinucleotide distribution across the mammalian genome can be 

explained by the higher mutation burden observed at methylated CpGs, as 5mC is prone to 

spontaneous deamination, resulting in a cytosine-to-thymine substitution (CG to TG 

transition) (38ï40). For instance, intragenic CpG islands, compared to CpG sites in other 

genomic regions, are more rapidly depleted in the human genome due to the spontaneous 

deamination of 5mC (36,40). Consequently, hypermethylated CpG sites may be gradually 

lost from intergenic and intragenic regions over evolutionary time in the human genome, 

while highly populated and unmethylated regions, such as CpG island promoters, are 

preserved. Moreover, it is suggested that around 75% of mammalian CpG dinucleotides 

are methylated (41). The highest global methylation levels have been reported in naµve T 

cells and neurons in the adult human cortex, with more than 85% methylation at CpG 

sites, whereas bladder smooth muscle and heart fibroblast cells are among the most 

hypomethylated somatic cell types, with less than 60% methylation (42). 

Hypermethylated regions are enriched in satellite DNAs, repetitive elements (centromeric, 

pericentromeric (43) and sub-telomeric repeats (41,44), transposable elements (45,46)), 

non-repetitive intergenic DNA, and gene bodies to ensure genome integrity (41). As noted 

earlier, CpG islands at gene promoters are typically depleted of DNA methylation. 

Methylation at such CpG islands was found to show a negative correlation with gene 

transcription (47,48). Therefore, 5mC is generally considered to be a repressive mark, 

especially when methylated CpG sites are abundant in heterochromatic regions (49). 

 

It is still not fully understood how DNA methylation represses gene transcription, but 

several mechanisms have been proposed to explain how this DNA modification can 

directly or indirectly inhibit gene expression. Firstly, some transcription factors (TFs) are 

sensitive to methylated CpG sites within their binding motifs and, therefore, unable to 

bind to methylated DNA. A recent study conducted by Yin et al. (2017) investigated the 

binding of 542 human TFs to either methylated or unmethylated DNA. Authors reported 

that the binding of 117 (23%) TFs, including bHLH-, bZIP- and ETS- families of TFs, was 

reduced by the presence of 5mC within their binding motifs (50). Conversely, the other 

175 (34%) TFs, including multiple homeodomain TFs, such as OCT4, HOXB13, HOXC11 or 

CDX1, showed a preference for 5mC-containing binding motifs, possibly due to 

hydrophobic interactions formed between 5mC and amino acids of TFs. Secondly, 

DNMTs, which establish and maintain DNA methylation in mammals (discussed in more 

detail in the following Section 1.1.2), can interact with repressive chromatin remodelers 

such as lymphocyte-specific helicase (LSH (51)), as well as other epigenetic modifiers, 
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including histone 3 lysine 9 (H3K9) methyltransferases and histone deacetylases, all of 

which are involved in heterochromatin formation (52ï54). Finally, proteins containing 

methyl-CpG-binding domains (MBD), such as MBD1, MBD2, MBD4 and methyl-CpG-

binding protein 2 (MeCP2) (55ï57), as well as zinc finger proteins (ZNFs) (58), recognise 

methylated DNA regions and can recruit nucleosome remodelers (59), histone 

deacetylases (59,60), or H3K9 methyltransferases (53) that promote chromatin 

condensation and inhibit gene expression (61,62).  

 

 

 

1.1.2. DNA methyltransferases (DNMTs)  

 

As mentioned previously, DNMTs establish and maintain DNA methylation marks. There 

are four major DNMTs in humans: DNMT3A, DNMT3B, DNMT3L and DNMT1. New 

DNA methylation marks are established by the de novo DNMT3A and DNMT3B in 

embryos and germ cells (63,64) . A third family member - DNMT3L, is also important for 

de novo methylation (46,65). DNMT3L lacks the N-terminal catalytic domain and, 

therefore, has no enzymatic function, but it acts as a co-factor and works in combination 

with DNMT3A and DNMT3B. In mice, DNMT3A and DNMT3L are primarily present in 

oocytes and early embryos. These two DNMTs are responsible for the establishment of 

imprints in female and male germ cells. Similarly, the enzymatic function of DNMT3B 

becomes more important during later stages of development. In humans, it has been 

suggested that DNMT3B, rather than DNMT3A, p lays a more important role during global 

DNA remethylation in the early blastocysts (66). Also, the DNMT3L transcripts were not 

detected in human oocytes, indicating species-specific differences, but data generated by 

Monk lab reveals a sharp increase in expression from the morula stage, suggesting 

DNMT3L may have acquired a role in de novo methylation post -implantation (66ï68). 

DNMT1 is the maintenance DNMT, whose primary role is to establish DNA methylation 

marks on hemimethylated DNA immediately after replication (69,70) . It is recruited by 

the ubiquitin -like plant homeodomain and RING ýnger domain 1 (UHRF1) protein to 

replication sites to establish a normal level of methylation on a newly synthesised DNA 

strand. DNMT1 is initially detected in the nu cleus of germinal vesicles (GV), but later, it is 

removed from the nucleus to the cytoplasm, where it remains throughout pre -

implantation development (66ï68,71). Several studies have demonstrated that mouse 

mutants carrying mutations in any of these DNMTs die at early stages of pregnancy, 

illustrating the importance of these enzymes for development (46,64,65,72).  

 

 

 



8 

 

1.1.3. DNA demethylation 

 

DNA methylation marks can also be removed from the DNA strand. This process is 

essential for genome-wide epigenetic reprogramming events (7,17). DNA can be 

demethylated in two ways: passive and active demethylation. During passive 

demethylation, de novo methylation marks are not established on a newly synthesised 

DNA strand, resulting in replication -coupled dilution of DNA methylation. The active 

demethylation process is carried out by a family of enzymes known as Ten-Eleven-

Translocation (TET) proteins,  which include TET1, TET2 and TET3 (73,74). 5mC is 

oxidized by TET proteins, leading to the formation of 5 -hydroxymethylcytosine (5hmC) 

(75), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) intermediates. Such 

intermediates then can be removed either passively, by replication-dependent 

demethylation, or actively, by thymine DNA glycosylase (TDG) via base excision repair 

(BER) (74). It has been proposed that these 5mC intermediates may possess a regulatory 

function. For instance, a higher accumulation of 5hmC was discovered in neuronal tissues 

and embryonic stem cells (ESCs) (76,77). In ESCs, this mark is enriched in active distal 

regulatory regions, particularly enhancers (52), whereas in nervous tissue, it is located 

within neuron -specific gene bodies (78). Similarly, in mouse embryonic stem cells 

(mESCs), 5fC and 5caC densities were shown to be the highest at poised enhancers 

(74,79,80). Also, a positive correlation was identified between the binding frequency of 

transcriptional coactivator p300 and the density of 5fC and 5caC marks (79). These 

findings indicate that 5mC intermediates may play an active role in the demethylation 

process by recruiting TFs and other proteins that can interact with p300, and thus, these 

marks may indirectly initiate transcription.  

 

 

 

1.1.4. Non-CG methylation 

 

For a long time, it was assumed that cytosine is the only nucleotide that can be modified 

with a methyl group. Recently, it has been shown that the N-6 position of adenine can also 

be methylated and is referred to as N6-methyladenine (6mA) (81). The role of 6mA 

modification in the mammalian genome is currently unclear, but it has been shown to be 

abundant in the human genome. One study detected 881,240 6mA sites, accounting for 

0.051% of total adenines, with levels ranging from 0.023% to 0.064% across all human 

chromosomes and the highest level observed in the mitochondrial genome (0.184%) (82) . 

However, this mark was found to be more prevalent in other kingdoms, including fungi 

(budding yeast- Saccharomyces cerevisiae) and plants (Arabidopsis thaliana ) (83,84) . In 
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one study, mESCs were used to investigate the function of 6mA (85). The authors 

provided some evidence that 6mA is enriched at the 5Ź UTR and ORF1 regions of young 

(<1.5 million years old) but not old (>6 million years old) long interspersed nuclear 

element 1 (LINE -1) transposons located on the X chromosome. Additionally, a negative 

correlation was detected between the expression of genes near young L1 elements and 

6mA deposition . Thus suggesting that 6mA plays a protective role against young 

retrotransposons. In contrast, other study used HuaXia1 (HX1) human blood cells and 

found that 6mA is abundant around exonic regions and is positively correlated with gene 

expression. The authors concluded that 6mA is an active gene signature in human cells 

(82) .  

 

Instead of trying to detect endogenous levels of 6mA in the human genome, Broche and 

colleagues chose to artificially introduce two bacterial DNA-(adenine N6)-

methyltransferase (N6-MTases), such as EcoDam and CcrM into human HEK293 cells to 

induce high levels of this modification (86). These enzymes show a high affinity for the 

CATC and GANTC motifs in DNA. It was found that the expression of these N6-MTases 

had an additive effect, leading to elevated levels of 6mA, which in turn caused a significant 

decrease in cell viability. Further analysis of these cells revealed changes in the expression 

of 99 genes (66 upregulated and 33 downregulated). Upregulated genes exhibited reduced 

levels of H3K27me3 (repressive histone mark; discussed in greater detail later in this 

literature review), particularly at the CUX2 and PAPPA genes, suggesting that 6mA might 

inhibit the binding of Polycomb Repressive Complex 2 (PRC2 catalyses the methylation of 

H3K27). In contrast, downregulated genes such as EGF and EMILIN2 were found to be 

enriched for JUN family TF binding sites, indicating that 6mA within JUN TF binding 

motifs may interfere with TF binding to their target genes, especially since the expression 

of these genes returned to normal after 6mA depletion. Overall, this study (86) suggests 

that a 6mA modification in the human genome can affect two molecular pathways, which 

can further alter downstream gene expression, leading to phenotypic changes in human 

cells.  

 

Methyl groups can be attached to several other nucleotide sequences of DNA, including 

mCpHpG and mCpHpH, where H represents A, C, or T nucleotides. Non-CpG methylation 

has been observed in oocytes, induced pluripotent stem cells (iPSCs) and neurons, and it 

has been suggested as a hallmark of ESCs (8,9,41,87ï91). Among the different non -CpG 

methylation marks detected across various cell types, mCpA is the most abundant in 

human oocytes (mean CpA methylation = 5.6%, mean CpG methylation = 53%) (8) , 

neurons of the adult human cortex (CpA methylation = ~10%  and CpG methylation = 

~84%) (42) or in ESCs (41), whereas methylation at other non-CpG sites is relatively rare 

(41,42,91), particularly in somatic cells. The functional relevance of non -CpG methylation 
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in mammals remains unclear. Some argue that it may be a by-product of hyperactive de 

novo DNMTs, as these modifications lack the symmetry required for maintenance by 

DNMT1 (62,92,93). Others propose that non-CpG methylation plays a crucial role in 

maintaining pluripotency and regulating lineage -specific gene expression (90,94,95) . 

 

Lister et al. (2009) (41) and Ziller et al. (2011) (91) reported that non -CpG methylation is 

common in human embryonic stem cells (hESCs), where approximately 25% of all 

methylated cytosines occur at non-CpG sites. They also found that this methylation 

pattern is lost upon differentiation, potentially due to t he global downregulation of de 

novo DNMTs. This was further supported by the deletion of either DNMT3A or DNMT3B, 

which led to a genome-wide loss of non-CpG methylation in hESCs, indicating that de 

novo DNMTs are required for non -CpG methylation (91). Ziller et al. (2011) observed that 

mCpA distribution was positively correlated with CpG methylation and was slightly more 

abundant in introns and short interspersed nuclear elements (SINEs) in human iPSCs and 

hESCs (91). In contrast, other non -CpG methylation marks were randomly distributed 

across different genomic regions. Similarly, Lister et al. (2009) showed that non -CpG 

methylation was depleted at TF binding sites and enhancers but enriched in gene bodies, 

suggesting that mCpH may play an important role in maintaining pluripotency (41). 

 

Guo and colleagues found that mCpH (~25% of all methylated cytosines) was abundant in 

granule neurons derived from the adult mouse dentate gyrus but absent in the mouse 

spleen (90) . Many mCpH-rich regions identified in mouse neurons had orthologs in the 

human brain, showing the same enrichment for mCpH. Additionally, mCpH levels 

gradually increased during neuronal maturation in both the mouse and human brain. The 

same study reported that mCpH located away from CpG sites was negatively associated 

with proximal gene expression, suggesting a role in gene repression in the mouse brain. 

Furthermore, MeCP2, a protein highly expressed and important in the brain, was found to 

interact with m CpH (90) . The presence of both mCpG and mCpH enhances MeCP2 

binding, which can recruit histone deacetylases and other complexes, further supporting 

the role of non-CpG methylation in gene repression in neurons (56,57,90). For instance, in 

type 2 diabetes mellitus (T2DM) patients, the major promoter of the peroxisome 

proliferator -activated receptor Ȃ coactivator 1Ŭ (PGC-1Ŭ) gene exhibited higher non-CpG 

methylation than CpG methylation in skeletal muscle compared to healthy individuals 

(96). This increase in non-CpG methylation was associated with PGC-1Ŭ downregulation, 

which, in turn, was linked to reduced mitochondrial density and mitochondrial 

dysfunction in T2DM patients. Therefore, mCpH may play an important role in gene 

repression. 
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1.1.5. Histone proteins 

 

To fit around a 2-meter length of DNA into the tiny nucleus of a mammalian cell, DNA 

must be tightly packed, which is achieved through  a series of steps. At the smallest scale, a 

DNA strand (~146 bp) is tightly coiled 1.75 times around histone octamers (97) and forms 

nucleosome core particles, which, together with the linker heterochromatic adaptor 

protein HP1, form a chromatin fiber often characterised as ñbeads on a stringò (98) .  

 

Histones are small proteins (approximately 100 -140 amino acid residues) highly 

conserved between eukaryotes (62). The negatively charged DNA double-helix is tightly 

winded around canonical histone proteins that contain many positively charged arginine 

(A) and lysine (K)  residues, which help to pack a large DNA macromolecule into a tiny cell 

nucleus (approximately 10- 23 ȉm in diameter) (63,64). There are four core histones: 

H2A, H2B, H3 and H4. Two copies of each histone are assembled in a so-called octamer 

structure onto which 146-147 bp of the DNA is wrapped (62).  

 

Histone proteins can be modified with either covalent or non -covalent post-translational 

modifications (PTMs). Here, I will focus on several major covalent modifications catalysed 

by enzymes, generally referred to as writers (99,100). Histones have variable-length 

protruding N -terminal tails that are subject to a plethora of PTMs (review in (99,100)), 

which play an important role in regulating chromatin accessibility. These PTMs can be 

instructive and change chromatin conformation by recruiting reader proteins (99ï102) 

such as CHD1, BAHD1 and UHRF1, or they can be established as a consequence of other 

cellular processes, such as transcription (103). In some cases, large multi-subunit writer 

complexes contain reader domains capable of recognising their histone marks, thereby 

reinforcing the deposition of the same modification. Such a positive feedback loop is 

important for constitutive heterochromatin formation (highly condensed genomic regions 

that are gene-poor, contain HP1, and are mainly composed of repetitive elements such as 

telomeric and pericentromeric repeats (Figure 1.2) (104), and are also characterised by 

late replication) or X chromosome inactivation (XCI) (105,106). For instance, SUV39H1 

and SUV39H2, histone methyltransferases that establish histone 3 lysine 9 trimethylation 

(H3K9me3; discussed in more detail in Section 1.1.8.1), contain a chromodomain (CBX) 

that recognises H3K9me3 and promotes the spreading of this mark at pericentromeric 

regions found in constitutive heterochromatin (Figure 1.2) (107ï110). In addition, the 

globular core domains of histones can also be decorated with several modifications that 

are suggested to have a more pronounced effect on chromatin conformation or DNA 

accessibility (101). These modifications can interfere with histone-DNA interactions, 

leading to nucleosome destabilisation. Overall, histone PTMs are highly dynamic, as they 

can be removed by eraser proteins and re-established by writers depending on cellular 
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needs (99,100). However, this turnover seen in histone PTMs has to be delicately 

balanced, as imbalances in some PTMs can lead to various diseases, such as cancer (111). 

 

Chromatin can further form loops involving genes with enhancers that are bound by 

cohesin rings and the CCCTC-binding factor (CTCF) (112ï115). Such loops can create self-

interacting topologically associated domains (TADs) bordered by CTCF (112). Within a 

TAD, genomic regions can physically interact, whereas interactions between genomic 

regions from different TADs (inter -TAD contacts) are less likely to occur. At the higher 

organisational level, multiple TADs can be partitioned into ñAò and ñBò compartments that 

occupy different regions in the nucleus (116,117). The ñAò compartment includes 

euchromatin, which is decorated by active histone PTMs and is usually located closer to 

the centre of the nucleus. At the same time, the ñBò compartment is present at the nuclear 

periphery and contains heterochromatin harbouring repressive histone PTMs. Finally, all 

chromosomes have their territories in the cell nucleus (116,118).  
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Figure 1.2. Genes located in repeat-rich regions near centromeres. 

(A) Repressed UBBP4, located between satellite repeats on chromosome 17 (119). (B) ZNF254, 

located near the centromere of chromosome 19 in a repeat-rich region containing short interspersed 

nuclear elements (SINEs), long interspersed nuclear elements (LINEs), long terminal repeats 

(LTRs) and satellite repeats. Upper histone ChIP-seq tracks represent data from IMR90 cells, while 

lower tracks are from the brain hippocampus. Vertical lines in the DNA methylation tracks indicate 

the mean methylation levels at individual CpG dinucleotides. H3K9ac marks transcriptionally 

active chromatin and is enriched at active promoters. H3K9me1, found at intergenic regions and 

occasionally overlapping promoters, acts as a substrate for SUV39H1/2 and is therefore considered 

a repressive histone PTM. Histone modification and IMR90 methylation data were obtained from 

the NIH Roadmap Epigenomics Consortium (120), while lung and brain methylation tracks were 

generated by Monk group and are described in Section 2.7.  
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1.1.6. Histone post-translation modifications (PTMs) and their 

role in gene regulation 

 

Acetylation of lysine (K) residues present in histones can reduce the positive charge of K 

residues, and therefore, the chromatin can become more accessible for TFs or other 

accessory proteins (121ï123). Thus, several acetylated histone residues are often found at 

active gene promoters and enhancers (Figure 1.3A, C, D ). It is also believed that this 

modification acts in an accumulative fashion, as removing a single acetyl group mildly 

affects transcription (124).  

 

Methylation can occur at K and A residues of histones, and one, two or three methyl 

groups can be transferred to these residues (100,125). The effect of this modification is 

highly context-dependent, as it can be repressive and help establish heterochromatin 

(Figure 1.2) or have an activating effect and promote gene transcription (Figure 1.3A, 

C, D ). 

 

Other modifications can also be observed on histone proteins, such as crotonylation (126) 

and phosphorylation (127), which has a similar effect as acetylation, or lactylation (128), 

which are all associated with active gene transcription. Glutarylation was shown to play a 

role in chromatin accessibility (129), while ubiquitination  is involved in repressing 

developmental genes (130ï132). 
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Figure 1.3. Distributions of diverse permissive and repressive histone marks in IMR90 cells 

and human hippocampus.  

(A) Housekeeping ɓ-actin gene (ACTB); (B) Developmental gene (HOXB1) repressed by the 

polycomb repressive complex 2 (PRC2); (C) NFYB - a transcription factor highly expressed in 

IMR90 cells, according to Harmonizome (133). (D) SLC38A2 - a gene expressed in the brain and 

associated with Alzheimerôs disease (134). Upper histone ChIP-seq tracks represent data from 

IMR90 cells, while lower histone ChIP-seq tracks are from the brain hippocampus. Vertical lines in 

the DNA methylation tracks represent the mean methylation levels at individual CpG 

dinucleotides. H3K9ac marks transcriptionally active chromatin and is enriched at active 

promoters. H3K9me1, found at intergenic regions and occasionally overlapping promoters, acts as 

a substrate for SUV39H1/2 and is therefore considered a repressive histone PTM. Histone 

modification and IMR90 methylation tracks were obtained from the NIH Roadmap Epigenomics 

Consortium (120), while lung and brain methylation tracks were generated by Monk group and are 

described in Section 2.7. 
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1.1.7. Permissive histone marks 

 

1.1.7.1. Histone 3 lysine 4 trimethylation (H3K4me3)  

 

This modification is written down by SETD1A and SETD1B and established by KMT2B, 

KMT2C, KMT2D, KMT2A and ASH1L in humans (100,111,135). It is often found at gene 

promoters near transcription start sites (TSSs) and forms narrow domains ( Figure 1.3A,  

C, D ) that can be captured by Chromatin Immunoprecipitation followed by sequencing 

(ChIP-seq), Cleavage Under Targets and Release Using Nuclease (CUT&RUN) or Cleavage 

Under Targets and Tagmentation (CUT&Tag) (136ï138). However, broad non-canonical 

domains can be found in early human embryos and especially in early mouse pre-

implantation embryos, which are reduced to canonical domains by the late two-cell stage 

(136,137,139ï142). The breadth or width of the peak is associated with the strength of 

transcription, as shown in human placental trophoblasts, where broader histone 3 lysine 4 

trimethylation (H3K4me3) domains were responsible for higher trophoblast -specific gene 

expression (143). Therefore, this modification is important for gene transcription. 

Although it is believed that the H3K4me3 modification itself does not instruct gene 

transcription, but rather it can recruit readers or other proteins that bring transcription -

required machinery (122,141). In ESCs, this modification is prevalent at silent gene 

promoters together with other histone modifications, such as  H3K27me3 (termed bivalent 

domains) (142,144). Such promoters are poised and can be easily activated for expression. 

Moreover, this modification is found in CpG -rich regions such as CpG islands, which 

comprise a large proportion of all mammalian gene promoters (48,145). Thus, it is 

suggested that H3K4me3 protects the CpG islands from DNA methylation, which is highly 

mutagenic (40) . Methylation at lysine 4 residue inhibits the binding of the ADD domain 

found in de novo DNMTs (146). As a result, many regions decorated by H3K4me3 in the 

male mouse germline remain hypomethylated compared to other regions that are 

hypermethylated (140,147). In mature mouse oocytes, broad non-canonical H3K4me3 

domains (137,139,140) have to be removed prior to zygotic genome activation (ZGA), as it 

can impair the activity of de novo DNMTs (148), which is vital during pre -implantation 

development. It was found that KMT2B is responsible for establishing non-canonical 

H3K4me3 peaks in developing mouse oocytes, as the loss of Kmt2b  led to an 80% 

decrease in H3K4me3 and a complete loss of non-canonical H3K4me3 domains, while 

canonical domains remained unaffected (149). In addition, Kmt2b  knockout (KO) oocytes 

failed to develop or ovulate fully. These findings suggested that canonical and non-

canonical H3K4me3 domains are established by different methyltransferases. 

Furthermore, canonical and non -canonical H3K4me3 domains observed in mouse oocytes 

are inherited by the zygote and observed in early pre-implantation embryos. However, 
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non-canonical H3K4me3 domains are absent by the late 2-cell stage, possibly due to the 

upregulation of the Kdm5a  and Kdm5b demethylases in 2-cell stage embryos (139,142). 

Depletion of both KDM5A and KDM5B led to the retention of broad H3K4me3 domains 

and failure to reach the blastocyst stage due to impaired activation of ZGA genes. After the 

2-cell stage, H3K4me3 becomes restricted to canonical regions such as active gene 

promoters, enhancers and bivalent domains (137,139,140). Therefore, the timely removal 

of non-canonical H3K4me3 domains before the 2-cell stage is crucial for normal mouse 

embryonic progression.  

 

1.1.7.2. Histone 3 lysine 4 monomethylation (H3K4me1) and histone 

3 lysine 27 acetylation (H3K27ac) 

 

Histone 3 lysine 4 monomethylation ( H3K4m e1) is catalysed by KMT2C (also known as 

MLL3) or KMT2D ( also known as MLL4), and it is located at active enhancers, as well as 

in intergenic regions  (Figure 1.3D ) (135,150). Histone 3 lysine 27 acetylation (H3K27ac) 

is written by histone acetylases, such as p300 and CBP, and many other enzymes, and it 

marks active enhancers and promoters (Figure 1.2B , Figure 1.3A,  C, D ) (123,135). In 

human trophoblasts or human trophoblast stem cells (hTSCs), some active ERVs can be 

decorated by both of these marks and some harbour only one of these marks (138). Both of 

these histone PTMs can mark super-enhancers (genomic regions populated by several 

clustering enhancers) (151).  

 

1.1.7.3. Histone 3 lysine 36 di- and tri-methylation (H3K36me2 and 

H3K36me3)  

 

SETD2 establishes histone 3 lysine 36 trimethylation ( H3K36me3), while NSD1-3 can add 

mono- and di-methylation to lysine 36 of histone 3 in humans and mice (103,135,152). 

Histone 3 lysine 36 dimethylation ( H3K36me2) decorates large intergenic regions (152). 

On the other hand, H3K36me3 is correlated with gene expression, and therefore, it is 

found in the bodies of actively transcribed genes (Figure 1.3A,  C, D ). H3K36me3 

inhibits transcription from hidden promoters present within genes ( ñcryptic 

transcriptionò) (153) as during transcription elongation  (103), it is laid down over gene 

bodies by SETD2 (SETD2 binds to RNA polymerase II C-terminal domain (CTD)), it can 

regulate splicing (154) and plays a role in DNA damage repair (155).  

 

H3K36me2/3 are recognised by the PWWP (Pro-Trp-Trp-Pro) domain that is present in 

de novo DNMTs, including DNMT3A and DNMT3B (156,157). Consequently, the bodies of 

actively transcribed gene bodies are usually hypermethylated (Figure 1.3C, D ). The 
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oocytes of Setd2-deficient female mice showed not only a global loss of H3K36me3 but 

also other epigenetic aberrations (158). Genomic regions previously marked by 

H3K36me3 were overtaken by H3K4me3 and H3K27me3, while other regions gained de 

novo DNA methylation. Interestingly, imprinted ICRs were also decorated by H3K4me3 

and remained hypomethylated. Another study investigated the association between de 

novo methylation and H3K36me2, H3K36me3, or both marks in mouse fully grown 

oocytes (FGOs) (159). The authors found that the loss of H3K36me2 resulted in genome-

wide loss of DNA methylation in intermediately methylated regions, especially on the X 

chromosome, with only slight changes in other histone PTM distributions. On the other 

hand, Setd2 KO FGOs, as reported previously, showed a global loss of H3K36me3 and 

DNA methylation. In Setd2 KO FGOs, some regions gained methylation at sites lacking 

H3K36me3, and other regions showed an increase in H3K36me2, while the distribution of 

H3K27me3 was largely unaffected and H3K4me3 was slightly reduced. The loss of both 

H3K36me2 and H3K36me3 led to a global DNA methylation loss, resembling the 

phenotype observed in Dnmt3a KO FGOs (160). Based on these findings, the authors 

concluded that H3K36me2 and H3K36me3 act as a platform guiding DNMT3A-3L in 

mouse oocytes. Moreover, Shirane et al. (2022) explored the link between de novo 

methylation and H3K36me2 and H3K36me3 in mouse male prespermatogonia cells 

(PSGs) (152). They found that unlike in mouse FGOs, where H3K36me3 established by 

SETD2 is crucial for directing de novo methylation, H3K36me2 catalysed by NSD1 plays a 

more important role in PSGs. Nsd1 KO PSGs exhibited a genome-wide decrease in de novo 

DNA methylation, specifically in regions that lost H3K36me2, while H3K36me3 levels 

were minimally affected. In contrast, Setd2 deletion led to a significant reduction in 

H3K36me3, but only mild changes in de novo methylation. NSD1 loss also resulted in 

hypomethylation of pDMRs and the absence of spermatogonia in the adult testicular 

tubules. Interestingly, in Nsd1 KO PSGs, regions that lost H3K36me2 gained H3K27me3, 

leading to gene repression, further suggesting that H3K36me2 might not only shape the 

de novo methylation profile in mouse male gametes but also limit the spread of 

H3K27me3. Therefore, H3K36me3 and H3K36me2 play vital roles in shaping the sexually 

dimorphic epigenetic landscapes of mouse gametes, which are important for pre-

implantation development. 

 

 

 

1.1.8. Repressive histone marks 
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1.1.8.1. Histone 3 lysine 9 di- and tri-methylation (H3K9me2, 

H3K9me3)  

 

This particular modification can be deposited by several histone methyltransferases that 

are site-specific, such as SETDB1, SUV39H1 and SUV39H2, which can transfer di- and tri-

methyl groups to lysine 9, while G9A (or EHMT2) and EHMT1 can only add mono- and 

di-methylation at the same residue (100,135). H3K9me3 is found at constitutive 

heterochromatin, and it is enriched at repeat-dense regions, such as pericentromeric and 

telomeric regions composed of satellite repeats (from 5 bp to several hundred bp) (Figure 

1.2A, B) and ERVs (Figure 1.2B) (49) . Furthermore, H3K9me3-enriched regions recruit 

histone deacetylases, followed by the establishment of additional repressive marks such as 

trimethylation of histone 3 lysines 56 and 64 (H3K56me3, H3K64me3) and trimethylation 

of histone 4 lysine 20 (H4K20me3) (101). The functions of H3K9me3 and DNA 

methylation are intertwined, as both of these modifications repress repeat-rich regions 

(161). SUV39H1/H2 are responsible for establishing H3K9me3 at heterochromatic 

pericentromeric regions (110) and can also interact with HP1 (107,109,110) and guide 

DNMT3A or DNMT3B to establish DNA methylation (53,100,162). Additionally, UHRF1 is 

an important cofactor for DNMT1 and includes several functional domains, such as the 

SET and RING finger-associated (SRA), Tudor and Plant Homeodomain (TTD-PHD), and 

the ubiquitin-like (UBL) domain (163ï166). The SRA domain is capable of binding to 

hemimethylated DNA with higher affinity, while the TTD domain can bind to histone 3 

lysine 9 dimethylation (H3K9me2) and H3K9me3, enhancing the ubiquitin ligase activity 

of UHRF1 (164ï166). As a result, the RING domain of UHRF1 adds ubiquitin marks to 

histone 3 at lysine 18 (H3K18ub) and lysine 23 (H3K23ub), which serve as docking sites 

for DNMT1 (167,168). The UBL domain of UHRF1 interacts with the replication foci 

targeting sequence (RFTS) domain of DNMT1, which recognises ubiquitinated H3 tails, 

thereby recruiting DNMT1 to targeted regions. This interaction relieves DNMT1 from its 

autoinhibited state, allowing for the C-terminus catalytic domain of DNMT1 to methylate 

hemimethylated CpG sites and thus maintain DNA methylation (169). TFs cannot bind to 

such hypermethylated heterochromatin regions (Figure 1.2) (170), and therefore, such 

regions remain transcriptionally silenced, which can be found in the ñBò compartments at 

the nuclear periphery (171,172). In both mouse and human PGCs, multiple ERVs are 

decorated with H3K9me3 (Figure 1.2B), and therefore, they remain dormant even when 

the rest of the genome is in the hypomethylated state (173ï175). Moreover, gDMRs or 

ICRs are enriched with H3K9me3, which protects them from erasure during epigenetic 

reprogramming in pre-implantation embryos. gDMRs often contain binding motifs for 

KRAB domainïassociated protein 1 (KAP1 or TRIM28) and Kr¿ppel-associated box 

domain zinc-finger proteins (KRAB-ZFPs), which recruit SETDB1 to establish H3K9me3 

at these sites (58,176,177). 
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1.1.8.2. Histone 3 lysine 27 trimethylation (H3K27me3)  

 

This histone PTM is written by PRC2, which can also attach mono- and di-methylation to 

lysine 27 of histone 3 (178). The three core subunits of PRC2 include either the enhancer 

of zeste homologue 1 or 2 (EZH1 or EZH2), which catalyses all three forms of H3K27 

methylation; embryonic ectoderm development (EED), which acts as a scaffold for other 

subunits and can bind to H3K27me3 and facilitates the propagation of this mark, and 

suppressor of zeste 12 (SUZ12), which is required for the regulation of the catalytic 

EZH1/2 subunit and also aids in chromatin binding (178ï182). These three subunits are 

all essential for methyltransferase activity  (178ï182). Additional subunits include RBBP4 

or RBBP7 (178,183,184). Therefore, based on the combination of subunits incorporated 

into the complex, two subtypes of PRC2 complexes can be formed, known as PRC2.1 and 

PRC2.2, which exhibit distinct functions (180,185). Overall, PRC2 can be guided by long 

non-coding RNAs (lncRNAs) or other accessory proteins to target regions (186). PRC2 has 

many important functions and is generally considered a repressive mark. It plays a vital 

role in the repression of developmental genes, such as HOX genes (Figure 1.3B), after 

the ZGA or embryonic genome activation (EGA); it is required for establishing 

heterochromatin, together with H3K4me3 form bivalent domains, has an essential role for 

XCI and lineage commitment (105,142,144,187). Recently, it has also been shown that it 

can mediate monoallelic expression in rodent pre-implantation embryos and the placenta, 

now known as non-canonical imprinting (24,187). In addition, PRC2 binds to CpG-rich 

regions, and in mammals, it is often found at CpG islands or gene promoters containing 

CpG islands (188,189) (it can be recruited by BEND3 (190)) that are unmethylated, as 

H3K27me3 and DNA methylation show an inverse correlation. Different components of 

PRC2 are frequently mutated in multiple cancers, such as breast or ovarian cancers 

(178,182). In the mouse inner cell mass (ICM) of the blastocyst, TE-specific genes are 

repressed by H3K27me3, which prevents ICM differentiation into TE (191). Deletions of 

PRC2 core component genes in ICM cells lead to their differentiation into PrE (192).  

 

Bivalent domains are considered genomic regions, where H3K4me3 colocalises with 

H3K27me3 and such regions are located at lineage-specific gene promoters or enhancers 

during pre -implantation development. In the mouse, such domains are observed at the 

blastocyst stage (144,193), coinciding with the higher expression of PRC2 genes (194). It is 

suggested that such domains are required to poise lineage-specific genes from premature 

expression during earlier stages of mouse development (195) and possibly to protect 

promoters from hypermethylation (196). Monoallelic bivalent domains have also been 

found at ICRs when the associated gene is silenced in a tissue-specific manner (197,198). 
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1.1.8.3. Histone 2 A lysine 119 monoubiquitination (H2AK119ub1) 

 

Polycomb repressive complex 1 (PRC1) catalyses this histone modification (199). Like 

PRC2, the PRC1 complex is built from several subunits, and depending on the 

incorporated subunits into the final complex, it can be classified into canonical PRC1 and 

non-canonical or variant PRC1 (199,200). The core components include either the 

RING1A or RING1B, which have a ubiquitin ligase function and one polycomb group ring-

finger protein (PCGF) with several additional subunits. There are six PCGF proteins 

(PCGF1-6) that are suggested to provide specificity to the PRC1 heterodimer complex and 

guide the complex to target genomic regions (201,202). The canonical complexes include 

either PCGF2 or PCGF4 and are called PRC1.2 and PRC1.4, while non-canonical 

complexes include PCGF1, PCGF3, PCGF5 or PCGF6 and are known as PRC1.1, PRC1.3, 

PRC1.5 and PRC1.6, respectively (199,200). In the classical model, PRC1 complexes could 

recognise H3K27me3 through the CBX proteins and establish histone 2 A lysine 119 

monoubiquitination  (H2AK119ub1) (179,203). After improvements in molecular biology 

and sequencing technologies that allowed the use of less genetic material to explore 

histone PTMs, it was found that PRC1 complexes can serve as docking sites for PRC2 

complexes (132,204,205). In general, this mark is found at heterochromatin; it represses 

developmentally important genes, and more recently, it was shown to play an important 

role during XCI and was also implicated in non-canonical imprinting 

(131,132,199,206,207).  

 

 

 

1.2. Epigenetic landscapes of male and female 

gametes  

 

Before fertili sation, fully differentiated, haploid sperm chromatin fibers are densely 

packaged into the nucleus. More than tenfold higher condensation in comparison to 

nucleosome-based chromatin is achieved during the last post-meiotic phase (the 

spermiogenic phase of spermatogenesis) (5,208) . During this time, most nucleosomes are 

destabilised and eventually displaced by protamines, while DNA becomes 

hypermethylated so that the resulting chromatin is transcriptionally inactive (5,6,208) . 

Protamines are small proteins (~49 amino acid residues) rich in A residues that are 

sufficient to neutrali se the negatively charged DNA, allowing for tight binding and 

compaction (209) . Such packaging is important for several reasons. Firstly, it makes 

spermatocytes more hydrodynamic. Therefore, they can move faster through the female 
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reproductive tract till the oocyte. Secondly, it helps to protect the DNA from physical and 

chemical damage, especially when sperm is devoid of DNA repair machinery (6) .  

 

Immediately after fertilisation, sperm DNA starts to decondense and expands, sperm-

specific methylation marks are removed, and all protamines are gradually released and 

replaced by histone variants provided by the oocyte (7). These events lead to a male 

pronucleus formation, which is overall depleted of epigenetic marks with a few paternal -

specific gDMRs remaining. The oocyte and sperm are formed from PGCs that differentiate 

and maturate under different conditions, resulting in asymmetrically distributed 

epigenetic marks between maternal and paternal genomes that are mostly equalised 

during pre -implantation development, apart from certain genomic regions. Several 

studies, in greater detail, examined the methylomes of mouse and human gametes 

(4,8,9,20,27,88) . It was noted that the DNA methylation level of the sperm genome is 

much higher in comparison to the oocyte (~80% versus ~52%), and the oocyte genome 

was generally considered to be hypomethylated. In sperm, 5mC densely accumulates in 

intergenic regions, introns, various repeat and transposable elements, while 5mC is more 

uniformly distributed in oocytes with a higher level of DNA methylation observed in 

promoter CpG islands, introns, some repeat elements, and specifically in human oocytes, 

in tandem repeats within centromeric and pericentromeric regions. Surprisingly, the 

oocyte contributes a majority of DNA methylation and histone marks to the early embryo, 

while sperm epigenetic marks are mostly lost (4,8,20,24) . For example, 5,438 maternal-

specific gDMRs and 48,111 paternal-specific gDMRs were identified in human gametes. 

After fertilisation, 4,352 maternal -specific gDMRs remained partially methylated in the 

blastocyst, while only 1% of paternal-specific gDMRs were detected at the same 

developmental stage (20) . 

 

 

 

1.3. Embryonic genome activation (EGA) 

 

After fertili sation, the paternal and maternal epigenomes must undergo radical changes to 

ensure the totipotent state required for EGA (17). Uniquely in mice, the first wave or 

minor wave of transcription appears soon after fertili sation, when the embryo is still at the 

one-cell stage (known as ZGA) (12,210). In humans, the initial burst of transcripts is 

detected around the 2-4 cell stage (EGA) (Figure 1.4) (11,211). It is suggested that this 

first wave of gene expression is initiated from the paternal genome, which is temporarily 

depleted from repressive histone marks and DNA methylation, making it more accessible 

(212). The pioneer transcripts are lowly expressed and relatively short and may include 
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retroviral repeats or other factors generally found in heterochromatin. Some of these 

factors are functionally important for the major wave of transcription, which occurs at 

later stages (at the 2-cell stage in mice and around the 8-cell stage in humans) 

(71,213,214). Among such transcripts are Dux (in mice) and DUX4  (the human ortholog), 

which encode double-homeodomain TFs and are highly conserved across placental 

mammals. DUX4  is found within the subtelomeric region of human chromosome 4q35, a 

region rich in D4Z4 macrosatellite repeats. DUX4 is expressed for a very short time, with 

its RNA detected from the oocyte stage until approximately the 4-cell stage, after which it 

becomes suppressed by H3K9me3 (214). This gene activates the expression of several 

developmentally important genes, including ZSCAN4, LEUTX, KDM4E and others 

(71,213). It was also demonstrated that Dux-depleted mouse embryos failed to reach the 

morula and blastocyst stages, presenting impaired ZGA (214).  

 

Nevertheless, it is critical to bear in mind that until the major wave of transcription, the 

embryo relies entirely on the transcripts (proteins and RNA) that were transcribed in the 

oocyte (Figure 1.4) (10,11). Such oocyte-derived transcripts are gradually degraded, with 

some maternal products persisting even after the second wave of EGA. Therefore, at 

around the 8-cell stage in humans, the embryonic genome must be fully activated to 

ensure normal embryo development and proper transcription throughout life (17,71).  

 

 

 

 

Figure 1.4. Schematic representation of changes in transcriptome during embryonic genome 

activation (EGA).  

During oocyte maturation, various maternal transcripts, such as RNAs and proteins, are produced 

and stored for the embryo (red line). After fertilisation, these maternal transcripts are gradually 

depleted by the embryo. The minor wave of EGA occurs around the 2 to 4-cell stages, 

predominantly from the paternal genome (blue line). At this stage, several important transcriptional 

activators are produced, which then activate other developmentally essential genes at the 8-cell 

stage, when genes become fully expressed (the major wave of EGA) from the embryonic genome. 

Light blue circle ï paternal pronucleus, red circle ï maternal pronucleus and orange circle ï 

embryonic nucleus.  
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1.4. Epigenetic modifications and their role during 
embryonic development  

 

As discussed previously, early human development is highly dynamic, as the embryo must 

undergo a few milestones that shape its future development. Firstly, after fertilisation, the 

embryo has to undergo genome-wide epigenetic reprogramming (4,71,88,136,137,215), 

during which most DNA methylation and histone PTMs inherited from gametes are 

removed, leading to increased chromatin accessibility, especially at CpG islands, 

promoters and enhancers (136,215). These processes are necessary for a successful EGA, 

which is vital for the embryoôs survival (71). After these critical milestones, the embryo has 

to gradually regain histone PTMs and DNA methylation to specify TE and ICM and later 

Epi and PrE (71,136,137,216). After 3 to 4 weeks of gestation, the conceptus has to undergo 

another significant milestone, gastrulation (217), which is poorly understood in humans 

due to limited access to samples and limited model systems. 

 

Mammalian oocytes, including humans, exhibit genomic regions larger than 10 kb that 

have low CpG density and display low to intermediate levels of DNA methylation (regions 

containing a minimum of 20 CpGs within a 10 kb sliding window with an average 

methylation below 50%). These regions are often observed in intergenic, gene-poor 

regions or within silent (non -transcribed) gene bodies and are referred to as partially 

methylated domains (PMDs) (41,136,137).  

 

In several mammalian species, PMDs have been found to overlap with H3K4me3 peaks 

that are not observed in human oocytes (41,136,137,218,219). In human germinal vesicle 

(GV) and metaphase II stage (MII) oocytes, H3K4me3 distribution is characterised by 

sharp and narrow peaks at gene promoters (canonical H3K4me3 distribution ( Figure 

1.3A, C, D )), and such marked genes become highly expressed following EGA (136,137). 

Similarly, in mouse -developing and mature oocytes, H3K4me3 forms canonical sharp 

peaks at TSSs of actively expressed genes (137,139). However, most H3K4me3 forms 

broad, non-canonical domains (covering more than 20% of the mouse MII oocyte 

genome), which are located distantly from TSSs in intergenic regions and overlap with 

unmethylated regions and PMDs (136,137,139,140,219). Extensive research from several 

groups has shown that the methylome of the mouse oocyte displays a bimodal 

distribution, with relatively few intermediate methylated regions or PMDs , and that the 

distribution of H3K4me3 and DNA methylation are anti -correlated (139,149,160,220,221). 

More specifically, H3K4me3 is mainly confined to hypomethylated regions ( Figure 1.3), 

such as promoters or bivalent domains, with a preference for higher CpG density, whereas 

DNA methylation is concentrated at actively transcribed gene bodies marked by 
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H3K36me3 (Figure 1.3C, D ) (139,149,159,220). Therefore, H3K4me3 detected at PMDs 

in mouse oocytes could be a result of somatic cell contamination or differing criteria used 

to define PMDs. After the 4-cell stage in humans, H3K4me3 peaks become much broader, 

and some of them can be found in gene-dense or distal regions. A subset of these peaks 

arises de novo, as they are not inherited from gametes (136,137). Interestingly, some of 

these de novo H3K4me3 peaks transiently appear at PMDs just before the onset of the 

major EGA (136). By the 8-cell stage in human embryos, a proportion of H3K4me3 peaks 

correlates with high gene expression, especially for genes with CpG-dense promoters, 

while a large proportion of H3K4me3 is lost from gene promoters, and these genes remain 

silent. This sudden loss of H3K4me3 was suggested to be associated with the upregulation 

of the KDM5B  demethylase and the downregulation of KMT2C or KMT2B  

methyltransferases (136). In the same study by Xia and colleagues, it was found that prior 

to EGA, some distal H3K4me3 domains were associated with cis-regulatory elements, and 

after EGA, some of these domains, in proximity to important lineage -specific genes, 

remained accessible and gradually obtained H3K27ac (136). In contrast, other regions 

acquired H3K27me3, formed bivalent domains and were eventually repressed following 

the loss of H3K4me3. Therefore, after EGA, a large proportion of H3K4me3 was lost and 

became restricted to active gene promoters, exhibiting the canonical distribution observed 

in the human blastocyst and somatic tissues. 

 

H3K27me3 distribution in human oocytes is similar to other mammals (136,137,219). 

Canonical H3K27me3 domains overlap developmental gene promoters (Figure 1.3B), 

while non-canonical H3K27me3 distribution (broad domains) is observed over 

unmethylated genomic regions and the PMDs (27,136,137,222). Unlike mouse oocytes, 

such PMDs are not limited to early embryonic development and have been observed in 

somatic tissues, including the liver, brain and other human tissues (136). In human 

embryos, H3K27me3, inherited from the oocytes, persists until the 4 -cell stage and is 

largely erased by the 8-cell stage (136,137). In contrast, H3K27me3 domains derived from 

sperm are almost immediately removed, as in the 2-cell stage embryos, such paternally 

derived H3K27me3 domains are almost absent (136). Similar observations were reported 

in other mammalian species, except in the mouse and rat embryos, where maternally 

derived H3K27me3 is maintained throughout pre -implantation development (24,136,137). 

This can be explained by the fact that in the mouse oocytes and pre-implantation embryos, 

the major PRC2 subunit genes, including Eed, Suz12, and Ezh2, are continuously 

expressed. By contrast, in humans, such components are expressed in female PGCs; EED 

and SUZ12 become downregulated in oocytes and then become upregulated in the 8-cell 

stage embryos (136,137). In addition, expression of KDM6A and KDM6B  demethylases are 

detected in human oocytes and remain expressed throughout pre-implantation 

development (71,136,137). Therefore, the authors suggested that maternal H3K27me3 
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peaks are established during human PGC development in females, as all components of 

PRC2 are available (136). Then, H3K27me3 domains are lost by the 8-cell stage in human 

embryos because PRC2 cannot protect these domains from erasure. Furthermore, before 

EGA in humans, H3K27me3 is erased from the promoters of developmental genes, as 

probably most of these genes become expressed during EGA. After EGA, H3K27me3 

becomes restricted to its canonical targets, including developmental genes (Figure 1.3B) 

and genes with CpG-dense regions that can gain bivalency (27,136,137).  

 

Interestingly, in human ICM (D6 -D7), H3K27me3 domains were found at Epi- and PrE-

specific genes, but they were much less prevalent in TE-specific genes (136). In contrast, in 

TE cells (D6-D7), Epi- and PrE-specific genes were decorated by H3K27me3, whereas this 

modification was less abundant on TE-specific genes. This asymmetric distribution of 

H3K27me3 suggested that cells might be primed to differentiate int o TE. A recent study 

showed that inhibition of PRC2 in na ïve hESCs caused their differentiation into either TE 

or mesoderm, as they continued expressing pluripotency genes with lineage-specific TFs 

(223). In naïve hESCs, TE and mesoderm genes were decorated by bivalent domains and 

kept at a transcriptionally poised state.  

 

A recent study by Yuan and colleagues generated human haploid androgenetic (a zygote 

containing only the paternal pronucleus; AG)  and parthenogenetic (a zygote with the 

maternal pronucleus; PG) embryos to investigate H3K27me3 distribution and non -

canonical imprinting in human blastocysts (224) . In general, the authors found that genes 

harbouring H3K27me3 were repressed and uncorrelated with DNA methylation. AG -

specific H3K27me3 domains were hypomethylated, but the same regions were 

hypermethylated in PG embryos, and DNA methylation was inherite d from the oocyte. 

One-fifth of such AG-specific H3K27me3 regions included the DMRs of reported 

imprinted genes (detected in PG-blastocyst). Interestingly, AG-blastocysts (~77%) 

harboured many more unique H3K27me3 domains than PG-blastocysts (~23%) (224). 

The majority of such genes with H3K27me3 enrichment were not expressed in the 

blastocyst, and only a few genes with AG-specific H3K27me3 domains were expressed in 

PG-blastocyst, and the opposite was true, with a few genes associated with PG-specific 

H3K27me3 were expressed in AG-blastocysts. In agreement with previous studies, it was 

demonstrated that the H3K27me3 profiles of AG- and PG-blastocysts differed from those 

of gametes, further indicating that H3K27me3 is lost at the 4 -cell stage and reestablished 

after the 8-cell stage in human embryos (27,136,137,224).  

 

So far, H2AK119ub1 has not been explored well in human embryos, but there is a growing 

interest in this histone PTM in the mouse. In the mouse oocytes, H2AK119ub1 forms 

broad non-canonical domains found at distal genomic and CpG-rich regions (130,132). 
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Therefore, this PTM can overlap with H3K27me3 and H3K4me3. In addition, some CpG-

rich regions enriched for PRC1 and PRC2 marks can form self-interacting domains known 

as polycomb-associated domains (PADs) that are inherited by the zygote and maintained 

dur ing pre-implantation stages (181). H2AK119ub1 is primarily inherited from the oocyte 

and exhibits a similar distribution; however, it is mainly depleted by the 2 -cell stage 

(130,132). After ZGA, this PTM is reestablished at developmental gene promoters or non-

canonical imprints overlapping with H3K27me3 (132).  

 

PRC1 is also important for genes with bivalent domains, as abnormal levels of 

H2AK119ub1 can disrupt the expression of such genes (130,225). Interestingly, it was 

reported that after fertilisation, H2AK119ub1 was accumulated in regions that later 

became bivalent domains during the later stages of mouse development (226), and these 

regions were inherited from the gametes. Therefore, PRC1 may guide the establishment of 

such domains, at least in the mouse.  

 

Prior to EGA in humans, H3K27ac forms broad peaks that are also observed in the mouse 

(123). Most H3K27ac domains were observed at PMDs between 2- to 4-cell stages. 

Especially such H3K27ac peaks were established over PMDs as H3K27me3 was gradually 

removed. H3K27ac domains were also found at CpG-rich promoters close to TSSs. These 

genes showed high expression after initiation of EGA. Interestingly, it was reported that 

during the 2-4 cell stage developmental window, 75% of H3K4me3 peaks overlapped with 

H3K27ac domains and were located near CpG-rich regions that became highly 

upregulated after EGA (123). After the 8-cell stage, both H3K27ac and H3K4me3 domains 

were reduced to canonical regions, forming narrow domains (Figure 1.3A, C, D ) 

(123,136,137). In post-EGA human embryos, H3K27ac was also localised to distal genomic 

regions. Such regions were hypermethylated at the 8-cell stage but became open (as 

indicated by ATAC-seq) and hypomethylated in ICM and hESCs (136). Such enhancers 

were shown to contain the binding sites for several known TFs such as KLF, members of 

the GATA family and TFAP2A/C that were enriched in 8-cell stage embryos and ICM 

(136). In contrast, GSC and OTX2 were only detected in the 8-cell stage, while TEAD 

family members were specifically found in the ICM.  

 

Unlike in human oocytes, where H3K9m3 is enriched at gene-dense regions, in embryos, 

H3K9me3 is found at a much lower level (227). Therefore, it was suggested that H3K9me3 

is required for gene repression in human oocytes. Also, in the 4-cell stage human embryos, 

a proportion of enhancers was decorated by H3K9me3 that was lost between the 4- to 8-

cell stage (228) . After EGA, such regions became accessible and active. In the mouse, 

similar regions lost H3K9me3 just before the ZGA or 2-cell stage. Many such active 

enhancers in humans were present near developmentally important genes (228) . The 
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authors later discovered that such H3K9me3 enriched enhancers contained primate-

specific retrotransposons that included LTR12, LTR5_Hs, LTR7B and HERVH-int 

elements with important TF binding sites.  

 

 

 

1.5. Endogenous retroviruses (ERVs) 

 

ERVs are remnants of evolutionary distant exogenous retroviral infections as retroviruses 

integrated their genetic material in the form of DNA into the host genome and are widely 

distributed in the mammalian germline (229,230) . Long terminal repeats (LTRs) flank the 

major proviral genes of a retrovirus, encoding structural proteins, enzymes and envelope 

proteins that all integrate into the host DNA (229,230) . ERVs might not be able to carry 

the infection, but they contain the machinery required for replication and insertion into 

the host genome by vertical transmission (ERV inheritance through the germline)  

(231,232). Many LTRs become upregulated in cancers; for example, a primate-specific 

THE1B is upregulated in Hodgkinôs lymphoma (233). Similarly, in male mice, not 

repressed ERVs cause sterility due to abnormal chromatin conformation and aberrant 

gene expression (46,234). Therefore, such elements can be harmful to the host genome, 

and different species evolved several mechanisms to cope with such ERVs. In humans, 

such elements can be silenced by acquiring de novo DNA methylation  (Figure 1.2B), as 

such elements are rich in CpG sites (161). Also, KRAB-ZFPs recognise newer ERVs and 

recruit KAP1, which forms a larger complex incorporating SETDB1, and H3K9me3 

becomes deposited at such ERVs. Additionally, H3K9me2/3 can be recognised by UHRF1, 

which, as a result, brings DNMT1, and such regions remain hypermethylated (161). 

 

ERVs can be useful to the host genome as they can bring innovations important for gene 

regulation and even drive speciation (235ï237). In mammalian cells, similar proviral 

LTRs can undergo recombination, which results in a loss of virulent genes and the 

formation of solo -LTRs that retain a promoter function (as they contain TSS for the 

virulent genes) and can be adapted by the host organism (229,230) . Over time, these LTR 

elements can accumulate mutations that allow them to escape the silencing mediated by 

KRAB-ZFP-KAP1 but also to form new TF binding sites and drive the expression of novel 

transcripts  (Figure 1.2B) (161,229,230). LTRs constitute around 8% and about 10% of 

the human and mouse genomes (236ï238). In general, they are highly active in the 

mammalian germline and during early embryonic development when the embryonic 

genome is mostly erased. In the mouse oocytes, around 15% of transcripts are derived 

from LTR elements and most such transcripts are induced by LTRs of the mouse 
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transcript (MT) subfamily of MaLR that make a large proportion of all mouse LTRs and 

are specific to rodent species as they appeared after Hominidae diverged from Muridae 

(221,235,239). ERV1 family is more prevalent in the human genome than in rodents, and 

therefore, this family predominantly induces the expression of chimeric transcripts in the 

human oocytes (235). Such active ERV LTRs in the oocytes become decorated by 

H3K4me3 (140), which protects them from acquiring de novo methylation. In addition, 

such transcriptionally active regions acquire broad H3K36me3 domains downstream of 

ERVs as they are established by SETD2, which is present in the RNA polymerase II 

complex (103,235,236,240). The PWWP domain of the de novo methyltransferases 

recognises H3K36me3 (156), and they hypermethylate these regions (240) . Therefore, 

such regions can contribute to forming gDMRs and novel transcripts in the oocyte. As a 

result of ERV-induced de novo transcription, the major gene promoters can become 

hypermethylated and such genes show lower expression than compared to ERV-derived 

transcripts (235,236). In contrast, the integration of ERVs in intragenic regions can result 

in exon skipping and the evolution of new gene isoforms (Figure 1.2B) (235,236). 

Moreover, ERVs are polymorphic, as diverse ERV families can be shared between species 

or unique to one species, depending on the timing of the ERV integration into the host 

genome. For example, MTD, MT2A or MTC elements are shared between rodent species, 

while THE1B or LTR12C elements are unique to primates (236). 

 

As discussed earlier, ERVs can be utilised as enhancers during human pre-implantation 

development, and before EGA, some are decorated by H3K9me3 (227,228). During EGA, 

hominoid -specific ERVs such as LTR12C, LTR5_Hs, LTR7B, and HERVH-int or SVA 

retrotransposons (SINE-VNTR-Alu: a fusion of SINE and ERV LTRs (241)) lose H3K9m3 

and promote the expression of developmentally important genes. These elements harbour 

the binding sites for key TFs and EGA-associated genes, including the DUX family 

members and ZSCAN4. By employing a dCas9KRAB system that can be activated by 

doxycycline (Dox) in human zygotes to recruit H3K9 -methyltransferases to the hominid -

specific SVA loci, it was shown that embryos underwent normal cleavage divisions (228) . 

However, these embryos exhibited  a developmental delay at the start of EGA. A closer 

examination of SVA (+Dox) treated samples versus controls revealed differences in 

H3K9me3 distributions. The treated embryos were more similar to pre -EGA embryos and 

overall had a lower expression of EGA-associated genes, as they were regulated by SVA-

derived enhancers. Thus, the authors concluded that disrupted removal of H3K9me3 from 

SVA loci could inhibit EGA (228) .  

 

In the same study, the authors investigated whether such H3K9me3-enriched ERVs could 

be important for the first cell lineage commitment (228) . By utilising ATAC-seq in 

combination with ChIP -seq for H3K9me3, the authors found that in TE, hominoid -
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specific ERVs such as THE1B-int, MER11C, HERVK9-int, LTR12, and MER11B gained de 

novo H3K9me3 peaks. Curiously, these ERVs contained binding sites for such factors as 

POU5F1, SOX2, and NANOG, which were expressed in the ICM. However, in the ICM, 

these ERVs did not harbour H3K9me3. Also, in TE cells, neither ICM-specific TFs nor TE-

specific TFs could bind to these ERVs. Therefore, the authors suggested that important 

ICM-specific TFs might be marked by H3K9me3 and repressed in TE cells, as the binding 

of such factors could hinder TE differentiation (228) .  

 

ERVs can play an essential role during placental development. During gestation, TE can 

differentiate into syncytiotrophoblasts (STBs) that fuse to form a large multinucleated 

layer called syncytium. The syncytium acts as a major barrier, preventing maternal blood 

from directly entering the foetal tissues and performing several other functions during 

pregnancy that will be discussed later. This cell fusion is caused by the expression of 

Syncytin derived from ERVs (242).  

 

Recently, one study investigated the function of ERVs in regulating trophoblast -specific 

genes in hTSCs (243) and primary placental cytotrophoblasts (CTBs) (138). By combining 

ChIP-seq and CUT&Tag for H3K27ac, H3K4me1, H3K4me3, H3K9me3, and H3K27me3, 

they identified 18 families of primarily primate -specific ERVs that were mainly enriched 

for H3K27ac and H3K4me1. These identified elements also included several known ERVs 

that could regulate gene expression in the placenta. They also identified several ERVs 

decorated by H3K4me1 (ñpoised enhancersò) (244) , which became active in extravillous 

trophoblast cells (EVTs) derived from hTSCs. Interestingly, most of these ERVs were not 

active in hESCs. The authors further investigated which TFs can bind to these active ERVs 

and found that ELF5, FOXO3, GATA3, KLF4, TEAD4, TFAP2C, TP63 and multiple other 

TF binding motifs were preset in LTR10A, LTR23, LTR2B, LTR3A, LTR7C, MER11D, 

MER21A, MER41C, and MER61E (138). Some of these ERVs were decorated by H3K4me3 

and possibly could function as gene promoters. To confirm this, the authors used a 

CRISPR-Cas9 system to delete several ERVs, including MER41B and LTR10A (138). The 

deletion resulted in the downregulation of ADAM9  (associated with pre-eclampsia (PE) 

(27)), CSF1R (important for trophoblast differentiation (245)), and ENG (the level of 

soluble ENG correlates with the severity of PE (246) , also an important factor in 

trophoblast differentiation (247)). Finally, it was found that hominid -specific ERVs, such 

as LTR2B elements, were associated with higher gene expression in the placenta 

compared to ERVs shared with macaques (138). Hence, ERVs can serve as novel 

promoters and enhancers that shape the human placental transcriptome and drive its 

rapid evolution.  
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1.6. Genomic imprinting 

 

Genomic imprinting refers to epigenetic mechanisms that result in the differential 

marking of parental loci, leading to the monoallelic expression of these loci. It has been 

reported that genomic imprinting  has emerged multiple times independently during 

evolution, as it can be observed in several arthropod species, flowering plants, and therian 

mammals, including eutherians and marsupials (248) . While imprinting demonstrates 

some similarities and differences between plants and mammals. I will focus only on 

mammalian species. 

 

In mammals, genomic imprinting is thought to have emerged around 187 million years 

ago (249) , coinciding with the development of vivipary and the emergence of the placenta, 

as imprinted genes are absent in monotremes (egg-laying mammals) (250) . The first 

strong evidence for genomic imprinting in mammals came from two seminal studies 

conducted in the 1980s by the groups of Surani (251), McGrath and Solter (252). Both 

studies involved experiments with mouse zygotes in which the maternal pronucleus was 

replaced with a second paternal pronucleus to create diploid AG conceptuses, and vice 

versa, where the paternal pronucleus was replaced with a second maternal pronucleus to 

generate diploid gynogenetic conceptuses (a zygote with two maternal pronuclei; GG). 

These manipulated embryos were then transferred into pseudo-pregnant surrogate 

females. Interestingly, these embryos failed to survive post-implantation. GG conceptuses 

showed no development of extra-embryonic tissues, while AG conceptuses exhibited 

underdeveloped embryonic tissues and overgrowth of extra-embryonic tissues. The 

phenotype is similar to human androgenetic hydatidiform moles (HM), where an 

enucleated oocyte, or one with a replication-defective genome, is fertilised by one ortwo 

sperms, leading to the overgrowth of trophoblastic tissues (253,254). The experiments by 

Surani, McGrath and Solter groups demonstrated that parental genomes are 

epigenetically non-equivalent, and both are essential for a successful pregnancy. 

 

These ground-breaking studies were followed by the discovery of the first imprinted genes, 

which included maternally expressed Insulin-like growth factor 2 receptor (Igf2r ) on 

mouse chromosome 17 (255), paternally expressed Insulin-like growth factor 2 (Igf2 ) on 

chromosome 7 (256,257), and maternally expressed H19 (258) , located approximately 90 

kb downstream from Igf2  in the mouse genome. Subsequent research revealed that 

parental chromosomes are differentially methylated at imprinted genes (254,259,260) , 

resulting in  the repression of methylated alleles and the expression of unmethylated 

alleles. Furthermore, comparisons between mice and humans identified that IGF2 and 

H19 are also imprinted in humans (261ï263). 
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1.7. The life cycle of imprints 

 

Intergenerational maintenance of imprints is a complicated task. It involves many cis-

elements and trans -acting factors, which all have to work in a highly coordinated fashion 

to ensure adequate methylation levels in somatic tissues and germ cells and fine-tune the 

expression of imprinted genes (7). Genomic imprinting involves two rounds of 

demethylation, followed by two rounds of remethylation ( Figure 1 ), which I will describe 

in more detail further.  

 

 

 

1.7.1. Pre-implantation epigenetic reprogramming  

 

At the time of zygote formation, the paternal and maternal genomes exhibit asymmetry in 

their epigenetic landscapes that have to be depleted of epigenetic marks to establish 

totipotency (4,8,20,88) . As noted earlier, after fertilisation, the sperm genome undergoes 

genome-wide reorganisation, leading to a sudden drop in global methylation level. All 

these processes occur before pronuclear fusion and the first mitotic division. Sperm DNA 

loses most 5mC until the 2-cell stage, which is associated with an enzymatic activity of 

TET3, which is abundant in the oocyte and zygote (Figure 1.1) (8,264ï266). It was 

observed that 5mC derivatives, including 5fC and 5caC, showed a gradual decrease in the 

paternal pronucleus, which suggests that passive demethylation rather than active 

demethylation is preferentially taking place. The oocyte genome also undergoes genome-

wide demethylation, but overall, it demonstrates slower dynamics. Therefore, it is 

proposed that oocyte-derived 5mC is removed by passive demethylation, especially when 

oocyte-derived factor DPPA3 was shown to protect the maternal genome from TET3-

mediated 5mC demethylation (267,268). DPPA3 (also known as STELLA) interacts with 

H3K9me2, which is predominantly found in the maternal pronucleus and inhibits TET3 

binding. In addition to this, DNMT1 and its co -factor UHRF1 are excluded from the 

nucleus, restricting DNMT1 activity (163,269) and, in humans, are subject to maternal-

transcript decay (71). Only parent-specific methylation marks at ICRs and some repeat 

elements escape demethylation. A body of evidence indicates that imprints might be 

protected by a few maternal and zygotic factors, such as DPPA3, ZFP57, ZNF445 and 

NLRP proteins (17). For example, ZFP57 and ZNF445 are KRAB-zinc finger proteins that 

each can interact with the TRIM28/KAP1 scaffold protein in a multi -protein complex, 

including DNMT1, UHRF1, SETDB1 and the histone deacetylation complex NuRD. ZFP57 

or ZNF445 recognises specific methylated sequences often found in imprinted DMRs and 

transposable elements and recruits the co-repressive complex to a targeted sequence 
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(58,177). In this way, ICRs and transposable elements are possibly protected from 

demethylation throughout pre -implantation development. This idea is further supported 

by Zfp445ïZfp57 double-mutant mice that  lost imprinting at 15 ICRs and were embryonic 

lethal (177). Overall, the lowest methylation level is reached by the blastocyst stage in 

human and mouse embryos, subsequently leading to remethylating (4,9) . 

 

 

 

1.7.2. Post-implantation maintenance of imprinted regions 

 

After blastocyst implantation, a new wave of remethylation is initiated, leading to a 

gradual loss of pluripotency (Figure 1.1) (7,9,17,216). DNMT3A  and DNMT3B  are 

expressed at high levels and establish de novo methylation patterns in the post -

implantation embryo. Such de novo marks, including imprints, are robustly maintained by 

DNMT1 after every cell division (270). A global increase in DNA methylation and the 

expression of lineage-specific marker genes initiate lineage commitment and cellular 

differentiation, ultimately leading to gastrulation and tissue formation (13,71,216).  

 

It is important to note that unmethylated alleles present at imprinted regions should be 

protected from de novo methylation. A few mechanisms have been proposed that may 

protect unmethylated alleles from acquiring methylation. Firstly, CTCF is a TF that binds 

to the hypomethylated maternal chromosome at the well-known H19 and Igf2 gDMR, also 

known as the H19/Igf2 imprinting domain. In one study employing transgenic RNA 

interference (RNAi) to reduce CTCF levels in growing oocytes, the maternal chromosome 

at the H19/Igf2 gDMR was found to acquire DNA methylation (271). These findings 

suggested that CTCF plays a protective role against methylation at this imprinting domain 

during oocyte development. Secondly, CpG islands are usually enriched with H3K4me3. 

This histone PTM prevents DNMTs, more specifically DNMT3A and DNMT3B, from 

binding, thereby maintaining an unmethylated state in these regions (272).  

 

 

 

1.7.3. Genome-wide epigenetic reprogramming in primordial 

germ cells (PGCs) 

 

PGCs are progenitors of the oocyte and sperm that have to undergo genome-wide 

reprogramming to erase all parent-specific epigenetic marks to ensure a totipotent state 

necessary for embryo development (Figure 1 ) (7,17,273). PGCs originate from the Epi of 
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the pre-gastrulation stage embryo in mice around E6.25 (16). On their way to the genital 

ridge, these cells must go through global epigenetic reprogramming, during which 

genome-wide loss of 5mC is detected. Based on observations in mice, it is suggested that 

the first round of global demethylation appears through passive demethylation, as de novo 

DNMTs and Uhrf1  are downregulated at this stage. Although the DNMT1 protein is 

detected at a high level, it is excluded from the nucleus (7,274,275). During this time, the 

population of PGCs rapidly expands through mitotic division, allowing for replication -

coupled dilution of 5mC. This is followed by the second round of demethylation, which 

involves TET1 and TET2 proteins in mice. These enzymes were shown to be necessary for 

genomic imprint erasure (16,276,277). Similar findings were made in human PGCs (278ï

280) . By around E13.5 in mice and around weeks 9-11 in humans, methylation marks at 

imprinted regions are entirely removed, in combination with histone remodelling and 

changes in the chromatin conformation.  

 

 

 

1.7.4. Establishment of sex-specific imprints 

 

Following PGC reprogramming, new sex-specific epigenetic marks are established, giving 

rise to unique epigenetic profiles of the sperm and oocyte (Figure 1 ). Remethylation in 

both gametes happens asynchronously at different time points, as gametes are physically 

separated (173,281). In the male gamete, paternal-specific imprints are obtained before 

birth  (E14 ï E17.5), while in the female gamete, maternal-specific imprints are acquired 

after birth until the GV stage in mice (160,282). De novo methylation marks, including 

maternal -specific imprints, are established by DNMT3A and DNMT3L in the mouse 

oocyte (282) . On the other hand, DNMT3A and DNMT3B are suggested to be more 

important in mouse sperm (233).  

 

 

 

1.8. Classical imprinted genes 

 

Imprinted genes are a unique group of genes that are conserved in eutherian and 

marsupial mammals and demonstrate parent -specific monoallelic expression (284) . It is 

hypothesized that imprinted genes evolved alongside placentation in mammals due to 

asymmetry in parental investment (285). There are around 197 imprinted genes described 

in mice and around 165 in humans (http://igc.otago.ac.nz/; www.geneimprint.com ) (18). 

It is well known that imprinted genes are essential for embryo development, metabolism, 

http://www.geneimprint.com/
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placental formation, and brain development (7,17,286,287). However, recent evidence 

suggests that these genes may influence behaviour, sleep and the circadian clock (reviewed 

in (18)). Therefore, de novo mutations, abnormal regulation and altered expression levels 

of imprinted genes are often associated with lifelong imprinting disorders and an 

increased risk of cancer (17,287).  

 

Imprinted genes are characterised by their unusual allele-specific expression, which is 

primarily determined by ICRs. Recent studies have identified many maternal and paternal 

gDMRs, with the majority persisting until the pre -implantation stages (20ï22). However, 

it is important to note that not all such gDMRs function as ICRs. Classical imprinted genes 

are defined by several features (288) . A few genes that demonstrate allele-specific 

expression (ASE) tend to cluster in imprinted domains, containing at least one ICR and a 

non-coding RNA (ncRNA) (289ï291). The regulation of such genes frequently involves 

several cis-elements and trans -acting factors. The most extensively explored and well-

described imprinting domain is the H19/ IGF2 locus. 

 

Human chromosome 11p15.5 contains a large imprinted gene cluster, with the telomeric 

H19/IGF2 imprinting domain and the centromeric CDKN1C/ KCNQ1OT1 imprinting 

domain (17,289,291). H19 is a lncRNA expressed from the maternal chromosome and acts 

as a growth suppressor. IGF2 is a paternally expressed gene and is a growth-promoting 

gene. Imprinting control centre 1 ( IC1) is a 5 kb intergenetic, paternal gDMR found 

between IGF2 and H19. IC1 acts as an insulator, which is rich in tandem repeats 

recognised by CTCF. It is suggested that CTCF binds to unmethylated IC1 on the maternal 

chromosome and protects the maternal IC1 from gaining methylation (292) . On the 

paternal chromosome, IC1 is methylated, which inhibits CTCF from binding. On the 

maternal chromosome, the binding of CTCF induces higher-order chromatin 

conformational changes, blocking common enhancers from activating the IGF2 promoter. 

Instead, these enhancers bind to the H19 promoter and activate this gene transcription. 

More recent findings demonstrated that ZFP57 recognises methylated hexameric motifs at 

IC1 on the paternal chromosome and protects the paternal allele from losing methylation 

(293). Consequently, the common enhancers can bind to the IGF2 promoter on the 

paternal chromosome and initiate IGF2 expression. Any (epi)mutations occurring at this 

imprinted domain can lead to Beckwith-Wiedemann syndrome (BWS) and Silver-Russell 

syndrome (SRS) (294) .  
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1.9. DNA methylation-dependent imprinting  

 

Improving sequencing technologies such as single-cell techniques have allowed us to 

explore the epigenomes of the oocyte, sperm and pre-implantation embryo with 

unprecedented depth, providing intriguing new insights. It was observed that oocytes and 

sperm have many gDMRs, with the majority being erased soon after fertilisation (4,8,20ï

22,295). Some maternal gDMRs survive the post-fertilisation demethylation process but 

eventually lose their parental specificity by the implantation stage as they undergo gain or 

loss of methylation. Therefore, such maternal gDMRs are referred to as transient  

differentially methylated regions (tDMRs) that are indistinguishable from conventional 

DMRs. Interestingly, several research groups have demonstrated that some of these 

maternal tDMRs persist in TE and the placenta (Figure 1.5) (8,20ï22,295). Although 

these tDMRs can be polymorphic because the placental samples of different individuals 

demonstrate varying levels of DNA methylation, with some samples showing low levels of 

DNA methylation, suggesting a relaxed imprinting mechanism (20,295) . In addition, it 

was experimentally confirmed that a few of these tDMRs might act as ICRs and regulate 

the expression of proximal genes, including FAM149A (20) , DSCAM (296)  and the 

GPR1/ZDBF2 locus (23,295,297) in the human pre-implantation embryo and placenta. 

Probably, the zinc finger, DBF-type containing 2 (Zdbf2) locus is perhaps the best-

described transiently imprinted gene to date, with similar regulation observed in both 

mice and humans (23,295). Upstream the TSS of Zdbf2, there is an alternative promoter 

whose activation results in the expression of a Zdbf2 long isoform named Liz (long 

isoform of Zdbf2). Liz is a paternally expressed gene controlled by a maternal gDMR 

(approximately 73 kb upstream of the TSS of Zdbf2 in the mouse), which disappears from 

embryonic tissues by implantation as the paternal allele becomes hypermethylated. 

Therefore, the expression of Liz is restricted to the pre-implantation embryo and placenta. 

Remarkably, the paternal expression of Liz disrup ts the accumulation of H3K27me3 on 

the paternal chromosome, allowing for the establishment of antagonizing 5mC (paternal 

secondary DMR). Secondary or somatic differentially methylated regions (sDMRs) are 

genomic regions that are methylated either on the paternal or maternal chromosome and 

originate during pre -implantation development. The appearance of this sDMR contributes 

to the initiation of Zdbf2 expression. It was shown that Liz KO mice were deficient in 

Zdbf2, which is a growth-promoting gene. Consequently, these KO mice had lower body 

weight and were smaller than control mice (297). Although the function of Liz is not yet 

fully understood, it is suggested to serve as an alternative mRNA source for the ZDBF2 

protein.  

 

Furthermore, cross-species sequence comparisons revealed that there is very little 
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conservation between human and mouse tDMRs, with most human tDMRs being primate -

specific (20,236) . Transient imprinting is a relatively recently discovered epigenetic 

phenomenon, and therefore, the importance of such transiently imprinted genes for 

embryo development remains unclear. Therefore, it would be interesting to know whether 

these tDMRs are bioproducts of the oocyte and sperm-specific epigenetic marks and 

whether they have an important function during early embryo development , with  lasting 

effects throughout an adult's life.  

 

 

 

 

Figure 1.5. Schematic representation of DNA methylation-dependent transient imprinting. 

(1) In the oocyte, tDMRs are hypermethylated (red line), while in sperm, these regions are 

hypomethylated (blue line). (2) After fertilisation and until implantation, tDMRs on maternal 

chromosomes are fully methylated, and the maternal alleles are silenced (red boxes), while the 

paternal alleles remain unmethylated and are transcriptionally active (blue boxes). Black line ï 

5mC level in the blastocyst. (3) After implantation, in the TE and future placenta, maternal alleles 

maintain methylation, whereas paternal alleles are unmethylated and expressed. Black line ï 5mC 

level in extra-embryonic tissues. (4) In embryonic tissues, both maternal and paternal alleles may 

become hypermethylated (black dashed line), resulting in gene silencing, or hypomethylated (black 

dashed line), leading to biallelic expression. 
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1.10. DNA methylation-independent imprinting  

 

Genomic regions enriched with repressive histone marks may mediate transient 

imprinting in mice and potentially in humans. Inoue and colleagues developed a low -input 

DNase I-sequencing (liDNase-seq) method, which involves digesting DNA from a small 

number of cells (or even a single cell) with the DNase I enzyme, followed by deep 

sequencing to identify DNase I footprints or DNase I hypersensitive sites (DHS), 

representing open chromatin regions (298) . They applied this technique in combination 

with RNA sequencing (RNA-seq) on diploid mouse AG and GG embryos and found that 

such conceptuses shared thousands of common DHSs, but they also harboured some non-

overlapping DHSs that included several imprinted regions (24).  

 

By screening publicly available whole-genome bisulphite sequencing (WGBS) and ChIP-

seq datasets from mouse gametes and embryos and by profiling single-nucleotide 

polymorphisms ( SNPs), they discovered that out of 187 AG-specific DHSs (also present on 

the paternal genome), 105 such regions were hypomethylated and located within 

H3K27me3 domains in mouse oocytes and ICM (24). Of these, 76 H3K27me3 regions 

were located near genes, 28 of which were expressed in either AG or GG morulae. 

 

Further analysis in mouse ICM and TE showed that 18 out of 23 genes expressed in TE 

exhibited paternally biased expression, while 16 out of 24 genes expressed in the ICM also 

showed paternal-biased expression (Figure 1.6) (24). Notably, these 28 genes included 

Sfmbt2, Gab1, Slc38a4, and Phf17 (also known as Jade1), some of which have been 

previously shown to be independent of oocyte-derived DNA methylation (299) . The 

researchers further demonstrated that H3K27me3 represses the maternal allele by 

injecting Kdm6b  mRNA (H3K27me3-specific demethylase) into one-cell-stage diploid PG 

embryos (MII oocytes chemically activated), followed by liDNase-seq and RNA-seq at the 

morula stage (24). This integrated analysis revealed that the loss of H3K27me3 increased 

the accessibility of the maternal genome, leading to the upregulation of genes with 

paternal-specific expression, while canonical imprinting remained unaffected. Thus, 

H3K27me3 was concluded to mediate monoallelic expression independent of DNA 

methylation, and it was called non-canonical imprinting.  

 

Subsequent studies supported this by generating mouse embryos with maternal knockout 

(matKO) of Eed (an essential component of PRC2), which led to the loss of non-canonical 

imprints , while canonical imprinted genes remained unaffected in pre -implantation 

embryos (morula) and extra-embryonic ectoderm (ExE; E6.5) (26,187). Additionally, it 

was found that non-canonical H3K27me3 domains gradually diminished during mouse 
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pre-implantation development, disappearing entirely in post-implantation embryos , and 

some of these regions were overtaken by de novo DNA methylation, forming sDMRs that 

mediate non-canonical imprinting in extra -embryonic tissues (24,26,187). In Eed matKO 

mouse embryos grown to E6.5, the WGBS data of ExE revealed the loss of sDMRs at key 

genes such as Gab1, Jade1, Smoc1, and Slc38a4 (maternal gDMR) (26,187). Similarly, 

mouse embryos with zygotic Dnmt3a/3b /3B  double knockout (DKO) showed loss of 

sDMRs in ExE (E6.5; low-input RRBS) for 5 out of 6 non-canonical imprints (with Sfmbt2 

sDMR established by E14.5 in the placenta (300) ), while canonical gDMRs retained their 

methylation (26). Thus, these findings demonstrate that H3K27me3 domains are 

transiently retained during pre -implantation development but are replaced by sDMRs in 

post-implantation ExE.  

 

It was further discovered that many of these non-canonical imprints are associated with 

ERVK LTRs, which are marked by H3K4me3 on the paternal allele and the maternal allele 

at the same region becomes hypermethylated in ExE (sDMR established) (25). These 

LTRs promote paternal allele-specific expression, as shown by mosaic deletion of RLTR15 

via CRISPR-Cas9 in the mouse placenta (E12.5), which resulted in partial loss of 

imprinting  (LOI)  at the smaller isoform of Gab1. Thus, a deletion of such retroviral 

elements can disrupt imprinted gene expression. 

 

Following these findings, non -canonical imprinting has been reported in humans, with 

FAM101A showing similar imprinting patterns in human embryos (27). However, this 

study was limited by its small sample size and low statistical power. Nevertheless, the 

authors suggested that many such non-canonically imprinted genes may exist in pre-

implantation embryos and the placenta. 
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Figure 1.6. Model of H3K27me3-dependent imprinting. 

(1) In the oocyte, large regions are enriched with H3K27me3 (black line), while in sperm, such 

regions are free from H3K27me3. (2) After fertilisation, maternal chromosomes maintain 

H3K27me3, leading to the silencing of maternal alleles (red boxes), whereas paternal 

chromosomes lack these marks, allowing ERVK LTRs to activate paternal allele expression (blue 

boxes). On the paternal chromosome, H3K4me3 overlaps with ERVK LTRs. (3) After implantation 

in extra-embryonic tissues, H3K27me3 transitions to DNA methylation (red line). As a result, 

sDMRs are established on maternal chromosomes, silencing maternal alleles. Meanwhile, on 

paternal chromosomes, ERVK LTRs and paternal alleles remain transcriptionally active. (4) In 

embryonic tissues, H3K27me3 is replaced by DNA methylation, and both maternal and paternal 

alleles are silenced. 

 

 

 

1.11. X chromosome inactivation (XCI)  

 

XCI is a controversial topic in human embryos due to conflicting results reported by 

different research groups. One explanation for these inconsistent findings is that the 

mechanism of XCI has been primarily studied in mice (13,301ï303). 
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Until now, it is known that in marsupials, the dosage compensation of X -linked genes is 

achieved by the inactivation of the paternal X chromosome (Xp) in female embryos (304) . 

In eutherians such as mice, XCI occurs in two waves. During the first wave at the 

approximately 4 -cell stage, the long, cis-acting ncRNA called Xist is preferentially 

expressed from Xp, resulting in Xp inactivation. The Xp remains inactive in TE and PrE, 

but it is reactivated in Epi cells, which leads to the second round of random XCI (this time, 

either the maternal or Xp can be randomly inactivated). In other eutherian mammals, XCI 

is a random process, and therefore, it is thought to be the case in humans (13,301ï303). 

Single-cell sequencing technologies allowed exploring this question in much greater detail. 

One study applied single-cell RNA sequencing (scRNA-seq) to 1,529 cells (88 pre-

implantation embryos) and found that X -linked genes were gradually downregulated in 

female cells from E4 to E7, but XIST was biallelically expressed from both X chromosomes 

during that time window (13). Therefore, they concluded that dosage compensation in 

female human pre-implantation embryos is achieved by ódampeningô both X 

chromosomes. However, a more recent study (302)  using the same data combined with 

other datasets rejected this hypothesis (a gradual change in the ratio between biallelically 

and monoallelically expressed genes located on X chromosomes was detected) and, thus, 

supported a more conventional idea that XCI is random in humans.   

 

 

 

1.12. Use of uniparental cell lines and embryos to 

study parental epigenomes 

 

Lately, uniparental embryos and their derived cell lines have been employed to explore the 

differences between maternal and paternal genomes and their roles in chromatin 

accessibility, DNA methylation, histone PTMs, and transcriptome profiles during human 

pre-implantation development (224,305,306). AG embryos are generated by removing the 

maternal pronucleus using a blastomere biopsy pipette from a newly formed zygote, while 

PG embryos are produced by removing the paternal pronucleus using an intracytoplasmic 

sperm injection (ICSI) pipette from the zygote. The use of uniparental cell lines or 

embryos has become a valuable model for studying processes that occur during early pre-

implantation development, such as genomic imprinting, as they provide many advantages 

over biparental samples (24,224,305). For example, SNPs are extensively used to 

investigate parent-of-origin-specific effects in mammals, including humans (307ï309). In 

studies using mice as model organisms, two inbred strains can be crossed to generate F1 

polymorphic embryos, which are then screened for novel imprinted genes or used to study 
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the distribution of epigenetic modifications specific to each parental genome 

(299,307,309). Unfortunately, in humans, only certain genomic regions contain 

informative SNPs suitable for studying such effects (310). Therefore, uniparental embryos 

allow for the systematic investigation of contributions from either the maternal or 

paternal genome to the developing embryo within isolated parental backgrounds. 

 

For instance, Sagi and colleagues used AG, PG, and biparental embryos to derive 

androgenetic embryonic stem cells (aESCs), parthenogenetic embryonic stem cells 

(pESCs), and biparental ESCs (305). Transcriptome and methylation profiling of these cell 

lines revealed similar expression profiles of pluripotency-related genes and most canonical 

genomic imprints, including genes with sDMRs that demonstrated stable expression and 

methylation, with some variations at PEG10 and H19/IGF2 loci in aESCs and pESCs. By 

screening for novel genes with parent-of-origin-specific expression, the authors identified 

S100A14 - a maternally expressed gene associated with a pDMR not previously linked to 

known imprinting clusters. Moreover, aESCs demonstrated an intrinsic propensity to 

differentiate toward extra-embryonic lineages, with placenta-specific genes such as CGA, 

CGB8, ERVFRD-1, and ERVW-1 being significantly upregulated in this cell line. 

Interestingly, teratomas (tumours composed of diverse embryonic tissues) derived from 

aESCs showed upregulation of liver-specific genes and enhanced proficiency of aESCs to 

differentiate into hepatocytes. In contrast, teratomas derived from pESCs exhibited 

increased expression of cerebral cortex-associated genes (305), further supporting the 

idea that both parental genomes are necessary to generate a viable embryo. 

 

More recently, Yuan and colleagues generated several cleavage stage (CL), morula, and 

blastocyst-stage AG and PG embryos and found that AG and PG embryos initially 

resembled biparental embryos (306). However, after the 8-cell stage, PG embryos 

exhibited a delay in the major EGA. In-depth investigations revealed that ZNF675 (a 

primate-specific TF derived from maternally deposited mRNA) and LSM1 (a component of 

the deadenylation-dependent mRNA decay complex) were upregulated in 8-cell-stage AG 

embryos but initially expressed from the paternal genome in biparental embryos. ZNF675 

was required for the upregulation of EGA genes, while LSM1 was needed to degrade 

oocyte-derived transcripts and contributed to the delayed EGA observed in PG embryos. 

These findings suggest that EGA in humans is initiated at the 8-cell stage from the 

paternal genome (306). 

 

Unfortunately, uniparental embryos are only suitable for studying pre-implantation 

development, as mouse uniparental embryos die soon after implantation due to 

imprinting defects that lead to abnormal phenotypes. For instance, PG conceptuses in 

women can result in ovarian teratomas, while AG pregnancies can lead to complete 
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hydatidiform moles (CHMs), which form when an enucleated oocyte is fertilised by one or 

two sperm (253,311ï313). Partial hydatidiform moles (PHMs) may arise when a 

replication-defective oocyte is fertilised by two sperm. Furthermore, Sagi et al. (2019) 

reported that 95 oocytes were required to derive six different aESC lines (7.4% efficiency), 

43 oocytes were needed to derive eight pESC lines (19.5% efficiency), and seven oocytes 

were used to generate two biparental ESC lines (28.6%) (305). Thus, the survival rate of 

CL AG or PG embryos and the efficiency of ESC line derivation from uniparental embryos 

remain very low. 

 

 

 

1.13. Human placenta 

 

The human placenta is the largest transient foetal organ that supports the embryo after 

the blastocyst implants into the uterine wall until delivery  (Figure 1.7) (314,315). The 

placenta performs a plethora of functions, including the secretion of pregnancy-associated 

hormones, mediation of nutrient, gas and waste exchange between the developing 

conceptus and the mother, modulation of the immune response, protection against 

circulating pathogens and modification of the mother ôs metabolic system (314,315). 

Therefore, it is not surprising that defects in the placenta can immediately impact the 

health of both the growing foetus and the mother and may also influence the health of the 

individual later in life ï a concept referred to as the Foetal Origins Hypothesis or 

Developmental Origin of Health and Diseases (DOHaD) (316,317). In addition, the human 

placenta is also a unique foetal organ as it shows a distinct epigenome and transcriptome, 

unlike any somatic tissue, which I will discuss in more detail.  
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Figure 1.7. Different stages of human placental development. 

(A) Blastocyst implantation into the uterine wall with trophectoderm (TE) differentiating into 

cytotrophoblasts (CTBs; yellow) and the formation of the primary syncytium (orange); pre-lacunar 

stage. (B) Formation of primary villi and the emergence and fusion of lacunae within the syncytial 
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mass (orange). (C) Third-trimester placenta with cotyledons; the pink-to-blue shading in the 

intervillous space represents oxygen levels in maternal blood. (D) Maternal-foetal interface, 

showing major placental cell types. LE - luminal epithelium, EXM - extra-embryonic mesoderm 

(pink), EEC - extra-embryonic coelom, GE - glandular epithelium, YS - yolk sac, LAC - lacunae, 

ICM - inner cell mass, EPI - epiblast, CS - cytotrophoblastic shell, AC - amniotic cavity, STBs - 

syncytiotrophoblasts (orange), iEVTs - interstitial extravillous trophoblasts (dark green), eEVTs - 

endovascular extravillous trophoblasts (light green), MEC - maternal endothelial cells, SMC - 

smooth muscle cells, FBs - fibroblasts, HBs - Hofbauer cells, TE - trophectoderm. 

 

 

 

1.13.1. Early development of the human placenta 

 

The development of the human placenta starts at the early blastocyst stage at around 5 

days post-fertilisation (dpf) when the polar side of the blastocyst ôs TE that is adjacent to 

the ICM attaches to the upper layer of the uterine mucosa known as the endometrium 

(Figure 1.7A) (314,315,318). It is suggested that the initial contact between the blastocyst 

and the epithelial cells of the endometrium is mediated by glycoproteins, such as galectins 

and selectins found on TE cells, while endometrial epithelium expresses selectin ligands 

(318ï320). In addition, this initial interaction is further strengthened by the heparin -

binding EGF-like growth factor (HBEGF) present on the endometrial epithelium that can 

bind to heparan sulphate proteoglycan and EGF receptors on TE (321,322). This 

interaction can induce apoptosis of the endometrial epithelium, exposing extracellular 

matrix components (ECM) of the basement membrane (322). Finally, the blastocyst 

utilises integrins to bind to diverse ligands on the endometrium, which further aids in 

implantation (318).  

 

Around 6-8 dpf, different genes become upregulated in TE cells, leading to their 

proliferation or asymmetric mitosis (71). Some daughter cells remain as progenitor cells, 

while others exit the G0 phase of the cell cycle and upregulate GCM1 (323ï325). This 

leads to the expression of ERVW-1 and ERVFRD-1, as well as ADAM12, which triggers cell 

membrane dissolvent, cytosolic fusion and the gradual formation of multinucleated cells 

known as STBs (323ï326). The STBs gradually merge to establish a primary syncytium, a 

multinucleated monolayer of cells  (Figure 1.7A). The primary syncytium is highly 

invasive and quickly penetrates the endometrium, which during the pregnancy is 

transformed into a specialised tissue called the decidua (314,315). The invasion of the 

primary syncytium is mediated by hormones secreted by the maternal decidua, while the 

syncytium itself secretes pregnancy-related hormones such as human chorionic 

gonadotrophin (hCG) and placental lactogen (327ï329). At this point, the ICM of the 

blastocyst differentiates into Epi and PrE or hypoblast, while the primary yolk sac and the 
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amniotic cavity (AC) are also formed (Figure 1.7B). It is suggested that PrE gives rise to 

the extra-embryonic mesoderm (ExM) in the growing embryo, which subsequently plays a 

crucial role in forming placental vasculature (314,315,330). However, Epi cells can also 

contribute to ExM, as they show the expression of some Epi markers, such as CREB3L1 

(330,331). The growing embryo is completely embedded into the maternal decidua, 

covered by the surface epithelium, and fully surrounded by the primary syncytium 

(314,315,332). The rest of the blastocyst TE cells that remain unfussed and are able to 

proliferate are known as placental CTBs, which are placental stem cells (314,328,329,333). 

CTBs divide and fuse to expand the syncytial mass in which fluid-filled spaces gradually 

appear, known as lacunae (Figure 1.7B). Lacunae further enlarge and merge, 

partitioning the syncytial mass into a complex lattice of trabeculae (332,334). These 

trabeculae expand and erode into decidual glands, which provide nourishment for STBs 

and the growing conceptus. The maternal glands produce glucose oligomers and 

glycoproteins (hist iotrophic nutrition) (335). This form of nutrition persists until 11 weeks 

of pregnancy; then, the haemochorial system becomes fully established. 

 

At around 12 dpf, CTBs start to rapidly proliferate and push through STB trabeculae by 

forming primary villi ( STBs form the outside layer, and the inner core contains CTBs) 

(Figure 1.7B) (314,315,332,336). The CTBs eventually penetrate the syncytium by 

forming the cell columns that anchor the developing placenta to the decidua. These CTB-

derived cell columns merge laterally to form a CTB shell (precursor of the basal plate) that 

gradually envelopes the growing conceptus and separates the primary villi from the 

maternal decidua (~15 dpf). Around this point, the blastocyst forms three germ layers 

after undergoing gastrulation and the format ion of the amnion (217,330,336). 

 

Between 17 to 18 dpf, ExM cells invade the CTB core of the primary villi and secondary 

villi are formed (314,315,332). The ExM further develops into primitive endothelial tubes, 

which are the first embryonic vessels, leading to the formation of tertiary villi  (Figure 

1.7C, D ) (332,337). Tertiary villi further expand and ramify by cycling through these 

several stages (the formation of primary villi - trophoblast sprouting, secondary villi - ExM 

invasion, and tertiary villi - vessel formation) that expand the placental vasculature 

(332,338). Erythropoietic foci in the villi and chorionic plate produce nucleated red blood 

cells that migrate to the developing foetus (~22 days dpf). Also, CTBs secrete endothelial 

growth factor (VEGF) and placental growth factor (PlGF) that promote vessel format ion 

(vasculogenesis, branching and angiogenesis) as their receptors are found on STBs and 

placental endothelial cells (339). Initially, vessels are formed through vasculogenesis at 

the tips of growing villi, but later, the vessels mainly grow through angiogenesis 

(332,340,341). Finally, the complex network of placental vessels is pruned and refined, 

and from 12 weeks, vessels in the chorionic plate become muscularised.  
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After 4 weeks of the pregnancy (~32 dpf), the placental vessels connect with the foetal 

vessels and umbilical circulation becomes established (338) . The vascular network is 

significantly expanded during the second trimester to meet the increasing demands for 

nutrients and oxygen as the growing foetus develops. During the third trimester, the whole 

placenta contains between 15 to 28 fully mature villous trees, also known as cotyledons, 

that anchor the chorionic plate (the foetal side) to the basal plate (the maternal side) 

(Figure 1.7C) (340) . Some branches of the cotyledons are attached to the basal side to 

provide structural support, while other branches, known as terminal villi, contain several 

foetal capillaries (4-6) that push against the basement membrane of STBs and have a 

grape-like appearance (Figure 1.7C, D ) (340) . These terminal villi freely float in the 

intervillous space, which is flooded with maternal blood, where nutrient and gas exchange 

are most efficient.  

 

 

 

1.13.2. Spiral artery remodelling and other placental cell 

types 

 

Around 15 dpf, some CTBs of the cytotrophoblasic shell or from the tips of CTB columns 

facing the maternal decidua undergo polyploidisation, senescence, and epithelial-to-

mesenchymal transition (EMT) to become EVTs (Figure 1.7C, D ) (342). One population 

of EVTs, known as interstitial EVTs (iEVTs), migrates into the decidual stroma and moves 

towards the maternal spiral arteries (343). These cells can move deeper into the 

myometrium, where they lose their migratory properties and differentiate into 

multinucleated placental bed giant cells (Figure 1.7D ), which then lose their migratory 

properties and produce lactogen and PLAC8 (344,345). The decidua also secretes diverse 

basement membrane proteins, including fibronectins and laminins, that support the 

invading cells (346). iEVTs are responsible for remodelling spiral arteries, as they express 

different metalloproteinases and interleukins, such as IL -6 and IL-8, that activate the 

endothelial cells of spiral arteries (Figure 1.7D ) (342,347). Following this, the endothelial 

cells produce cytokines, which attract uterine natural killer (uNK) cells that begin 

breaking down the ECM of vessel walls with the support of iEVTs (348) . Gradually, 

smooth muscles of the vessels undergo dedifferentiation or apoptosis, while some 

endothelial cells also undergo apoptosis and are replaced by fibrinoids that contain 

embedded iEVTs. At the end of remodelling, these vessels contain some remaining 

endothelial cells with fibrinoids and low numbers of immune cells in the vicinity. Overall, 

the vessels lose the ability to contract (vasoconstriction), and the mouths of the spiral 

arteries open widely, allowing for higher blood flow under lower pressu re, which is vital 
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for efficient placental function and foetal growth (349). However, the maternal blood flow 

can be restricted by upstream radial arteries, which can undergo vasoconstriction (350) .  

 

The second population of EVTs, known as endovascular extravillous trophoblast cells  

(eEVTs), move along the walls of spiral arteries and plug them to prevent the maternal 

blood from getting into the intervillous space until the foetal -maternal circulation is 

established (Figure 1.7C) (343,351). This is suggested to prevent reactive oxygen species 

from getting into the intervillous space that might damage the growing foetus until proper 

circulation is established. After eEVT plugs are disintegrated, the oxygen levels 

significantly increase from 2.5% to 8% (352,353). It is suggested that hypoxic conditions 

promote EVT differentiation during the first trimester until the establishment of foetal -

maternal circulation. From this point, the haemochorial interphase becomes established, 

and then glycolysis-based nourishment is replaced by oxidative phosphorylation. During 

this time, the placenta produces catalase and superoxide dismutase enzymes that protect 

the villi and the foetus from damaging reactive oxygen species (354).  

 

Some of EVT markers include CDH5, MMP2 , MMP3 , MMP9 , HLA -G, ERBB2, HLA -C, 

HLA -G and CD56 (314,333). 

 

STBs have microvilli that even further increase the surface area to maximise gas and 

nutrient exchange between the growing foetus and the mother (355). STBs form a large 

multinuclear monolayer without cell walls, which is believed to enhance the diffusion of 

nutrients, gases, and foetal metabolic waste, as well as protect the foetus from external 

pathogens (Figure 1.7C, D ). Both sides of STBs are enriched with amino acid and glucose 

transporters (the apical and basal sides) (356). In addition, STBs secrete hCG, placental 

lactogen, progesterone and leptin into the maternal circulation to modulate the mother ôs 

metabolism (327). STB cells do not express HLA receptors, which help the placenta and 

the foetus remain invisible to the motherôs immune system (314). Additionally, STB cells 

contain the neonatal Fc receptor (FcRn), which transports maternal IgG to the foetal 

blood and can activate foetal natural killer ( NK) cells (357). Finally, STBs express ERVW-1 

and ERVFRD-1, which are essential for syncytial formation (242).  

 

During the maturation of placental villi, the continuous CTB layer beneath the syncytium 

becomes patchy, and only a single syncytial layer separates placental villi from maternal 

blood (314,358). CTBs express GATA2, GATA3, TFAP2C/A, TEAD4, KRT7, TP63, and 

some surface markers such as EGFR, MET  and some members of the WNT family and 

NOTCH1 that become restricted to CTB columns (314,328,333).  
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The villus stroma contains different cell types, including immune cells such as Hofbauer 

cells (HBs; CD68 positive), fibroblast ( VIM  positive) and endothelial cells that are CD34 

positive (314,359,360) (Figure 1.7D ).  

 

 

 

1.13.3. Placental epigenome 

 

The human placenta possesses a unique epigenome, characterised by distinct distributions 

of DNA methylation and histone PTMs compared to other embryonic and somatic tissues 

(361). These differences in epigenetic marks are likely associated with the diverse 

functions of the placenta and its environmental adaptability or plasticity, which are 

essential for a healthy pregnancy. 

 

The human placenta exhibits global hypomethylation compared to other somatic tissues. 

In one of the earliest studies, conducted by Schroeder et al. (2013) (362), third -trimester 

placental samples and somatic tissues, including the cerebral cortex, cerebellum, NK cells, 

and kidney, were collected for WGBS using MethylC-seq and Illumina Infinium 450K 

arrays. The study found that placental chorionic villi had lower global DNA methylation 

levels (5mC - 62.44% and 63.39% in two technical replicates) compared to the cerebral 

cortex (5mC - 77.38%), cerebellum (5mC - 75.73%), NK cells (5mC - 78.97%), and kidney 

cells (5mC - 76.8%). Additionally, placental samples from dif ferent species, including  

rhesus monkey, squirrel monkey, mouse, dog, horse, cow, and opossum, confirmed the 

observation that somatic tissues generally exhibit  higher global DNA methylation levels 

than their respective placentae (363). Interestingly, direct comparisons between species 

revealed that gene bodies of highly expressed genes tend to become hypermethylated. 

 

More recently, Yuan and colleagues (364) collected first - and third -trimester placental 

samples and isolated four major cell types from the placental chorionic villi using 

fluorescence-activated cell sorting (FACS). These cell types included placental endothelial 

cells, stromal cells, HBs and trophoblasts (primarily CTB cells). Isolated DNA from these 

cells was used for sodium bisulphite conversion and Illumina Infinium MethylationEPIC 

arrays to generate methylation reference datasets (Section 2.8 ). Analysis of these 

datasets revealed that the major contributing factors to variable DNA methylation levels 

were different placental cell types, followed by gestational age and gender. In the term 

placenta, trophoblast and HB cells exhibited the most distinct methylation profiles, with 

both cell types harbouring the largest number of differentially methylated CpGs (placental 

trophoblasts = 135,553 CpGs; HB cells = 130,733 CpGs) compared to endothelial (75,525 

CpGs) and stromal (80,153 CpGs) cells. Most differentially methylated CpGs in 
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trophoblasts were hypomethylated, while in HB cells, these sites were primarily 

hypermethylated. Stromal and endothelial cells showed intermediate methylation levels 

between trophoblasts and HB cells. Notably, similar methylation patterns observed in the 

term placenta were also present in first-trimester placental samples, though global DNA 

methylation levels were lower in the first trimester. As gestational age progressed, global 

DNA methylation increased in placental trophoblasts, HB, and stromal cells, w hile it 

decreased in endothelial cells. Overall, DNA methylation increased with advancing 

pregnancy, potentially linked to the increased proportion of trophoblasts in the term 

placenta. It was also observed that DNMT expression increased with gestational age, while 

the expression of TET1 and TET3 enzymes was reduced in term placentae compared to 

second-trimester samples (365). Although TET2 was highly expressed in term placentae, 

its cofactors were either downregulated or not expressed. Reduced TET enzyme activity 

and higher DNMT  activity may explain the increase in global DNA methylation as 

pregnancy progresses. 

 

The placenta shares a similar methylation profile with cancer cells. Several studies have 

found that the placenta contains large PMDs, which are over 100 kb in length, with 

methylation levels below 70% (362ï364,366). Schroeder and colleagues (367) estimated 

that PMDs cover 37% of the human genome. These hypomethylated regions were also 

observed in several cell lines, including IMR90 (foetal lung fibroblasts) (41) and SH-SY5Y 

(neuroblastoma cells) (368) , as well as in cancers such as colon (365,369) and breast (370) 

cancers. PMDs were maintained throughout gestation, although DNA methylation within 

PMD regions decreased over time (365). In general, PMDs are gene-poor regions that 

exhibit low gene expression, with the promoters of these genes being hypermethylated 

compared to other genomic regions (362). Such genes included tissue-specific genes 

important for somatic tissues, such as those involved in neuronal development. 

Interestingly, these hypomethylated regions were flanked by highly methylated domains 

(HMDs), which contained highly expressed genes with hypermethylated gene bodies 

(362,363). Notably, PMDs were predominantly found in placental trophoblasts rather 

than other cell types (364). The function of these regions remains unclear, but it is 

suggested that they may never have acquired de novo methylation following global 

epigenetic reprogramming in pre -implantation embryos or that they may play a role in 

regulating placental gene expression (362,366) . 

 

The placenta may exhibit a lower global methylation profile as it originates from 

hypomethylated progenitor cells. One study (216) cultured human blastocysts (day 6) in 8-

well plates until day 14 and collected embryos at various time points for scRNA-seq, 

single-cell bisulphite sequencing (scBS-seq), and single-cell tagged reverse transcription 

sequencing (STRT-seq). scBS-seq datasets revealed that the fastest increase in DNA 
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methylation occurred between day 6 (5mC - 23.5%) and day 10 (5mC - 46.3%). After day 

12, DNA methylation in TE cells exceeded 50%. In contrast, a more rapid increase in DNA 

methylation was observed in Epi cells, with levels rising from 26.1% on day 6 to 60% on 

day 10, though no methylation was reported in Epi cells by day 12. This suggests that TE 

cells exhibit slower DNA remethylation dynamics.  

 

The placenta harbours more imprinted genes than other somatic tissues (371ï373), with 

placenta-specific imprints mostly maintained in trophoblasts (364). Profiling methylation 

datasets from four placental cell types revealed that ICRs of canonical imprints showed 

intermediate methylation levels and were maintained across all cell types. Interestingly, 

placenta-specific imprinted DMRs were predominantly fo und in trophoblasts, while these 

same regions were hypomethylated in HB cells. In stromal and endothelial cells, these 

placenta-specific DMRs displayed variable methylation. Some placenta-specific DMRs 

exhibited consistent methylation levels across trophoblasts, stromal, and endothelial cells; 

an example is the DNMT1 placenta-specific imprinted gene. However, most regions were 

primarily methylated in trophoblasts, with stromal and endothelial cells exhibiting lower 

methylation, as seen in regions such as DCAF10 and FGF8. Only one placenta-specific 

DMR,  RASGRF1, was found to be more highly methylated in stromal and endothelial cells 

than in trophoblasts. Thus, placenta-specific imprinting may be restricted to extra -

embryonic cell lineages. 

 

Different histone PTMs also show unique distributions in the human placenta. In addition 

to large PMDs, smaller hypomethylated regions were found enriched with PRC1 and PRC2 

repressive marks, covering less than 1% of the human genome (362). These polycomb-

regulated regions could be detected within HMDs, where genes such as DLX5 and DLX6 

exhibited high expression. Polycomb-regulated regions were also found within PMDs with 

repressed genes, resulting in even lower DNA methylation levels. Interestingly, these 

polycomb-enriched regions exhibited higher methylation in the human placenta than 

compared to other somatic tissues, such as the cerebellum. Furthermore, a recent study 

(143) profiled histone PTMs in placental cell lines, including  hTSCs, hTSCs differentiated 

into STBs and EVTs, CTB cells and hESCs. It was found that bivalent domains were rare in 

hTSCs, CTBs, STBs, or EVTs, unlike hESCs, which contained multiple such regions. A few 

genes present in bivalent domains in trophoblast cell lines showed low expression, 

although generally higher expression than genes marked only by H3K27me3 or with no 

histone PTMs. Notably, trophoblast marker genes such as KRT7, GATA3, and MSX2 were 

located in bivalent domains in hESCs. Thus, the authors concluded that bivalent domains 

are uncommon in placental trophoblasts.  

 

Further profiling of histone PTMs between these cell lines showed that hTSCs contained 
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multiple common and 1,661 unique regions marked by H3K4me3 (143), which were 

mostly lost in STB cells. These hTSC-unique regions included genes such as TEAD4 and 

TP63, which are associated with epithelial cell proliferation, tissue remodelling, and other 

functions. Similarly, STB cells gained 646 unique H3K4me3 domains, including genes 

such as TBX3 and GCM1, which are important for hormone peptide production, 

metabolism and related functions. Similar observations were made when comparing 

hTSCs to EVTs. hTSCs lost 888 H3K4me3 -specific domains upon differentiation into 

EVTs, while EVTs gained 1,042 H3K4me3 domains, including genes such as ASCL2 and 

MMP2 , associated with lipid storage, immune gene regulation, and placental 

development. The breadth of H3K4me3 domains correlated with gene expression levels in 

trophoblast cell lines, and lower H3K4me3 enrichment or its absence led to gene 

downregulation in hTSC, STB, or EVT cells. Similarly, H3K27ac marked some common 

and unique enhancer elements in hTSCs, STBs and EVTs, and these enhancers were 

associated with processes such as morphogenesis, metal ion transport, and other cell-line-

specific functions. 

 

Zhang and colleagues (365) recently profiled epigenetic modifications in second - and 

third -trimester placental samples, finding that PMDs were enriched with H3K9me3, 

which marked gene-poor, hypomethylated regions. The authors suggested that H3K9me3 

might repress genes in CTB cells located in these lowly methylated regions. Additionally, it 

was observed that H3K9me3, H3K27me3, H3K4me3, and H3K27ac were more abundant 

in second-trimester placentae and demonstrated reduced levels in term placentae, 

potentially linked to placental senescence and coming delivery. Interestingly, placental 

samples affected by PE showed a global increase in H3K27ac even during the third 

trimester, leading to the expression of genes, such as the pregnancy-specific glycoprotein 

gene (PSG) cluster, that was repressed in normal, term placentae. Another study 

investigating histone PTM enrichment in placental CTB and STB nuclei found that CTB 

cells contained higher levels of H3K27me3 and H3K9me3 than STBs in term placentae, 

despite STB nuclei showing increased nuclear condensation compared to CTBs (374). 

 

 

 

1.13.4. Placental transcriptome 

 

The human placenta has a unique transcriptome, possibly linked to its unique epigenome 

(361,375). As previously discussed, LTR elements are essential for normal placental 

development. Some of the best-known genes include ERVW-1 (encodes Syncytin-1) and 

ERVFRD-1 (encodes Syncytin-2) (242), which are required for CTB fusion and the 

formation of STBs, eventually leading to syncytial formation. It is not surprising that such 
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genomic regions are often found to be more hypomethylated in the placenta compared to 

other somatic tissues (364). Many of these elements function as enhancers and can be 

marked by H3K27ac, H3K4me1, and H3K4me3 that regulate placenta-specific gene 

expression (138). Thus, they are thought to contribute to the evolution of genomic 

imprinting (236,240) . As noted earlier, genomic imprinting is more prevalent in this 

tissue, with the placenta harbouring its specific imprints in addition to canonical 

imprinted genes, which may play a critical role in pregnancy (20ï22). 

 

The placenta has one of the least complex transcriptomes in terms of transcribed protein-

coding genes compared to 50 other tissues in the GTEx database (375). The complexity of 

the placental transcriptome was comparable to such tissues as the oesophagus, minor 

salivary gland, and pituitary gland, while blood demonstrated the least complex 

transcriptome. This is partially because 71 genes are highly expressed in the placenta, 

including CSH1, CSH2, the PSG cluster, CGB3, CGB5, CGB8, ERVW-1, ERVFRD-1, ERVV-

1, ERVV-2, and other important genes during pregnancy. However, the human placenta 

also shows high expression of small RNAs, such as piRNAs, circular RNAs, and 

microRNAs (miRNAs). Some of the imprinted miRNA clusters are exclusively expressed 

in the placenta, such as C19MC (376), which encodes 58 mature miRNAs, and C14MC 

(377), which encodes 73 mature miRNAs. 

 

 

 

1.13.5. Placental pathologies 

 

Abnormal function of the placenta can result in several pregnancy complications that are 

generally referred to as Obstetric Disorders (378). These include PE, foetal growth 

restriction (FGR), intrauterine growth restriction (IUGR), miscarriage, stillbirth and 

others. These pregnancy-related complications can not only have an immediate effect on 

the growing foetus and the mother but also cause some health-related problems later in 

life. Here, I will discuss a few more frequent placenta-related pathologies. 

 

1.13.5.1. Pre-eclampsia (PE) 

 

PE is a pregnancy-related condition that is defined by a sudden onset of hypertension (> 

20 weeks of gestation) with a systolic blood pressure Ó 140 mmHg or a diastolic blood 

pressure Ó 90 mmHg, and one or more additional complications, including uteroplacental 

dysfunction, abnormal renal dysfunction or hepatic dysfunction and/or other maternal 

organ dysfunction (379). It is suggested that this condition globally affects 4 million 
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women yearly, resulting in more than 70,000 and 500,000 women and newborn deaths 

(380) . Therefore, it is a serious, life-threatening condition not only for the developing 

conceptus but also for the mother. Missed diagnosis of PE or not managed adequately, this 

condition can rapidly progress and can lead to severe headaches, eclampsia (seizures), low 

platelet count (HELLP) syndrome, renal failure, pulmonary oedema, placental abruption, 

haemorrhagic stroke or arterial stroke and multiple other symptoms, including death 

(341,379,381). In general, this condition is more prevalent in developing countries (low- 

and middle -income), especially in South America and Africa, than in higher-income 

countries, most likely due to less accessible healthcare services (382) . Also, it was shown 

that certain ethnic groups are more prone to develop PE during pregnancy, with a higher 

risk observed in black women and women of South Asian descent (383) . 

 

Several factors have been identified that are associated with an increased risk of PE, such 

as a family history of PE, previous pregnancy with PE, current chronic disease or 

hypertension, diabetes, obesity and use of assisted reproduction technologies (ART) 

(379,384). The other less predictive factors include advanced maternal age, first 

pregnancy or previous unsuccessful pregnancies. However, none of these factors are 

strong predictors for the onset of PE.  

 

Depending on the onset of this pregnancy-associated disease, it is separated into pre-term 

PE (<37 weeks of gestation), term (Ó37 weeks of gestation) and post-partum (381). It is 

also differentiated by the severity of symptoms, such as mild PE, which includes lower 

blood pressure (>140/90 mmHg), proteinuria or an increase in either albumin or creatine 

(379ï381). In comparison, severe PE is characterised by extremely high blood pressure 

(>160/110 mmHg) and one more symptom frequentl y including  HELLP syndrome, 

haemolysis, and elevated production of liver enzymes that are released in maternal 

circulation (381,385). Severe PE cases usually show earlier onset and are associated with 

worse pregnancy outcomes, often resulting in FGR (381).  

  

Depending on the timing of this disease - pre-term or term, it is thought that the 

underlying aetiology of PE might be different, although both maternal and foetal -placental 

components might be overlapping (379). Pre-term PE is believed to be caused by reduced 

proliferation and reduced migration of placental EVTs, resulting in incomplete uterine 

artery remodelling (386) . Also, defective decidualisation of the uterine endometrium, 

abnormal gene expression by decidual cells leading to reduced recruitment of EVTs, and 

resistance to spiral artery remodelling have been suggested as contributing factors 

(387,388) . For example, a reduced population of Treg (FoxP3+) cells are observed in the 

maternal decidua of women with early pre-term PE (389) . It is suggested that they help 

modulate the motherôs immune response and are required for developing immunological 
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tolerance to the allogenic foetus (390) . They suppress the functions of cytotoxic T cells and 

uNK cells by releasing cytokines (IL-10 and TGF-ȁ) or direct contact inhibition (391). In 

contrast, the term PE is suggested to be caused by the earlier senescence of villi STBs or 

earlier placental senescence (392), possibly due to maternal lifestyle factors.  

 

In general, PE is treated by lowering blood pressure and keeping it at manageable levels 

with oral antihypertensive drugs, although blood pressure inevitably increases as the 

pregnancy progresses. In severe cases, pre-term birth can be induced as this can alleviate 

PE- associated symptoms, but this can increase risks associated with the premature birth 

of the neonate (380,381).  

 

PE can have an immediate and long-lasting impact on the health of the mother and the 

newborn. It is not surprising that PE is frequently accompanied by FGR due to placental 

dysfunction as the foetus develops in hypoxic conditions with reduced maternal nutrient 

supply (393,394). Such newborns show reduced weight and a smaller placental size, with 

some damage observed in the placental villi after the delivery (379). Women diagnosed 

with PE show an increased burden for a range of diseases later in life (379). Thus, PE is a 

complex disease that is likely caused by abnormal expression of multiple genetic loci in the 

mother, foetus, and placenta, with these factors being further influenced by various 

environmental exposures. 

 

1.13.5.2. Mechanism of PE 

 

By the end of the first trimester, when foetal -maternal circulation is fully established, 

incomplete remodelling of the spiral arteries can result in elevated blood pressure (343). 

These arteries may still constrict, resulting in a hypoxic environment with in the placenta. 

The increased velocity of maternal blood flow into intervillous space can create vortexes 

that can damage the placental villi (349,395). In addition,  blood might not efficiently 

escape the spiral arteries (placental reperfusion), which can lead to the accumulation of 

reactive oxygen species that can induce stress in villi STBs that show decreased efficiency 

in their diverse functions (349,396) . Also, rapid blood flow can damage the syncytial 

membrane and mitochondria within it , leading to the release of more reactive oxygen 

species (397). As a result, STBs may undergo apoptosis and shed genomic DNA (gDNA)  

and other particles into maternal circulation or can secrete inflammatory cytokines, 

including IL -1ȁ and IL-19 and anti-angiogenic factors such as soluble FLT1 and soluble 

ENG into the maternal circulation (398) . This can affect maternal endothelial cells, 

leading to systemic inflammation and the development of PE in the mother (379).  
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As noted earlier, PE is a multifactorial pregnancy-related disease that can affect multiple 

organs in pregnant women. Thus, abnormal protein levels and other molecules 

in maternal urine and peripheral blood, in addition to hypertension, are used to diagnos e 

and monitor this condition (380,381). Different placental -secreted factors in maternal 

blood have been used to predict the onset of PE, with PlGF and soluble anti-angiogenic 

molecule FLT1 being the most promising and currently implemented in pre -diagnostic 

tests (399ï401). FLT1 is highly upregulated in women diagnosed with PE, while PGF 

(PlGF gene) is normally downregulated. Thus, the ratio of these two factors can be used to 

predict and diagnose the onset of PE (402) .  

 

Placentae affected by PE show genome-wide aberrations in DNA methylation, especially in 

pre-term PE cases (403,404) . Such cases demonstrate altered methylation at cis-

regulatory elements controlling diverse genes (403) . Some of the identified genes, 

including FLT1, INHBA and WNT2 , showed altered expression and hypomethylation 

(403,404) . Also, VEGF and JUN  (both genes important for vasculature formation) 

demonstrated higher levels of DNA methylation and H3K9me3, resulting in the 

downregulation of these genes in affected placental samples (405) . Furthermore, it was 

demonstrated that DNA methylation could be used to distinguish between mild PE and 

severe PE cases, and overall, abnormally methylated regions were associated with genes 

possibly implicated in seizures, viral infections, immune system diseases, and other PE-

associated complications (406) . Finally, a recent study reported that placentae affected by 

PE had a higher level of H3K9me3, and especially H3K27ac, which was associated with 

the overexpression of multiple genes, including pregnancy-specific glycoproteins that in 

normal placentae were downregulated (365). Also, the H3K27ac profile of most PE-

affected placentae was more similar to the second-trimester placentae, suggesting a 

developmental delay. Several imprinted genes, such as CDKN1C (407)  or C19MC loci 

(408) , were also associated with PE.  

 

1.13.5.3. Intrauterine growth restriction (IUGR) 

 

Another frequent pregnancy complication is IUGR (409) , which is estimated to affect 3 to 

10% of singleton pregnancies (410). This condition is characterised by a significant 

reduction in foetal growth in utero (409,411). IUGR is defined by clinical features of 

malnutrition and evidence of reduced growth regardless of an infant's birthweight 

percentile. IUGR is the pathological counterpart of small for gestational age (SGA). IUGR 

newborns are frequently premature, which i s associated with an increased risk of perinatal 

morbidity and mortality. The clinical definition of IUGR includes signs of malnutrition, 

such as the absence of buccal fat, decreased skeletal muscle mass, and reduced 
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subcutaneous fat tissue (411). These foetuses also exhibit in utero  growth restriction, 

including reduced height and occasionally smaller head circumference. 

 

IUGR can sometimes be confused with SGA, as both conditions result in reduced size and 

weight below the 10th percentile (409,411,412). However, SGA foetuses do not display 

signs of malnutrition. While infants with IUGR often experience catch -up growth after 

birth, later in life, they may show short stature, poor academic performance (or cognitive 

impairment), and behavioural issues, such as hyperactivity. Furthermore, individuals with 

a history of IUGR may have a higher risk of developing metabolic syndromes, including 

diabetes, insulin resistance, liver and kidney disease, cardiovascular diseases, Alzheimer's 

disease, and other conditions (409,411,413,414). 

 

Like PE, IUGR is more common in developing countries, with the highest rates observed 

in Asia, Africa, and Latin America (415). 

 

IUGR is believed to result from various foetal, placental, and maternal factors or a 

combination of these (409,416ï418). Maternal risk factors include advanced maternal 

age, hypoxia due to high altitudes, ethnicity, certain medications or substance abuse 

(including smoking), and others. Foetal factors include chromosomal abnormalities, 

genetic syndromes, metabolic disorders, and multiple gestations. Placental factors can 

involve low placental weight, avascular villi, decreased redox regulation enzymes, 

placental infections, and dysfunction.  

 

IUGR is more common in twin pregnancies, particularly in monochorionic twins (10%) 

that share the same placenta (410), where one twin may develop IUGR. In such cases, the 

affected twin's placental region often shows advanced villous maturation, infarction, and 

thrombosis. The affected twin is significantly smaller and exhibits severe malnutrition. 

One study (419) collected placental samples from 8 pairs of monozygotic monochorionic 

twins, with one twin affected by IUGR and the healthy twin used as a control. Using the 

Illumina Infinium HumanMethylation450 K BeadChip array, researchers identified 

differentially methylated regions in these samples. Eight such regions were found to 

overlap with gene promoters, including DECR1, ZNF300 , DNAJA4 , CCL28, LEPR, 

HSPA1A/L, GSTO1, and GNE, with six of these regions being hypermethylated. The three 

most differentially methylated  regions - DECR1, ZNF300 , and LEPR - were validated by 

pyrosequencing, playing an important role  in unsaturated fatty acid  (FA) oxidation, lipid 

metabolism, and transcriptional repression.  

 

IUGR is a common phenotypic feature associated with several imprinting disorders, 

including transient neonatal diabetes mellitus (TNDM), Temple syndrome (TS14), Prader -
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Willi syndrome (PWS), and especially in SRS (420) . Previously, Monk group analysed 67 

Illumina Infinium Human Methylation450 datasets, including 23 healthy placental 

samples, 31 affected by PE, and 13 affected by non-syndromic IUGR (295). Profiling these 

datasets revealed that several IUGR cases were hypomethylated at the H19 DMR, a finding 

further supported by pyrosequencing. These samples exhibited upregulation of H19 and 

repression of IGF2. Additionally, 50 samples were used for microfluidic -based 

quantitative expression analysis, which showed that ZDBF2 (a canonical imprint), GPR1-

AS1, and ADAM23  (two placenta-specific imprints), located within the same imprinted 

cluster on chromosome 2, were differentially expressed between IUGR and control 

placental samples. Thus, several imprinted genes may be associated with IUGR. However, 

it remains unclear whether the altered expression of these imprinted genes causes IUGR 

or if IUGR itself induces changes in imprinted gene expression (361). 

 

 

 

1.13.6. Human trophoblast stem cells (hTSCs) 

 

Lee and colleagues proposed a set of criteria to identify human placental trophoblasts in 

vitro (421). Firstly, cells must express a distinctive combination of trophoblast markers 

such as KRT7, EGFR, HLA class I molecules, and hCG, along with other markers. As 

epithelial in origin, placental trophoblasts typically express KRT7 and EGFR 

(314,328,329,333), which are expressed at very low levels in other placental cell types, 

according to scRNA-seq data from the Human Protein Atlas (422). However, these surface 

markers are not exclusive to trophoblasts and are also found in maternal decidual 

glandular epithelium (GE) (423). Therefore, additional markers should be evaluated in 

combination with KRT7 or EGFR. Secondly, all human trophoblasts are negative for HLA 

class II expression (421,424). Moreover, CTBs and STBs do not express HLA class I 

allotypes (424,425). The exception to this is primary mononuclear EVTs, which exhibit 

high expression of HLA-G, lower expression of HLA-C and HLA-E, and an absence of 

HLA -A and HLA-B, which are broadly expressed in somatic cells (333,424,425). 

Multinuclear giant cells also express high levels of HLA-G along with hPL, whereas STBs 

are characterised by high expression of hCG, placental leucine aminopeptidase, 

aminopeptidase A and pregnancy-specific glycoproteins (421). Thirdly, the promoter 

region of ELF5, a TF essential for the self-renewal of mouse trophoblast stem cells 

(mTSCs) (421), is hypomethylated in human trophoblasts but hypermethylated in 

placental mesenchymal cells (421). Finally, human trophoblasts exhibit high expression of 

miRNAs from the imprinted C19MC cluster, which is usually hypermethylated and 

silenced in other somatic cell types, with the exception of hESCs (243,376,421,426). 

Therefore, the unique combination of surface markers, methylation patterns, and 
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expression profiles at specific loci, along with morphological features, can be used to 

distinguish human placental trophoblast lineages.  

 

Recently, Okae and colleagues successfully established several human trophoblast stem 

cell (hTSC) lines derived either from CTBs isolated from first -trimester elective 

termination placental samples (6ï9 weeks gestation; cytotrophoblast (CT) stem cell line 

27, 29 and 30) or the outgrowths of cultured human blastocysts (BTS5, BTS11), using a 

specialised 2D trophoblast culture medium (243). These hTSC lines retained a normal 

karyotype, demonstrated long-term self-renewal (at least 5 months), and displayed 

morphological, transcriptional, and epigenetic features similar to those of CTBs. For 

example, hTSCs expressed genes typically upregulated in CTBs, including GATA3, TEAD4, 

CTNNB1, TP63, ITGA6, FGFR2, FZD5, and LRP5. Crucially, these lines demonstrated 

bipotency: supplementation of the culture media with NRG1, A83 -01, and Matrigel 

induced differentiation into EVT -like cells, while treatment with forskolin led to cell 

aggregation, fusion and the formation of syncytia. Overall, the hTSC lines fulfilled the 

molecular and phenotypic criteria for trophoblast identity as defined by Lee et al. (2018) 

(421) and were thus accepted as a good model system for studying human placental 

trophoblast development (243).  

 

However, subsequent studies employing a range of techniques have uncovered several 

limitations associated with hTSCs. Advanced transcriptomic analyses using single-cell 

multi -omic approaches showed that hTSCs were unable to differentiate into eEVTs or 

trophoblast giant cells (333). Additionally, the other study employing FACS, 

immunohistochemistry, and related techniques found that most hTSC lines derived from 

CTBs or blastocysts exhibited detectable expression of HLA-A and HLA-B, even after 

differentiation into EVTs (425). Interestingly, culturing hTSCs under 3D conditions led to 

a reduction in HLA class I molecule expression. This reduction was associated with the 

upregulation of several miRNAs in 3D-cultured hTSCs, which suggested that miRNAs 

might modulate the expression of HLA class I, and that mechanical forces present in 3D 

culture are important for culturing these cell lines and may influence cell identity (425). 

Further transcriptomic profiling revealed that hTSCs exhibit a differentiation bias towards 

the EVT lineage and are less efficient than recently developed trophoblast organoids at 

differentiating into STBs (425). 

 

Moreover, although Okae et al. (2018) reported that hTSCs retained a methylation profile 

similar to that of CTBs, these cell lines exhibited significantly lower genome-wide DNA 

methylation levels (243). Specifically, the average methylation level in CTBs was 52.3%, 

whereas CTB-derived and blastocyst-derived hTSCs displayed 33.7% and 33.6%, 

respectively (243). Further investigation revealed that these hTSC lines exhibited global 
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hypomethylation at placental PMDs, along with altered profiles of repressive histone 

PTMs in these regions (243,427). Intriguingly, another study showed that ectopic 

expression of DNMT3L, which is not expressed under standard hTSC culture conditions, 

was capable of restoring intermediate DNA methylation levels at placental PMDs (428) . 

However, persistent overexpression of DNMT3L  impaired the ERK-CREB signalling 

pathway required for the induction of the STB transcriptional program and formation of 

the syncytium. Despite their globally reduced methylation, hTSCs maintained the majority 

of imprinted genes (243), unlike hTSCs derived from hESCs or human induced 

pluripotent stem cells (hiPSCs), which typically show complete loss of genomic imprints. 

For example, among the 33 investigated placenta-specific DMRs, hTSCs derived from 

CTBs lost methylation at 6 loci, while 8 loci were either hypo- or hypermethylated in 

blastocyst-derived hTSCs. Affected DMRs included CYP2J2, ZC3H12C, GPR1-AS, and 

several others, which exhibited methylation levels below 30% or above 70% (243). 

Although DNMT3L  overexpression restored normal methylation levels at PMDs and 

DMRs (428) , the allelic analysis indicated that parent-of-origin -specific expression of 

imprinted genes was irreversibly lost once imprinting was disrupted.  

 

Furthermore, hTSCs established by Okae group have also been successfully employed in 

genetic screening and gene-editing experiments by using CRISPR technology. Several 

studies have employed CRISPR-based approaches to identify key TFs, growth-promoting 

and growth -restricting genes essential for human placental development, as well as to 

investigate the role of transposable elements in placental gene regulation (138,429,430). 

These experiments, however, frequently encountered elevated levels of cell death and 

toxicity under standard culture conditions following lentiviral transfection or antibiotic 

selection, necessitating optimisation of the trophoblast culture media (138,430). Despite 

these technical challenges, several intriguing findings have emerged. For instance, TFs 

essential for mTSCs, such as CDX2, EOMES, ESRRB, and SOX2, were found to be 

dispensable and nearly undetectable in hTSCs(430) . Conversely, DLX3  and GCM1 were 

required for hTSC differentiation into EVTs and STBs (430) . TEAD1 was shown to 

promote EVT differentiation but hinder STB lineage specification (429) . Additionally, 

imprinted genes such as CDKN1C and GRB10 were identified as growth-suppressive 

regulators, along with a few other genes, in hTSCs (430) . Another interesting finding was 

the discovery of a transposable element, LTR10A, which functions as an enhancer for 

ENG, whose soluble protein levels are positively associated with the severity of 

PE(138,246,379,398). In summary, while hTSCs established by Okae group exhibit certain 

limitations (243), such as restricted differentiation capacity, reduced genome-wide 

methylation levels and a loss of PMDs or sensitivity to genetic manipulation, they remain 

a valuable model for investigating human trophoblast development or genomic 

imprinting, especially in contexts where the risk of maternal cell contamination must be 
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minimised (431).  

 

 

 

1.14.  PhD aims 

 

The mammalian epigenome is complex and dynamic, comprising numerous cis-elements 

and trans-acting factors that regulate DNA methylation, chromatin condensation, and 

higher-order chromatin structures within the nucleus (7,432). This intricate interplay 

between the genome and the epigenome is particularly evident during gametogenesis and 

early embryonic development when parent-specific genomic imprints are erased, and new 

sex-specific imprints are established. At the onset of zygote formation, both maternal and 

paternal genomes undergo significant changes, including chromatin remodelling, changes 

in histone PTMs, and rapid DNA demethylation (71,136,137). These processes are crucial 

for EGA and normal embryonic development. However, this developmentally sensitive 

window is vulnerable to environmental influences, such as the quality of maternal diet or 

chemical exposure in utero, which can lead to aberrant epigenetic landscapes (433). 

Deviations from normal epigenetic modification patterns can result in various diseases. 

For instance, alterations in DNA methylation have been implicated in cancer (44), 

Parkinsonôs disease (434), Alzheimerôs disease (435), and imprinting disorders (e.g., loss 

or gain of methylation at ICRs) (17,420,436). Thus, the correct establishment of epigenetic 

patterns during early development is critical for an individual's long-term health and 

might also impact the next generation.  

 

ART includes a series of medical procedures designed to help individuals and couples 

achieve pregnancy (437,438). According to the World Health Organization (WHO), 

infertility is defined as a disease of the reproductive system resulting in the inability to 

achieve a natural pregnancy after 12 months of unprotected intercourse (439). Causes of 

infertility include advanced parental age, endometriosis, cervical and uterine 

abnormalities (e.g., polyps, fibroids, tumours), ovarian disorders, hormonal imbalances, 

poor semen quality, or unexplained infertility (437,438). ART is not exclusive to couples 

experiencing infertility, as it has recently become more widely used by single women and 

members of the LGBTQIA+ community (440). ART is an umbrella term encompassing a 

range of medical procedures, ranging from less invasive techniques such as intrauterine 

insemination (IUI) to more complex methods, including c, ovarian stimulation, and in 

vitro fertilisation (IVF), followed by fresh or frozen embryo transfer (437,438). These 

procedures often occur during critical periods of epigenetic reprogramming (17,441). ART 

has been associated with various risks, including ovarian hyperstimulation syndrome 
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(OHSS), multifoetal pregnancies, gestational diabetes, PE, preterm birth, FGR, SGA, 

placental abruption, placenta previa and stillbirth. Consequently, the global use of ART 

treatments is increasing, particularly as infertility rates are predicted to increase in the 

future (442,443). Therefore, it is crucial to understand the potential risks associated with 

ART-related procedures. 

 

Several studies have reported an increased incidence of imprinting disorders following 

ART (444,445), although the findings remain inconsistent due to the limited study sizes 

and the rarity of these disorders (366). For example, Novakovic et al.(2019) used the 

Illumina Infinium MethylationEPIC BeadChip to assess DNA methylation in ART-

conceived versus non-ART-conceived neonates and adults (446). The authors found 

minimal genome-wide differences in DNA methylation between ART and non-ART 

neonates, with most of these differences diminished by adulthood. Nevertheless, a slight 

increase in DNA methylation at the Kcnq1/KCNQ1 differentially methylated region 1 

(KvDMR1) region was observed in ART-conceived neonates, which disappeared by 

adulthood. Conversely, modest changes in DNA methylation at NAP1L5 were detected in 

ART-conceived adults but not in neonates. A more recent study by Ye et al. (2024) utilised 

the Swedish national birth registry to examine the prevalence of imprinting disorders in 

ART-conceived children (445). Among 2,084,127 singleton births between 1997 and 2017, 

63,954 (3.1%) were ART-conceived. Of these, 52 children were diagnosed with imprinting 

disorders such as BWS, PWS or SRS. Overall, ART-conceived children were found to have 

a higher risk of being diagnosed with an imprinting disorder during childhood. While this 

risk was somewhat reduced after accounting for parental background factors, it remained 

elevated among couples with infertility. Notably, ICSI combined with frozen embryo 

transfer was associated with significantly increased risks of BWS and PWS/SRS compared 

to children conceived naturally by infertile parents. The authors emphasised the need for 

further studies to better understand these associations, especially given the rarity of 

imprinting disorders and the relatively small size of the final study group.  

 

Imprinted genes are essential for normal placental development and its function during 

pregnancy (371,372). Genome-wide screens of imprinted genes across various human and 

mouse tissues have revealed that the placenta contains a higher number of imprinted 

genes compared to other somatic tissues (307ï309). In addition, patients with imprinting 

disorders frequently exhibit abnormalities in placental formation (447,448). In line with 

this, our group and others have shown that, unlike other somatic tissues, the human 

placenta retains many gDMRs (20ï22). Most of these DMRs originate from oocytes, 

survive early epigenetic reprogramming, and, in some cases, persist uniquely in the 

placenta. Further investigation into these tDMRs and placenta-specific mDMRs revealed 

that some can regulate monoallelic expression, and some of these genes may be involved 
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in placental pathologies. Interestingly, both tDMRs and placenta-specific mDMRs appear 

to be specific to humans and, more broadly, to primates but not to evolutionarily more 

distant mammalian species (20,449). Unfortunately, due to limited cohort sizes and the 

informativeness of placental samples (e.g., enrichment of polymorphisms) in these 

studies, it was not possible to determine whether all identified placenta-specific mDMRs 

induce parent-of-origin-specific expression (20ï22). Based on these observations, I 

hypothesise that the human placenta harbours additional placenta-specific mDMRs that 

result in monoallelic expression and may be specific to certain placental cell types. In this 

PhD project, I aimed to use our expanded placental cohort, including samples from both 

normal and complicated pregnancies, to characterise the methylation and expression 

profiles of previously identified, but not fully explored, placenta-specific mDMRs, as some 

may be implicated in placental pathologies and disease (20,295). The specific objectives of 

this PhD project were:  

 

Objective 1: Review the literature and generate a list of genes with placenta-specific 

mDMRs that have not been fully characterised.  

 

Objective 2: Use samples from our extended placental cohort alongside a range of 

molecular biology techniques to explore methylation patterns at placenta-specific mDMRs 

and the expression of corresponding candidate genes.  

 

Objective 3: Investigate methylation and gene expression in different placental cell types 

using new placental samples.  

 

Recent studies have shown that rodent oocytes, and subsequently, the maternal genome in 

pre-implantation embryos, harbour non-canonical H3K27me3 peaks that repress 

maternal alleles, resulting in paternal-biased expression (24ï26,137,139,140,450). 

Further investigations into H3K27me3-mediated non-canonical imprinting demonstrated 

that maternal-specific H3K27me3 domains are replaced by sDMRs in the mouse placenta, 

leading to paternal-specific gene expression. Loss of H3K27me3 due to maternal Eed KO 

(a catalytic subunit of PRC2) results in the loss of non-canonical imprints and causes 

male-biased lethality in post-implantation stages, as such embryos demonstrated growth 

retardation and reduced placental size. Moreover, loss of non-canonical imprints has been 

observed in somatic cell nuclear transfer (SCNT) embryos, which display various placental 

and body growth abnormalities. More generally, the loss of non-canonical imprints 

disrupts the post-implantation development of SCNT embryos (451ï453).To date, only 

one study has specifically investigated the conservation of non-canonical imprinting in 

human embryos, identifying a single candidate gene, FAM101A, that is potentially 

regulated by this mechanism (27). However, the study was significantly limited by a small 
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embryo cohort. Therefore, I hypothesise that non-canonical imprinting may be conserved 

in the human placenta, especially since most canonical imprinted genes are known to be 

conserved between mice and humans (454). In this PhD project, I aimed to use our well-

characterised placental cohort and, additionally, an IVF embryo cohort to investigate 

whether non-canonical imprinting is conserved in the human placenta and embryos using 

a variety of molecular biology approaches. The specific objectives of this PhD project were:  

 

Objective 1: Conduct a literature search on rodent non-canonical imprints, human genes 

with LTR-derived promoters, and human genes with placental sDMRs to generate a list of 

candidate genes potentially regulated by non-canonical imprinting.  

 

Objective 2: Use well-characterised samples from our placental cohort to investigate 

candidate genes using diverse molecular biology techniques.  

 

Objective 3: Generate and analyse scRNA-seq datasets from human IVF embryos to 

validate candidate genes of non-canonical imprinting.  

 

Discoveries of H3K27me3-dependent and DNA methylation-dependent transient 

imprinting mechanisms are still recent subjects of research, and not much is known about 

their regulation or functional importance during human embryo development (20ï

26,297). Therefore, such H3K27me3-dependent and DNA-methylation-dependent 

transient imprinted genes could also be affected by environmental stresses and ART, 

possibly leading to some pathological phenotypes. Thus, further studies are needed to 

explore these genes and understand their evolutionary origin, regulation and functional 

role in placental formation, as well as to determine their approximate number in the 

mouse and human genomes. During this PhD project, I aimed to address some of these 

questions. 
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Chapter 2: Methods 
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2.1. Ethics approval for human samples 

 

The Ethics Committee at the Hospital Sant Joan de Déu (PI35/07) and the Faculty of 

Medicine and Health Sciences Research Ethics Committee at the University of East Anglia 

(ETH2122-0856) approved the collection of human samples for this project. Ethical 

committees granted permission to use placentae, cord and peripheral blood, and saliva 

samples collected at the Hospital Sant Joan de Déu (Barcelona, Spain) and Norfolk and 

Norwich University Hospital (NNUH; Norwich,  UK). All mothers participating in the 

study provided written informed consent for themselves and their children in accordance 

with the declaration of Helsinki. All human samples were obtained after receiving signed 

informed consent from the study participants.  

 

The use of excessive surplus embryos for research, which were received from the IVI-

Valencia (IVF clinic in Valencia, Spain), was approved by the scientific and ethics 

committee of the Instituto Valenciano de Infertilidad (IVI; 1310 -FIV-131-CS), University 

of East Anglia Faculty of Medicine and Health Sciences Research Ethics Subcommittee 

(ETH2223 -1031), Bellvitge Institute of Biomedical Research, Barcelona (PR292/14), the 

Centro de Medicina Regenerativa de Barcelona (CMRB CEIC 10/2017), the National 

Commit tee for Human Reproduction (CNRHA) and the Regional Health Departments for 

Valencia and Catalyuna (4/2014 & 10/2017).  

 

 

 

2.2. Samples 

 

2.2.1. Placental cohort and parental samples 

 

2.2.1.1. Placental samples 

 

During this project, a large placental cohort was used for genome-wide screening of novel 

placenta-specific imprinted genes. The majority of placental samples were collected at the 

Hospital Sant Joan de Déu (Barcelona, Spain) between 2008 and 2012 from normal and 

complicated pregnancies resulting in live-born infants ( Appendix 1). A smaller 

proportion of placentae were obtained from the Norfolk and Norwich University Hospital 

(NNUH; Norwich, UK) from consecutive births between 2021 and onwards ( Appendix 

1). For each received placenta, several biopsies were taken from the foetal side around the 

insertion side of the umbilical cord. The collected tissue was thoroughly rinsed in PBS, 
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snap-frozen in liquid nitrogen and conserved at ī80°C until later use unless it was used 

for placental cell-type enrichment with Magnetic -Activated Cell Sorting (MACS; Miltenyi 

Biotec), which can be found in Section 2.4.1 . 

 

To rule out maternal DNA contamination, all placenta -derived DNA samples obtained 

from the Hospital Sant Joan de Déu (Barcelona, Spain) and the Norfolk and Norwich 

University Hospital (NNUH; Norwich, UK) were used for microsatellite repeat analysis, 

during which the copy-repeat numbers of several highly polymorphic short tandem 

repeats (microsatellites) are compared between maternal and placenta-derived DNA 

following PCR amplification and size separation on a gel (455).  

 

2.2.1.2. Blood and saliva samples 

 

Maternal peripheral and cord blood obtained from the Hospital Sant Joan de Déu 

(Barcelona, Spain) were collected in EDTA tubes and frozen at ï20°C until further use. 

Maternal and paternal saliva samples collected at the Norfolk and Norwich University 

Hospital (NNUH; Norwich, UK) were collected in Oragene Saliva DNA collection tubes 

(OG-510; DNA Genotek Inc.) and stored at 4°C until later use.  

 

 

 

2.2.2. Human embryos 

 

During this project, two sets of human pre -implantation embryos were used for 

imprinting analysis. Different stage s of human pre-implantation embryos were received 

from the IVI -Valencia (IVF clinic in Valencia, Spain). The first batch of pre -implantation 

embryos included 19 different-stage human embryos that were processed into single cells 

for single-cell methylation and  transcriptome sequencing (scM&T-seq), as described in 

(71). The remainder of SMART-seq2 (Switching mechanism at the end of the 5Ź-end of the 

RNA template sequencing 2) full -length cDNA was used during this PhD project. The 

second batch of embryos was collected in the Eugin Barcelona (Assisted reproductive 

technology clinic in Barcelona, Spain) and included 15 different-stage human embryos 

(Table 4.4). These embryos were also processed into single cells for scM&T-seq. Only the 

single-cell transcriptome sequencing data was investigated during this PhD project.  
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2.2.3. Mouse placenta 

 

Mouse placentae were produced by crossing Mus Musculus Molossinus (JF1) with 

C57BL/6 and were collected at E15.5. gDNA and RNA were extracted from 2 placentae 

that were received as a kind gift from Dr Philippe Arnaud (Institute of Genetics, 

Reproduction  & Development (iGReD), CNRS-Universiti é Clermont Auvergne-INSERM, 

France). Animal care and breeding were carried out following the institutional guidelines 

of iGReD.  

 

 

 

2.2.4. Cell lines 

 

All cell lines used during this PhD project were harvested for RNA extraction , these 

included:  

 

2.2.4.1. Cytotrophoblast stem cells 27 and 30 (CT27 and CT30) 

 

CT27 (female) and CT30 (female) cell lines were established in Prof Hiroaki Okaeôs 

laboratory and were kindly given to us. These two cell lines were established from the first 

trimester placentae and demonstrated similar morphology, global expression and 

methylation profiles compared to CTB cells (243).  

 

2.2.4.2. Mole 1 and Mole 2 

 

Mole 1 and Mole 2 cell lines were also established in Prof Hiroaki Okaeôs laboratory and 

were a kind gift. These cell lines were derived from CHM and may have originated from 

monospermic fertilisations as this type of molar pregnancy is predominant, and the SNP 

array adapted to the Japanese population revealed a loss in heterozygosity (311). In 

general, mole cell lines had a similar morphology, expressed trophoblast markers 

(TFAP2C, GATA3, and KRT7) and had similar expression and methylation profiles 

compared to CT cell lines. Interestingly, DNA methylation was  lost at most placenta-

specific DMRs, resulting in abnormal expression of some imprinted genes. More 

specifically, the IC1 of H19/IGF2  was hypermethylated, while KvDMR1 was entirely lost, 

resulting in a very low expression of H19 and CDKN1C, while GRB10 and NAA600  had 

normal expression similar to CT cell lines. Most paternally expressed genes became 

unregulated, except PEG3 and AIM1, which retained similar expression. Finally, Okaeôs 

group reported that loss of CDKN1C resulted in the proliferative advantage of these cells 
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over CT cell lines due to loss of contact inhibition. Thus, Mole 1 and 2 can be used as loss-

of-function mutants for placenta -specific imprints.  

 

 

 

2.3. Molecular Biology techniques 

 

All placental, cord blood , and maternal blood samples collected in Spain were processed 

into RNA and DNA by previous members of our group, including Dr Marta Sanchez-

Delgado, Dr Ana Monteagudo-Sánchez, and others. The placental and parental saliva 

samples received in Norwich, UK, were processed by previous and current group 

members, Dr Louise Chappell-Maor, Dr Sarah Russell, Caitlin Bone, Becky Sainty, and 

Kelly Chen.  

 

Placental cell enrichment protocol with MACS was developed and optimised by PhD 

student Becky Sainty. This protocol was carried out by several members of Monk group, 

including Becky Sainty, Dr Louise Chappell-Maor, Dr Sarah Russell, and Caitlin Bone.  

 

All cell culture work was carried out by  PhD student Kelly Chen, Dr Louise Chappell-

Maor, Caitlin Bone and Dr Sarah Russell.  

 

 

 

2.3.1. Mononuclear cell extraction from the cord and maternal 

blood 

 

Maternal peripheral and cord blood stored in EDTA  tubes were used to isolate 

mononuclear cells by LymphoprepÊ (AXIS-SHIELD) density gradient  (Figure 2.1). 

Initially, a blood sample was diluted with an equal volume  of PBS and shaken several 

times by inversion. Well -mixed blood was slowly layered on top of the same volume of the 

LymphoprepÊ solution (in a new falcon tube). A falcon tube was then centrifuged at 800 

x g for 20 minutes with no break (4 °C). Mononuclear cells such as monocytes and 

lymphocytes have a lower density than granulocytes and erythrocytes at the osmotic 

pressure, and therefore, after centrifugation, mononuclear cells form a single monolayer 

between blood plasma and the LymphoprepÊ density gradient  medium. The upper 

plasma layer was carefully removed and discarded, and the monolayer with mononuclear 

cells was carefully removed and transferred to a fresh falcon tube with PBS. Finally, the 
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sample was centrifuged at 400 x g for 10 minutes to collect the cell pellet. The 

mononuclear cell pellets were later used for DNA extraction (Section  2.3.2.1 ).  

 

 

 

 

Figure 2.1. Mononuclear cell isolation from maternal peripheral blood or cord blood with the 

LymphoprepÊ density gradient.  

 

 

 

2.3.2. DNA extraction 

 

2.3.2.1. DNA isolation from placental biopsies and blood  

 

For gDNA extraction from a cell pellet, the pellet was washed with PBS and centrifuged at 

1,000 x rpm for 5 minutes. Firstly, the cell pellet was resuspended in lysis buffer (10 mM 

Tris pH = 8.0, 100 mM NaCl, 10 mM EDTA pH = 8.0), while a biopsy of a placenta was 

homogenised with 1 mL of the same buffer to obtain a suspension. Then, 15 ȉL of 10% SDS 

and 15 ȉL of Proteinase K (20 mg/mL; EO0491; Thermo Fisher Scientific Inc.) were added 

into a 15 mL falcon tube with the homogenised sample or the cell pellet that was further 

incubated at 56°C in an incubator overnight. The 15 mL MaXtract High Density tube 

(129065; Qiagen) was centrifuged at 1,500 × g for 2 minutes before loading the sample. 1 
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mL of the sample was added to the MaXtract High Density tube and mixed with 1 mL of 

the phenol and chloroform mix (0.5 mL phenol and 0.5 mL chloroform; 15593031; Fisher 

Scientific), shaken a few times and centrifuged at 1,500 × g for 2 minutes. This step was 

repeated 2 more times. Then, 1 mL of chloroform was added to the MaXtract High Density 

tube with the sample, shaken a few times and centrifuged at 1,500 × g for 2 minutes. This 

step was repeated 2 more times. At this stage, DNA had to be separated from cell debris by 

the MaXtract gel. DNA in the supernatant was transferred to a new 15 mL falcon tube with 

2.5 mL of 100% ethanol and gently inverted a few times. The falcon with precipitated DNA 

was centrifuged at 1,500 × g for 2 minutes, and the supernatant was gently removed and 

discarded while the DNA pellet was further washed with 300 ȉL of 70% ethanol and span 

at 1,300 × g for 5 minutes. Finally, the supernatant was carefully removed, and the DNA 

pellet was air-dried at room temperature for 20 minutes an d dissolved in 100 ȉL of 

UltraPure DEPC-Treated Water (UPW; 750023; Thermo Fisher Scientific Inc.). The 

quality and concentration of cleaned DNA were inspected with the NanoDrop 

spectrophotometer (ND -1000; Thermo Fisher Scientific Inc.). The precipitated DNA was 

considered clean if the ratio of absorbance at 260 nm and 280 nm was close to 1.8 (the 

average absorbance of four nucleotides) and, thus, free of contaminating proteins or other 

organic compounds. Only the clean DNA was used for genotyping PCR (Sect ion 2.3.7 ) or 

downstream methylation analysis  (Sections 2.3.4  & 2.3.6 ). gDNA was stored at -20°C 

until further use.  

 

2.3.2.2. DNA extraction from saliva 

 

gDNA from parental saliva samples were extracted following the prepITÅL2P protocol 

(DNA Genotek Inc.). Briefly, a saliva sample collected in the Oragene Saliva DNA 

collection tube (OG-510; DNA Genotek Inc.) was inverted and shaken a few times prior to 

incubation at 50°C in an incubator for a minimum of 2 hours. This step is required for the 

release of DNA and inactivation of nucleases present in saliva. 500 ȉL of the mixed sample 

was transferred to a 1.5 mL microcentrifuge tube and mixed with 20 ȉL of the prepITÅL2P 

buffer (Cat. No. PT-L2P-5; DNA Genotek Inc.) for a few seconds. The microcentrifuge tube 

was incubated for 10 minutes on ice, followed by centrifugation at 15,000 × g for 15 

minutes. The clear supernatant containing the DNA was transferred to a clean 

microcentrifuge tube, mixed with 600 ȉL of 100% ethanol and left for 10 minutes at room 

temperature to precipitate the DNA. The microcentrifuge tube with the precipitated DNA 

was further centrifuged at 15,000 × g for 2 minutes. After this, the supernatant was 

carefully removed, while the DNA pellet was washed with 250 ȉL of 70% ethanol for 1 

minute. The supernatant was discarded, and the clean DNA pellet was dissolved in 100 ȉL 

IDTE (1 x TE Solution; 11-05-01-09; Integrated DNA Technologies IDT). To ensure the 

DNA was entirely dissolved in TE, the microcentrifuge tube with the DNA was briefly 
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vortexed and left at room temperature overnight. Finally, the quality and concentration of 

cleaned DNA were determined with the NanoDrop spectrophotometer (ND -1000; Thermo 

Fisher Scientific Inc.). A ratio of 1.8 for the 260/280 ratio indicated that DNA was  free 

from contaminating compounds and could be used for genotyping PCR (Section 2.3.7 ). 

gDNA was stored at -20°C until further use.  

 

 

 

2.3.3. RNA extraction from the placental samples and cell lines  

 

RNA was extracted either from placental biopsies or from cell lines, including CT27 & 30 

and Mole 1 & 2 (Section s 2.2.1.1  & 2.2.4 ). At the start, 1 mL of the TRI reagent (T9424; 

Merck Life Science UK Ltd.) was added into a microcentrifuge tube with a cell pellet and 

mixed, while in case of a placental biopsy, the mixture had to be homogenised. Then, 200 

ȉL of chloroform was added, and the tube was shaken vigorously, followed by incubation 

at room temperature for 5 minutes. The tube with the sample was microcentrifuged at 

12,000 x rpm at 4°C for 15 minutes. At this stage, two layers should be formed: the upper 

aqueous phase contained the RNA (transparent), while the lower solvent or organic part 

had DNA and proteins (cloudy). To precipitate RNA, the upper aqueous phase with the 

RNA was transferred into a new tube with 320 ȉL of isopropanol (0.8 x) and mixed by 

inverting the tube a few times. The mix was incubated at room temperature for 10 

minutes, followed by microcentrifugation at 12,000 x rpm at 4 °C for 60 minutes. The RNA 

pellet was washed by adding 200-500 ȉL of 70% ethanol and microcentrifuged at 12,000 x 

rpm at 4°C for 5 minutes. The supernatant was removed by careful pipetting and 

discarded. Finally, the RNA pellet was air-dried at room temperature to remove residual 

ethanol, and dissolved in UPW (750023; Thermo Fisher Scientific Inc.) and stored at -

80°C. The quality of RNA was inspected by the NanoDrop spectrophotometer (ND-1000; 

Thermo Fisher Scientific Inc.). The precipitated RNA sample was considered clean if the 

ratio of the absorbance at 260 nm and 280 nm was close to 2.0 (the average absorbance of 

five nucleotides) and, thus, free of contaminating DNA, proteins or other organic 

compounds. Only the clean RNA was used for cDNA synthesis (Section 2.3.5 ).  

 

 

 

2.3.4. DNA digestion with methylation-sensitive restriction 

enzymes 

 

For methylation analysis, two methylation -sensitive restriction enzymes were utili sed: 
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HpaII (R0171S; NEW ENGLAND Biolabs) and BstUI (R0518S; NEW ENGLAND Biolabs). 

These enzymes were selected because placental DMR regions frequently contained 

restriction sites for at least one of these enzymes due to their  high CpG content. The 

restriction site of HpaII is 5 ô-C/CGG-3ô (ó/ô indicates restriction site), and the restriction 

site of BstUI is 5ô-CG/CG-3ô. Both of these enzymes can digest restriction sites if they are 

unmethylated  (456,457). Although it has been reported that HpaII can nick 

hemimethylated DNA, but it does that extremely slowly, making it  negligible (457). For 

the digestion, 500 ng of placental gDNA was mixed with 1 ȉL of HpaII or BstUI (10U/ ȉL), 

2 ȉL of the 10 x rCutSmart buffer and 17 ȉL of UPW (750023; Thermo Fisher Scientific 

Inc.) to make a total volume of 20 ȉL. The mix was carefully mixed by pipetting and 

microcentrifuged for 5 seconds, followed by incubation for 6 hours. Depending on the 

restriction enzyme used for digestion, the mix was incubated either at 37°C (HpaII) or 

60°C (BstUI). To ensure digestion efficiency, 0.5 ȉL of the same enzyme was added to the 

mix and incubated for an additional hour. The digest ed mix was cleaned by ethanol 

precipitation ( Section 2.3.8.3 ) and resuspended in 10 ȉL of UPW. Either 1 - 2 ȉL was 

used for methylation -sensitive genotyping (Section  2.3.7.1.3 ). 

 

 

 

2.3.5. cDNA synthesis 

 

For cDNA synthesis, only good-quality RNA was used (260 / 280 å 

2.0). In total, 1 ȉg of a placental sample or cell line RNA was dissolved in 8 ȉL of UPW 

(750023; Thermo Fisher Scientific Inc.). To avoid possible DNA contamination, the 

diluted RNA was treated with 1 ȉL of DNase I (10694233; Fisher Scientific) and with the 

same amount of the 10 x DNase I Reaction Buffer (10694233; Fisher Scientific) and 

incubated at room temperature for 15 minutes. The enzyme was deactivated by the 

addition of 1 ȉL of 25 mM EDTA (10694233; Fisher Scientific) and incubation in the 

VeritiÊ Thermal Cycler (4375305; Thermo Fisher Scientific Inc.) at 70°C for 10 minutes. 

After this, the treated RNA sample was immediately placed on ice. In total, 11 ȉL of the 

RNA sample was mixed with 9.25 ȉL of cDNA synthesis Master Mix  (Table 2.1). The 

mixed sample was placed into the VeritiÊ Thermal Cycler at 37°C for 90 minutes for 

cDNA synthesis and at 75°C for 10 minutes to heat-inactivate the M-MLV Reverse 

Transcriptase. A newly synthesised cDNA was stored at -20°C. Prior to the use of a newly 

synthesised cDNA for allelic RT-PCR (Section  2.3.7.1.5 ) or quantitative real -time 

reverse transcription PCR (qRT-PCR) (Section 2.5.3 ), it was tested with PCR primers 

designed for ACTB. See the primers in Appendix 26 . For the PCR conditions, check 

Section 2.3.7 .  
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Table 2.1. cDNA synthesis Master Mix  for one reaction 

Reagents: Supplier: Cat. No. 1 x (µL) 

M-MLV Reverse Transcriptase Promega UK Ltd. M1705 1 

M-MLV RT 5 x Buffer Promega UK Ltd. M1705 4 

dNTP mix (10 mM) Promega UK Ltd. U1511 1 

Random Primers (random 

hexadeoxynucleotides) 
Promega UK Ltd. C1181 1 

RNasin® Plus Ribonuclease Inhibitor Promega UK Ltd. N2611 0.25 

UltraPureÊ DEPC-Treated Water 
Thermo Fisher 

Scientific Inc. 
750023 2 

Total:   9.25 

 

 

 

2.3.6. Sodium Bisulphite DNA conversion 

 

To explore if promoters or placental DMR regions of candidate genes were methylated, 

placental and blood gDNA samples were treated with sodium bisulphite, which is 

considered to be a gold-standard method for DNA methylation analyses. During sodium 

bisulphite conversion, unmethylated cytosine s that are present within CG dinucleotides 

are initially deaminated and then desulphonated, converting cytosines into uracils (U), 

which after subsequent PCR amplification, are converted into thymines (T)  (458) . In 

contrast, methylated cytosines are not converted and remain as cytosines (C). Therefore, 

this method provides a base-pair resolution view to investigate DNA methylation status at 

each CpG site.  

 

Sodium bisulphite conversion was carried out with the EZ -96 DNA Methylation -Direct Kit 

(D5023; Zymo Research Corporation) following the manufacturer ôs protocol. In short, 1 

ȉg of placental or blood gDNA was dissolved in 20 ȉL of UPW (750023; Thermo Fisher 

Scientific Inc.) and mixed with 130 ȉL of the CT Conversion Reagent, which was prepared 

in advance and consisted of the CT Conversion Reagent (i.e. sodium metabisulphite), M-

Solubilization Buffer, M -Dilution Buffer and M -Reaction Buffer. A Conversion Plate with 

the samples was placed into the VeritiÊ Thermal Cycler (4375305; Thermo Fisher 

Scientific Inc.) and initially  incubated at 98°C for 8 minutes, followed by 64°C for 210 

minutes, then finished  at 4°C for up to 20 hours. Converted samples were transferred to a 

fresh Zymo-Spin I-96 Binding Plate, and each sample was mixed with 600 ȉL of the M-

Binding Buffer by pipetting. The Zymo-Spin I-96 Binding Plate placed on a Collection 

Plate were then centrifuged at 3,100 × g for 5 minutes. This step was followed by three 

additional washing steps. Firstly, 400 ȉL of M-Washing Buffer was pipetted into each 

well, followed by centrifugation. Then, 200 ȉL of M-Desulphonation Buffer 
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(desulphonates bisulphite-treated DNA) was loaded into each well, and the plate was 

incubated at room temperature for 20 minutes, followed by centrifugation. Each sample 

was then washed by adding 400 ȉL of the M-Wash Buffer and centrifuged. Finally, the 

samples were eluted twice. Initially, 15 ȉL of the M-Elution Buffer was added across the 

plate and incubated at room temperature for 5 minutes. The Zymo-Spin I-96 Binding 

Plate placed on the Elution Plate were centrifuged at 3,100 × g for 3 minutes. This step 

was repeated, but during the second time, only 7 ȉL of the M-Elution Buffer was added. 

The Elution Plate with bisulphite -treated DNA was stored at -20°C until later use. The 

converted bisulphite DNA was either used for bisulphite PCR and cloning (Sections 

2.3.7.1.4  &  2.3.9 ) or pyrosequencing (Section 2.5.4 ).  

 

 

 

2.3.7. Polymerase chain reaction (PCR) 

 

Standard PCR conditions are shown in Figure 2.2.  

 

 

 

 

Figure 2.2. PCR standard amplification conditions with the BIOTAQ or IMMOLASE DNA 

polymerase. 

The initial stage for the BIOTAQ DNA polymerase is 5 minutes, while 10 minutes are required for 

the IMMOLASE DNA polymerase. Step 1: enzyme activation; Step 2: PCR amplification, 

including DNA strand denaturation, primer annealing and extension stages; Step 3: elongation and 

hold.  

 

 

 

Depending on which genomic region was interrogated, different DNA molecules were used 

as templates for PCR amplification. Usually, 1 ȉL of placental or parental gDNA (~100 

ng/ȉL) was used for standard genotyping PCR (Table 2.2). For methylation -sensitive 

genotyping, either 1 or 2 ȉL of digested placental DNA was applied. For bisulphite PCR, 

either 2 or 3 ȉL of bisulphite -converted DNA was used, as DNA during the sodium 
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bisulphite treatment becomes highly fragmented. Finally, 1 or 2 ȉL of placental cDNA 

(~50 ng/ȉL) was used for allelic RT-PCR. The Master Mix  prepared for bisulphite PCR 

and allelic RT-PCR usually included the IMMOLASE DNA polymerase as it has higher 

specificity than the BIOTAQ DNA polymerase (Table 2.2). Also, PCR denaturation, 

annealing and extension steps (Step 2) were usually performed over 45 cycles (to exhaust 

primers) for bisulphite PCR and over 40 or 45 cycles for allelic RT-PCR (Figure 2.2). 

 

 

 

Table 2.2. The reagents used for a standard PCR Master Mix  (for one sample) 

*The amount of ultrapure water was adjusted based on the amount of template added to the PCR 

Master Mix. 

 

 

 

PCR was performed at various temperatures with all ordered oligonucleotide primer pairs 

to determine the optimal primer annealing temperature and the minimum  DNA template 

required for a successful PCR experiment. All PCR experiments included a negative 

control (i.e. a PCR reaction without a template to detect any contamination) and a positive 

control (i.e. mixed tissue DNA or cDNA, or bisulphite -converted DNA) depending on the 

PCR experiment performed. All PCR primers can be found in Appendix 26 , Appendix 

27 and Appendix 28 .  

 

 

 

Reagents: Supplier: Cat. No. 1 x (µL) 

10 x NH4 Reaction Buffer or 10 x 

ImmoBuffer: 

Meridian 

Bioscience Inc. 

BIO-21040, 

BIO-21047 
1.25 

MgCl2 Solution (50 mM) 
Meridian 

Bioscience Inc. 

BIO-21040, 

BIO-21047 
0.375 

dNTP mix (2 mM) Promega UK Ltd. U1511 0.25 

Forward primer (0.1 µg/µL) 
Merck Life 

Science UK Ltd. 
N/A 0.25 

Reverse primer (0.1 µg/µL) 
Merck Life 

Science UK Ltd. 
N/A 0.25 

Betaine (5 M) 
Merck Life 

Science UK Ltd. 
B2629-100G 3.75 

BIOTAQ or IMMOLASE DNA Polymerase 

(5 u/µL): 

Meridian 

Bioscience Inc. 

BIO-21040, 

BIO-21047 
0.1 

UltraPureÊ DEPC-Treated Water 
Thermo Fisher 

Scientific Inc. 
750023 5.775* 

Total:   12 
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2.3.7.1. Different types of PCR for investigating candidate genes 

 

2.3.7.1.1. Nested PCR 

 

A nested PCR method requires the use of two sets of oligonucleotide primers - outer 

primers and internal primers that align to the same genomic region. This adapted PCR is a 

good choice for genes with low expression in different human tissues, isoform-specific 

expression, and complex genomic regions that are difficult to amplify with standard PCR, 

as non-specific PCR products can be generated. Such genomic positions can include genes 

with highly repetitive LTR motifs that are found in multiple locations wit hin a mammalian 

genome. However, it should be noted that nested PCR often requires many cycles of 

amplification, which can lead to preferential amplification of one allele and, in some cases, 

even allelic dropout (459ï461). To minimise the risk of PCR-induced bias in the base 

composition of the sequences, the number of amplification cycles was reduced wherever 

possible. For variant calling analysis, several primer sets (outer and inner primers) were 

designed for each region, and only the most efficient primer pairs were used for nested 

PCR. All informative samples were tested when feasible, and at least two independent PCR 

runs were performed and used for Sanger sequencing to ensure consistency between 

results. 

 

The first round of PCRs was performed with the outer primer pair in a total volume of 13 

ȉL (11 ȉL of the PCR Master Mix  with 2 ȉL of DNA, cDNA or bisulphite -converted DNA) 

(Table 2.2). This PCR was performed for 45 cycles, but after 15 cycles, 1 ȉL of the PCR 

aliquots was transferred to PCR tubes containing the PCR Master Mix  (12 ȉL) with the 

internal primers , resulting in a total volume of 13 ȉL. This second or nested PCR was run 

for 30 -35 cycles. The first PCR included a non-template negative control and a positive 

control , depending on the experiment, which was either mixed tissue bisulphite -converted 

DNA, cDNA or DNA. The nested PCR included a non-template control, a non-template 

control from the first PCR, and a positive control, which, depending on the experiment, 

was either mixed tissue bisulphite-converted DNA, cDNA or DNA. All PCR reactions were 

performed with th e IMMOLASE DNA polymerase due to higher specificity. All primers for 

the first and nested PCR can be seen in Appendix 26 , Appendix 27 and Appendix 28 .  

 

Nested bisulphite PCR products were used for sub-cloning, cleaning and Sanger 

sequencing (Sections 2.3.8 , 2.3.9  & 2.3.10 ), while nested PCR products generated with 

cDNA and DNA were cleaned and used for Sanger sequencing (Sections 2.3.8  & 

2.3.10 ).  
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2.3.7.1.2. Genotyping PCR 

 

A standard PCR Master Mix  (Table 2.2) was used with a placental or parental gDNA. 

Primers can align to coding and non-coding regions of DNA (introns, 5ô and 3ô UTR 

regions) as they flank a polymorphism (Appendix 26 , Appendix 27 and Appendix 

28 ). The correct size PCR products were cleaned and used for Sanger sequencing. This 

PCR is used to identify heterozygous placental samples. 

 

2.3.7.1.3. Methylation-sensitive genotyping 

 

A standard PCR Master Mix (Table 2.2) was used with a placental gDNA digested with 

methylation -sensitive restriction enzymes (HpaII or BstUI). Primers were designed to 

flank a polymorphism specifically within the regions of interest (a DMR or gene 

promoters) that included multiple restrictio n sites (Appendix 26 , Appendix 27 & 

Appendix 28 ). Following digestion, only methylated DNA remained intact, acting as a 

template for PCR (Figure 2.3A). Allelic methylation was confirmed when a heterozygous 

gDNA sample was reduced to homozygosity following digestion with HpaII or BstUI , with 

the remaining allele representing the methylated chromosome. 

 

Our group has successfully applied this method previously to identify imprinted DMRs 

(20) because it effectively distinguishes between unmethylated regions (KLF10 promoter 

(462)), those showing monoallelic methylation and imprinting (SNURF: TSS DMR (420)), 

biallelically methylated regions (RASSF1 transcript A promoter (463)), and regions with 

mosaic/random monoallelic methylation (DLGAP2 promoter (464)). This technique is 

summarised in Figure 2.3.  

 

Selected control regions: 

 

- KLF10 belongs to the family of zinc-finger TFs (462). It is expressed in placental 

trophoblasts and was more recently found to be important for the transition from CTBs to 

STBs. According to our placental WGBS dataset, the promoter of this gene is completely 

unmethylated (Figure 2.3B, C, D ).  

 

- The SNURF: TSS DMR exhibits maternal allele-specific methylation, resulting in 

paternal-specific expression (420). Gain of methylation on the paternal chromosome at 

this DMR causes PWS, whereas loss of methylation on the maternal chromosome results 

in AS (Figure 2.3B, C, D).  
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- Our group previously investigated RASSF1, which contains two CpG island promoters 

(463). The promoter of RASSF1 transcript A was found to be highly methylated (~80%), 

while the downstream promoter of RASSF1 transcripts B and C was hypomethylated 

(~10%) (Figure 2.3B, C, D). The RASSF1A promoter showed a significant increase in 

DNA methylation in placentae from IUGR cases and a significant downregulation in 

placentae affected by PE compared to controls. Methylation levels were found to be 

negatively associated with the expression of RASSF1 transcript A. Interestingly, no 

significant changes in transcript A expression were observed when comparing placentae 

from healthy individuals to those from IUGR or PE cases.  

 

- Our group has also shown that DLGAP2 contains an oocyte-derived DMR that is 

maintained during pre-implantation stages but transitions to random allele-specific 

methylation in most foetal tissues after 16 weeks of gestation (Figure 2.3B, C, D) (464). 

An exception to this pattern is observed in the placenta and kidney, where maternal allele-

specific methylation is retained. Interestingly, DLGAP2 is not expressed either in the 

placenta or kidney, while it demonstrates biallelic expression in other tissues. This gene 

has clinical significance, as it has been linked to several neurological disorders, including 

autism spectrum disorder, schizophrenia, obsessive-compulsive disorder, and Alzheimerôs 

disease. 
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Figure 2.3. Methylation-sensitive genotyping assay. 

(A) Schematic overview of methylation-sensitive genotyping with HpaII. Black circles represent 

methylated restriction sites (5mC), while unmethylated sites can be digested with HpaII (indicated 

by scissors). Polymorphic sites are shown in red. Black half-arrows indicate PCR primers. (B) 

Agarose gel showing PCR results for the unmethylated KLF10 promoter, the imprinted gDMR of 

SNURF and the methylated promoter of RASSF1 (CpG island with 83 CpGs) in placental samples, 

as well as random monoallelic methylation at the DLGAP2 promoter in blood. (C) Sequencing 

chromatograms of heterozygous samples. (D) Each region containing the same SNP was confirmed 

by bisulphite PCR followed by sub-cloning and Sanger sequencing. Methylated cytosines are 

indicated by (ǒ), and unmethylated cytosines by (ƺ), with each row representing an individual 

cloned sequence. The parent-of-origin was inferred from SNP genotyping in heterozygous samples.  
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2.3.7.1.4. Bisulphite PCR or Nested Bisulphite PCR 

 

A PCR Master Mix  containing the IMMOLASE DNA polymerase was combined with a 

placental bisulphite -converted DNA (Table 2.2). Primers are targeted to gene promoters 

or placental DMR regions that are rich in CpG sites and frequently contain polymorphism s 

(Appendix 26 , Appendix 27 &  Appendix 28 ). These primers can align to coding and 

non-coding regions of DNA. The amplified products were used to quantify the level of 

methylation at the targeted region by pyrosequencing (Section 2.5.4 ) or determine the 

methylation status (fully methylated region, semi -methylated region or unmethylated 

region) by sub-cloning with Single-use JM109 Competent Cells (L2005; Promega UK Ltd. ) 

followed by blue and white screening and Sanger sequencing (Sections 2.3.9  & 2.3.10 ).  

 

2.3.7.1.5. Allelic RT-PCR or Nested allelic RTðPCR 

 

A PCR Master Mix  containing the IMMOLASE DNA polymerase was applied with 

placental cDNA or human pre-implantation embryo cDNA ( Table 2.2; Sections 2.2.2  & 

2.6 ). If possible, primers were designed in different exons, skipping introns and flanking 

exonic polymorphisms  (Appendix 26 , Appendix 27 &  Appendix 28 ). The generated 

amplicons were cleaned and used for Sanger sequencing (Sections 2.3.8  & 2.3.10 ). This 

PCR was used to determine the type of expression: if both alleles of a gene were expressed 

- biallelic expression, if a single allele of a gene was expressed - monoallelic expression, or 

if both alleles were expressed, but one allele showed much higher expression signal in a 

sequencing chromatogram - preferential monoallelic expression.   

 

 

 

2.3.8. PCR product purification 

 

2.3.8.1. Agarose gel electrophoresis 

 

To verify that PCR worked and that amplified products were specific, PCR amplicons were 

visualised by agarose gel electrophoresis. Depending on PCR amplicon sizes, either 1% or 

2% agarose gels were applied for electrophoresis. For a 1% agarose gel, 1.2 g of agarose 

(BP160500; Fisher BioReagents) was dissolved in 120 ml of the 0.5 x TAE buffer with 2.5 

ȉL ethidium bromide solution (E1510 -10ML; Merck Life Science UK Ltd. ). 1 L of the 0.5 x 

TAE buffer was made by diluting 50 mL of the 10 x TAE stock with 950 mL double-

distilled water (ddH2O). For 1 L of 10 x TAE, 48.4 g of Tris base was dissolved in 11.42 mL 

glacial acetic acid and 40 mL EDTA (0.5 M, pH = 8.0). The 0.5 x TAE buffer was used for 
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gel electrophoresis. Overall, 3 ȉL of the 100 bp DNA ladder (G2101; Promega) and 3 ȉL of 

PCR mixed with 0.5 ȉL 6 x Orange G loading dye (J60562.AC; Thermo Fisher Scientific 

Inc.) were loaded into an agarose gel. Electrophoresis was carried out in the HU15 

Standard Horizontal gel tank unit (Scie -Plas Ltd.) at 120 V by using the PowerPacÊ Basic 

Power Supply (BIO-RAD) for 20 -40 minutes. Agarose gels were photographed by the UVP 

310 GelDoc-It2 system. 

 

2.3.8.2. Gel extraction 

 

A correct-size PCR product was quickly excised from an agarose gel under UV light (the 

Enprotech TFX-20M UV Transilluminator) to minimise damaging UV illumination. The 

PCR product was cleaned by the GeneJET Gel Extraction Kit (K0691; Thermo Fisher 

Scientific Inc.) following the manufacturer ôs manual. In short, the excised gel slice was 

dissolved in the Binding Buffer (1:1 ratio of 1% agarose gel weight (g) and the buffer 

volume (mL)) over 10 minutes at 60°C. Then, 800 ȉL of the solubilised gel solution was 

transferred to the GeneJET purification column and microcentrifuged at 12,000 x g for 1 

minute. After the spin, the flow-through was discarded, and an additional 100 ȉL of the 

Binding Buffer was added into the column, followed by microcentrifugation (12,000 x g, 1 

minute). The column was washed by adding 700 ȉL of the Wash Buffer, followed by the 

same microcentrifugation. To remove any residual ethanol present within the Wash Buffer 

from the sample, the GeneJET purification column was microcentrifuged at 12,000 x g for 

1 minute. Finally, to increase DNA yield, the clean product was eluted twice in a fresh tube 

by adding 10 ȉL of the Elution Buffer to the GeneJET purification column , follow ed by a 1 

minute incubation at room temperature and microcentrifugation at 12,000 x g for 1 

minute. The concentration of cleaned PCR product was checked with the NanoDrop 

spectrophotometer (ND -1000; Thermo Fisher Scientific Inc. ). The cleaned product was 

used either for cloning or Sanger sequencing (Sections 2.3.9  & 2.3.10 ), otherwise, it 

was stored at -20°C.  

 

2.3.8.3. PCR clean-up by ethanol precipitation 

 

The standard ethanol precipitation method was used to purify PCR products. PCR 

products were cleaned to remove salts with buffers, unused dNTPs and primers. Briefly, 

PCR products were loaded into wells of a 96-well PCR plate. Each sample was mixed with 

1/10 volume of 3 M sodium acetate (pH = 4.6) by pipetting. Subsequently, 2.5 volumes of 

100% ethanol was added into each well and mixed by pipetting. The plate was stored at -

20°C for at least 1 hour to improve precipitation. The plate was then centrifuged at 3,700 x 

rpm for 40 minutes at 4°C to pellet the nucleic acid. Immediately, the plate was quickly 

inverted or ñflickedò over a sink to discard the supernatant. Then, 20 ȉL of 70% ethanol 
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was added across the plate, followed by centrifugation at 1,000 x rpm for 10 minutes and 

at 4°C. To remove residual ethanol, the plate was ñflickedò again to discard the 

supernatant and blotted on a piece of paper towel (upside down), followed by centrifuging 

at 250 x rpm for 1 minute (4°C). Finally, the cleaned plate was air-dried for 20 minutes. 

The cleaned PCR pellets were resuspended in 8 ȉL of UPW (750023; Thermo Fisher 

Scientific Inc.). To dissolve the cleaned nucleic acid more efficiently , the plate was placed 

into  the VeritiÊ Thermal Cycler (4375305; Thermo Fisher Scientific Inc.) at 95°C for 10 

seconds, followed by immediate cooling to -20°C in a freezer. The concentration and 

purity of cleaned PCR samples were checked by the NanoDrop spectrophotometer (ND-

1000; Thermo Fisher Scientific Inc.) before Sanger sequencing. 

 

 

 

2.3.9. Sub-cloning 

 

For sub-cloning, the pGEM® -T Easy Vector System (Promega UK Ltd. ) was chosen, as the 

included vector is small (3,015 bp) and already pre-linearised (Figure 2.4). It also 

contains 3ô-T overhangs at the insertion sites that are compatible with the BIOTAQ or 

IMMOLASE DNA polymerase (Meridian Bioscience Inc.) generated PCR products, which 

contain 3ô-A overhangs that increase the efficiency of cloning. For ligation, a 3:1 ratio of 

the plasmid and the PCR product was used, as advised by the manufacturer. Thus, 3 ȉL of 

PCR was mixed with 1 ȉL of the pGEM® -T Easy Vector (A137A; Promega UK Ltd.), 5 ȉL 

of the Rapid Ligation Buffer (C671A; Promega UK Ltd.) and 1 ȉL of the T4 DNA Ligase (3 

U/ȉL; M180A, Promega UK Ltd.). The mix was shaken a few times and incubated at 4°C 

overnight or over the weekend. 
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Figure 2.4. pGEM®-T easy vector with the insertion site within lacZ. 

Adapted from the Promega manual (2021) (465). 

 

 

 

For the bacterial transformation step, 2.5 ȉL of the ligation product was mixed with 25 ȉL 

of Single-use JM109 Competent Cells (L2005; Promega UK Ltd.). The heat shock method 

was applied to transform the competent cells, which involved incubating the cells on ice 

for 30 minutes, followed by immediate incubation in a 42°C water bath for 45 seconds, 

and then incubating the cells on ice for 2 minutes. To increase the efficiency of 

transformation, bacteria were grown in LB (Table 2.3) in a shaking incubator (37°C) for 

at least 1 hour. Finally, the competent cells were spread on LB-agar plates with ampicillin 

(Table 2.4) and grown at 37°C overnight. The insertion site in the pGEM® -T Easy Vector 

is present within lacZ; therefore, the successful integration of the ligation product 

interrupts lacZ expression, which produces catalytically inactive ȁ-galactosidase that is 

incapable of catalysing X-gal (then catalysed produces dark blue precipitate). Therefore, 

transformed bacteria appear white and can be easily selected for subsequent genotyping. 

White colonies were hand-picked and grown in 50 ȉL of pre-warmed LB without 

ampicillin ( Table 2.3) and further grown for a minimum of 1 hour in an incubator at 

37°C. Finally, positive white colonies were subject to PCR genotyping using the PCR 

primers  (Appendix 26 ) designed to flank multiple cloning and insertion sites in the 

pGEM® -T Easy Vector. 1 ȉL of LB with bacteria was used as a template for PCR. 

Appropriate size PCR was either precipitated or gel extracted and prepared for Sanger 
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sequencing (Sections 2.3.8  & 2.3.10 ). Colonies were either sequenced with M13, SP6 or 

T7 primers (Appendix 26 ) close to the insertion site inside the pGEM® -T Easy Vector.  

 

 

 

Table 2.3. LB broth  

Reagents: Supplier: 1 x L 

Tryptone Merck Life Science UK Ltd. 10 g 

Sodium chloride Merck Life Science UK Ltd. 10 g 

Yeast extract Merck Life Science UK Ltd. 5 g 

ddH2O  1 L 

 

 

 

Table 2.4. LB agar Petri dishes 

Reagents: Supplier: 1 x L 

Tryptone Merck Life Science UK Ltd. 10 g 

Sodium chloride Merck Life Science UK Ltd. 10 g 

Yeast extract Merck Life Science UK Ltd. 5 g 

ddH2O  1 L 

Agar Merck Life Science UK Ltd. 15 g 

Ampicillin (50 ɛg/mL) Merck Life Science UK Ltd. 1 mL 

X-gal (20 ɛg/mL) ForMedium 2 mL 

IPTG (0.1 mM) Thermo Fisher Scientific Inc. 1 mL 

 

 

 

2.3.10. Sanger sequencing 

 

2.3.10.1. Sample preparation for sequencing using the BigDye 

Terminator (BDT)  

 

The cleaned PCR samples were sequenced with the BigDye Terminator v3.1 Cycle 

Sequencing Kit (BDT; 4337456; Thermo Fisher Scientific Inc.) in 96 -well PCR plates. The 

right amount of the PCR product, determined according to its size (Table 2.5), was 

dissolved in UPW (750023; Thermo Fisher Scientific Inc.) to make a total volume of 5.7 

ȉL. The diluted sequencing template was further mixed with 0.3 ȉL of a sequencing 

primer (0.1 ȉg/ȉL) and 4 ȉL aliquot of the BDT mix. For 500 ȉL of BDT mix, 100 ȉL of the 

BDT Ready Reaction mix and 100 ȉL of the 5 x Sequencing buffer were diluted in 300 ȉL 

UPW. The plate with samples was briefly centrifuged and placed into the VeritiÊ Thermal 

Cycler (4375305; Thermo Fisher Scientific Inc.) with the cycling conditions indicated in  



86 

 

Figure 2.5 and stored at -20°C until the second clean-up.  

 

 

 

Table 2.5. The amount of a PCR product required for sequencing with BDT 

Size (bp): Amount of template required (ng): 

200 6 

400 12 

600 18 

800 25 

 

 

 

 

Figure 2.5. Cycling conditions for sequencing with BDT. 

 

 

 

2.3.10.2. Post-sequencing clean-up and capillary electrophoresis 

 

The sequenced samples might have had unincorporated dye terminators, dNTPs, and salts 

that could interfere with base calling; therefore, samples had to be purified for the second 

time. Post-sequencing purification and sequencing files were generated by RevGenUK ï 

Molecular Genetics platform at  the John Innes Centre, Norwich, UK. To purify the 

sequenced samples, Optima DTRÊ 96-Well Plates were utilised (Edge BioSystems), while 

clean samples were run on the 3730xl DNA Analyzer (A41046; Thermo Fisher Scientific 

Inc.)  

 

2.3.10.3. Sanger sequencing data analysis 

 

Electropherograms or sequencing chromatograms were examined using CodonCode 

Aligner v11.0.2 DEMO (CodonCode Corporation, USA) or SnapGene v7.2.1 (GSL Biotech 

LLC, USA). The positions of germline variants within the chromatograms were visually 

inspected by both myself and my primary supervisor, Prof. David Monk. Chromatograms 
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of poor quality were re-sequenced. 

 

Germline-variant calling with Sanger sequencing: sequenced PCR amplicons contained a 

SNP and/or short indel that were/was investigated. The sequencing results for SNPs  were 

interpreted based on the following criteria:  

 

Heterozygous individuals, biallelic expression or biallelic methylation: two peaks 

representing two different nucleotides at a single position, both peaks had a similar height 

(50% : 50% and 25% : 75% ratios).  

 

Homozygous individuals, monoallelic expression or monoallelic methylation: a single 

peak representing a single nucleotide (92%: 8% signal to background noise ratio).  

 

Preferential expression or methylation: two peaks representing 2 different nucleotides at 

the same position, but both peaks showing different heights (90% : 10%, 80% : 20% and 

74% : 26% ratios).  

 

The sequencing results for indels  were interpreted based on the following criteria:  

 

Heterozygous individuals, biallelic expression or biallelic methylation: a series of distinct 

peaks followed by a stretch of overlapping and sometimes distorted peaks indicating a 

frameshift; overlapping peaks representing two distinct alleles of a variant .  

 

Homozygous, monoallelic expression or monoallelic methylation: distinct peaks showing a 

single allele of a variant.  

 

All identified informative samples were used for PCR amplification and Sanger sequencing 

wherever possible. Genomic regions that required a high number of PCR amplification 

cycles were amplified and sequenced at least twice. Similarly, samples that yielded 

inconsistent results for a given genomic region were re-amplified and sequenced at least 

twice to ensure reproducibility. Each sample was determined as homozygous, 

heterozygous, or exhibiting one preferential allele for the investigated polymorphism 

based on visual inspection of all sequencing chromatograms. In most cases, a consensus 

was reached based on the majority of sequencing results. In rare instances, if a single 

chromatogram clearly showed the presence of both alleles at a given position, the sample 

was classified as heterozygous - indicating biallelic methylation or expression. For 

example, one sample showed two chromatograms with preferential expression of one 

allele and one chromatogram with equal expression of both alleles; it was concluded that 

the sample exhibited biallelic expression. When a sample was informative for multiple 
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polymorphisms, its methylation or expression status (monoallelic or biallelic) was 

determined based on the majority of results. In cases where one polymorphic site showed 

preferential expression of a single allele while another site exhibited equal expression of 

both alleles; it was determined that the sample displayed biallelic expression. For some 

informative samples, methylation at putative DMRs or gene promoters was investigated 

using bisulphite PCR, sub-cloning and subsequent Sanger sequencing. At the locus level, 

monoallelic or biallelic methylation and expression were assigned based on the overall 

pattern observed across the majority of informative samples. 

 

Cloned bisulphite PCR sequences: a CpG site was considered to be methylated if a clear 

peak indicating C was detected. A CpG site was determined to be unmethylated if a peak 

for T was observed. If two different peaks for C and T were observed at the same position, 

the methylation status of the site could not be determined and was usually indicated by a 

dash (ñ-ñ). 

 

 

 

2.4. Cell isolation and culture techniques  

 

2.4.1. Cell isolation from the human placenta by Magnetic-

Activated Cell Sorting (MACS) 

 

2.4.1.1. Protocol overview 

 

This cell enrichment protocol relies on a few key stages. Firstly, the dissected placenta is 

enzymatically digested to obtain a cell suspension. Trophoblasts and other placental cell 

types are separated from red blood cells by percoll gradient, and finally, the MACS 

columns are used to positively enrich for placental trophoblast (EGFR positive cells) and 

stromal cell populations ( anti -fibroblasts positive cells). Overall, two enriched cell 

populations can be used for RNA and DNA isolation as described earlier (Sections 2.3.2  

& 2.3.3 ).  

 

2.4.1.2. Percoll gradient 

 

Percoll is a medium containing colloidal silica particles coated with polyvinylpyrrolidone 

(PVP) and is used for low-viscosity density gradients that are suitable for isolating cells, 

organelles, or viruses. Accordingly, Kliman et al. (1986) (466)  first applied this method for 
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the human placenta to separate placental cell populations such as fibroblasts, CTBs or 

EVTs from cell debris, red blood cells or polymorphonuclear cells. For a percoll gradient, 

different concentrations of percoll are slowly layered on top of each other in a falcon tube, 

forming 14 distinct layers that, after centrifugation, contain different cel l types (467). 

Thus, this gradient can be used for the enrichment of positive cells.  

 

2.4.1.3. Magnetic-activated cell sorting (MACS) 

 

MACS is a simple, versatile and fast technique invented by Miltenyi Biotec that is used to 

enrich different cell populations from a mixture of cells , such as tissues. During this 

technique, a cell population expressing a unique surface antigen is bound by an antibody 

that is conjugated to MACS® MicroBeads ( Table 2.6). The mixture of labelled cells 

present within a suspension is transferred to the MS column that is surrounded by a 

strong magnet (OctoMACSÊ Separator; Table 2.6). Thus, the labelled cells are trapped 

in the column, while non -labelled cells can freely flow through the column and be 

collected in a fresh tube (negative cell selection). In addition, the MS column contains a 

matrix composed of coated ferromagnetic spheres that can increase the magnetic field by 

10,000-fold  and even further enhance the magnetic field, allowing for the use of a lower 

amount of antibody to label the cells. In the case of positive selection, the column with 

captured cells is removed from the magnetic field, allowing the labelled cells to be washed 

out. The pellets of these cells can be used for conventional RNA and DNA isolation 

methods, as explained in earlier sections of this thesis (Section s 2.3.2  & 2.3.3 ).  

 

 

 

Table 2.6. Reagents and equipment required for trophoblast and stromal cell enrichment 

from placental cell suspensions by MACS 

Reagents and equipment: Quantity:  Supplier: Cat. No.  

MS columns 2 Miltenyi Biotec 130-042-201 

OctoMACSÊ Separator 1 Miltenyi Biotec 130-042-109 

Purified anti-human EGFR Antibody 

(primary antibody) 
20 µl BioLegend 352902 

Anti-Mouse IgG1 MicroBeads 

(secondary antibody) 
80 µl Miltenyi Biotec 130-047-101 

Anti-Fibroblast MicroBeads, human 80 µl Miltenyi Biotec 130-050-601 

FisherbrandÊ Cell Strainers (40 ɛm) 2 Fisher Scientific 11587522 

FisherbrandÊ Cell Strainers (70 ɛm) 8 Fisher Scientific 11597522 

DNA LoBind® Tubes 2 Eppendorf SE 0030108078 
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2.4.1.4. Isolation of placental cell types 

 

2.4.1.4.1. Placenta dissection 

 

2 cm2 pieces of a placenta were excised near the insertion site of the umbilical cord at 4°C 

(Figure 2.6). Thin layers from the uterine and foetal sides were removed and discarded, 

while the placental pieces were further rinsed with PBS, then chopped (0.2 cm3) and 

scraped to remove vessels. Approximately 10 mL of tissue was added into 8 falcon tubes, 

followed by two consecutive enzymatic digestions and a few washing steps. The first 

digestion was performed using the Trypsin solution (25 mL per tube;  Table 2.7) by 

incubating the samples at 37°C for 30 minutes in a shaking incubator at 100 x rpm. To 

prepare placental cell suspensions, 2.5 mL of FBS (Table 2.8 ) was added to tubes with 

digested tissues. The mixes were then transferred to cell strainers (70 ȉm; Table 2.6), 

and cell suspensions were collected in fresh tubes (kept at 4°C). Undigested pieces of the 

tissue were further digested with the Collagenase solution (25 mL per tube; Table 2.7) at 

37°C for 30 minutes in a shaking incubator (100 x rpm). The cell suspensions from the 

Collagenase digestion were collected in the same way as for the Trypsin digestion 

(additional 8 tubes). Cell suspensions were centrifuged at 400 x g at 4°C for 10 minutes, 

the supernatant was discarded, and cell pellets were washed with 10 mL of the Wash 

buffer (Table 2.8 ). 8 tubes per digestion were combined into 2 falcon tubes. Samples 

were further centrifuged at 400 x g for 10 minutes (4 °C), the supernatant was discarded, 

and cell pellets were diluted with 5 mL of the Wash buffer  (Table 2.8 ). All samples were 

combined in a falcon tube, making a total of 40 mL.  

 

 

 

Figure 2.6. Dissection of the human placenta from several places.  
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Table 2.7. Enzyme solutions  

Trypsin 

solution 

Stock 

conc.1 

Amt . 

per ~25 

mL 2 

Final 

conc.3 

Volume 

for 8 

samples 

Supplier 
Cat. 

No.4 

Product 

name 

Trypsin 

solution 
0.25% 12 mL 0.12% 96 mL 

PAN 

Biotech 

UK Ltd. 

P10-

029500 

Trypsin 0.25 

%/ 1 mM 

EDTA 

DNase I 
5 

mg/mL 
250 ɛL 

100 

µg/mL 
2 ɛL 

Merck 

Life 

Science 

UK Ltd. 

DN25-

100MG 

Deoxyribo-

nuclease I 

from bovine 

pancreas 

MgCl2 0.5 M 250 ɛL 5 mM 2 ɛL 
Fisher 

Scientific 

1041846

4 
MgCl2 (1 M) 

DMEM 

(with Ca) 
 6 mL  48 mL 

PAN 

Biotech 

UK Ltd. 

P04-

04510 
DMEM 

1x PBS  6 mL  48 mL    

Collagenase 

solution 

Stock 

conc.1 

Amt. 

per ~25 

mL 2 

Final 

conc.3 

Volume 

for 8 

samples 

Supplier 
Cat. 

No.4 

Product 

name 

Collagenase 

IV 

2% (20 

mg/mL) 
625 ɛL 

0.5 

mg/mL 
5 mL 

Merck 

Life 

Science 

UK Ltd. 

C5138-

1G 

Collagenase 

from 

Clostridium 

histolyticum 

DNaseI ï 

same 

location as 

collagenase 

5 

mg/mL 
250 ɛL 

100 

µg/mL 
2 ɛL 

Merck 

Life 

Science 

UK Ltd. 

DN25-

100MG 

Deoxyribo-

nuclease I 

from bovine 

pancreas 

MgCl2 0.5 M 250 ɛL 5 mM 2 ɛL 
Fisher 

Scientific 

1041846

4 
MgCl2 (1 M) 

DMEM 

(with Ca) 
 12 mL  96 mL 

PAN 

Biotech 

UK Ltd. 

P04-

04510 
DMEM 

1x PBS  12 mL  96 mL     

(1) Stock concentration; (2) Amount per 25 mL; (3) Final concentration; (4) Catalog numbers 

 

 

 

Table 2.8. Buffers 

Wash buffer 
Amount to 

mix 

Final 

conc.1 
Supplier Cat. No.2 Product name  

FBS Supreme 6 mL 2% 
PAN Biotech 

UK Ltd. 
P30-3031HI FBS Supreme 

DMEM 

(without Ca) 
150 mL   

PAN Biotech 

UK Ltd. 
P04-04510 DMEM 

1x PBS 

(without Ca) 
150 mL   

Fisher 

Scientific 
11503387 PBS, pH 7.4 
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Wash buffer 
Amount to 

mix 

Final 

conc.1 
Supplier Cat. No.2 Product name  

MACS 

buffer  

Amount to 

mix 

Final 

conc.1 
Supplier Cat. No.2 Product name  

FBS Supreme 600 ɛL 2% 
PAN Biotech 

UK Ltd. 
P30-3031HI FBS Supreme 

0.5M EDTA 60 ɛL 1 mM       

DMEM 

(without Ca) 
15 mL   

PAN Biotech 

UK Ltd. 
P04-04510 DMEM 

1x PBS 

(without Ca) 
15 mL   

Fisher 

Scientific 
11503387 PBS, pH 7.4 

(1) Final concentration; (2) Catalog numbers 

 

 

 

2.4.1.4.2. Percoll gradient 

 

Approximately 10 mL of the cell suspension was carefully pipetted on 4 percoll gradients 

(Table 2.9), as seen in Figure 2.7 and were centrifuged at 1,600 x g (4 accelerate, 0 

brake) for 20 minutes at 21°C. The layers between 30% and 55% of percoll were carefully 

removed and transferred to fresh falcon tubes, followed by washing with 50 mL of the 

Wash buffer per tube (Table 2.8 ). The samples were further centrifuged at 400 x g at 4°C 

for 10 minutes. The supernatant was discarded, while 4 cell pellets were resuspended in 10 

mL of the Wash buffer (per sample; Table 2.8 ) and combined, making a total of 40 mL.  

 

 

 

Table 2.9. Preparation of a 90% percoll density gradient for cell separation. 

A percoll stock (90%) was prepared by diluting 117 mL of well-mixed percoll with 13 mL of 

sterile 10 x PBS without calcium and magnesium.  

Percoll 

concentration 

(%) 

Amount of 90% percoll 

(mL) 
Amount of 1 x PBS (mL) 

70 15.6 4.4 

65 14.4 5.6 

60 13.3 6.7 

55 12.2 7.8 

50 11.1 8.9 

45 10 10 

40 8.9 11.1 

35 7.8 12.2 

30 6.7 13.3 

25 5.6 14.4 

20 4.4 15.6 
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Percoll 

concentration 

(%) 

Amount of 90% percoll 

(mL) 
Amount of 1 x PBS (mL) 

15 3.3 16.7 

10 2.2 17.8 

5 1.1 18.9 

 

 

 

 

Figure 2.7. Placental cell separation using a percoll gradient. 

(A) A cell suspension is loaded onto the percoll gradient. (B) After centrifugation, the percoll 

gradient shows separated cells. The layers between 30% and 55% are collected for MACS positive 

selection. 

 

 

 

2.4.1.4.3. MACS 

 

At the start, 40 mL of the cell suspension was split into two and centrifuged at 400 x g for 

10 minutes (4°C). The supernatant was discarded from each tube. To do positive 

enrichment for placental stromal cells, 320 ȉL of the MACS buffer (Table 2.8 ) was mixed 

with one cell pellet. Then, 80 ȉL of Anti -Fibroblast MicroBeads (Table 2.6) was added, 

and the sample was incubated at 4°C for 30 minutes with constant gentle agitation (14 x 

rpm). The positive selection of placental trophoblasts was done by Purified anti-human 

EGFR antibody (Table 2.6) followed by Anti -Mouse IgG1 MicroBeads (Table 2.6). The 

remaining cell pellet was resuspended in 1.5 mL of the MACS buffer and 20 ȉL of the 

Purified anti -human EGFR antibody and incubated at 4°C for 30 minutes with constant 
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gentle agitation (14 x rpm). This step was followed by the addition of 500 ȉL of the MACS 

buffer and centrifugation at 400 x g for 10 minutes (4 °C) to wash out the non-bound 

antibody. The cell pellet, after discarding the supernatant, was resuspended in 320 ȉL of 

the MACS buffer, mixed with 80 ȉL of Anti -Mouse IgG1 MicroBeads and subsequently 

incubated at 4°C for 15 minutes with constant gentle agitation (14 x rpm). Both tubes with 

anti -fibroblasts and anti -EGFR bound cells were washed by adding 1 mL of the MACS 

buffer (per sample), followed by centrifugation at 400 x g for 10 minutes (4 °C). The 

supernatant was discarded, and 1.5 mL of the MACS buffer was mixed with anti-fibroblast 

labelled cells, while the anti-EGFR labelled cell pellet was rinsed with 1 mL of the MACS 

buffer. After this, two MS columns (one column per cell type; Table 2.6) were placed on 

the OctoMACSÊ Separator (Table 2.6) with 15 mL falcon tubes for cell collection and 40 

ȉm cell strainers on top of each MS column to prevent them from clogging. Both cell 

strainers with the MS columns were pre-wet with 0.5 mL of the MACS buffer, and each 

cell suspension was separately passed through the strainer while collecting non-labelled 

cells (negative selection). The columns were washed 3 more times by adding 0.5 mL of the 

MACS buffer (per sample), each time to remove non-labelled cells that were retained as 

EGFR and anti-fibroblast negative cell fractions. To collect EGFR and anti-fibr oblast 

positive cell fractions, the MS columns with bound cells were removed from the 

OctoMACSÊ Separator, washed with 1 mL of the MACS buffer (per sample) and a plunger 

inside each column was used for flushing out captured cells. This washing step was 

repeated 3 times in total, followed by centrifugation at 400 x g for 10 minutes (4°C) to 

collect cell pellets that were frozen and stored for DNA and RNA extraction  (Sections 

2.3.2  & 2.3.3 ).  

 

 

 

2.4.2. Cell culture conditions for CT and Mole cell lines 

 

Cell lines were grown in specialised cell media (Appendix 4 &  Appendix 6) at 37°C in a 

humidified atmosphere of 5% CO2 and were passaged according to the established 

protocol shared by Okaeôs laboratory (243,311). All cell lines were grown in Mycoplasma-

free cell culture media.  

 

2.4.2.1. Cryogenic storage and cell recovery 

 

2.4.2.1.1. Preparation of cell culture plates for cell lines 

 

6-well cell culture plates for CT27, CT30, Mole 1 and Mole 2 cell lines were prepared in 
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advance. To each well of a 6-well plate, 2 mL of CT Basal Media (Appendix 5 &  

Appendix 4) and 2 ȉL of iMatrix -511 (Appendix 4) were added, and the plates were 

incubated at 37°C from 10 minutes up to overnight for coating the plates. After incubation, 

the media is discarded and replaced with pre-warmed CT Working Media (Appendix 4  & 

Appendix 6), followed by the seeding of cells at a density of 0.5-1 × 106 cells per well.  

 

All cell lines were cryogenically preserved with CT Working Media containing Dimethyl 

sulfoxide (DMSO; D2650-100ML; Merck Life Science UK Ltd. ) in liquid nitrogen storage 

for long-term storage. Before seeding cells, a frozen cell aliquot was fully defrosted at 

room temperature. CT Working Media (2 mL) was mixed with 1 mL of the defrosted cell 

aliquot and centrifuged at 1,500 x rpm for 5 minutes.  The supernatant was carefully 

removed, and the cell pellet was resuspended in 2 mL of CT Working Media and spread 

across a pre-coated 6-well plate.  

 

2.4.2.2. Cell maintenance and harvesting 

 

Plates with 80% confluency were passaged every few days, depending on the growing 

speed of these cells. For this, the cell media was removed, and each well of the 6-well plate 

was rinsed with 1 x sterile PBS to wash out residual FBS present within CT Working Media 

(Appendix 6), as it can inhibit trypsin. 0.5 mL of the Trypsin solution (P10 -029500; PAN 

Biotech UK Ltd .) with 0.5 mL of 1 x PBS were added to each well, and the plate was 

incubated at 37°C for 5 minutes. At the end of the incubation, cells were gently scrapped to 

detach them from the plate. 1 mL of fresh CT Working Media was added to each well and 

gently mixed by pipetting. The media with detached cells was transferred to 15 mL falcon 

tubes and centrifuged at 1,500 x rpm for 5 minutes at room temperature. The cell pellet 

was either washed with 5 mL of PBS (centrifuged at 2,500 x rpm at 4°C for 5 minutes) and 

used for RNA extraction or resuspended in 2 mL of CT Working Media and seeded onto 

freshly prepared 6-well plates at a desired concentration (1:2 or 1:4 split ratio).  

 

 

 

2.5. Quantitative techniques 

 

2.5.1. Placenta-specific imprinted genes with mDMR 

 

In the first result chapter, quantitative pyrosequencing and qRT -PCR assays were 

employed to further  characterise the possible function of newly discovered genes with 

mDMRs in the human placenta. More specifically, the techniques were used to quantify 
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DNA methylation levels  and the expression of novel placenta-specific imprinted genes in 

placentae from normal and complicated pregnancies (Appendix 2 &Appendix 3). In 

addition, qRT -PCR was applied to evaluate MACS-enriched cell populations from the 

whole placenta and finally to test maternal cell (DNA) contamination in a few placental 

samples.  

 

 

 

2.5.2. Non-canonical imprinting in the human placenta and 

embryos 

 

In the second result chapter of this thesis, qRT-PCR was used to investigate gene dosage 

for candidate non-canonical imprinted genes in the placenta-derived cell lines (CT and 

Mole cell lines) and, in the case of XIST, in male and female placentae. 

 

 

 

2.5.3. Quantitative real-time reverse transcription PCR (qRT-

PCR) 

 

Several qRT-PCR experiments were carried out during this PhD thesis, and all followed 

standard conditions unless noted otherwise (Figure 2.8 ).  

 

 

 

 

Figure 2.8. Standard qRT-PCR cycling conditions for the Power SYBRÊ Green PCR Master 

Mix.  
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At the start, all oligonucleotide primers used for quantitative expression assays were 

vigorously tested before their use with the investigated samples. Firstly, the best primer 

annealing temperature was determined by running standard PCR (Section 2.3.7 ). Then, 

the minimal amount of cDNA template (required for a comparative Ct method), the 

primer specificity and efficiency were determined by a standard curve-based method for 

qRT-PCR. The primers used for the different qRT -PCR experiments can be found in 

Appendix 26 , Appendix 27 and Appendix 28 . A range of cDNA samples were used 

for qRT-PCR experiments with concentrations ranging from ~3.8 ng/ ȉL to 10 ng/ȉL. Five 

ȉL of diluted cDNA template was mixed with 5.5 ȉL of the Power SYBRÊ Green PCR 

Master Mix (4367659; Thermo Fisher Scientific Inc.), 0.25 ȉL of forward primer (0.1 

ȉm/ȉL) and 0.25 ȉL of reverse primer (0.1 ȉm/ȉL). All samples were run in triplicates . 

Also, all plates included a non-template control for each tested gene and a calibrator (e.g., 

a cDNA mix of human placentae) whenever possible. The experiments were conducted in 

MicroAmpÊ Optical 384-Well Reaction Plates (4309849; Thermo Fisher Scientific Inc.) 

in the QuantStudioÊ 5 Real-Time PCR System (A28140; Thermo Fisher Scientific Inc.). 

The general cycling conditions used for qRT-PCR can be seen in Figure 2.8 . Only the 

samples with two technical replicates were included, and the melt or dissociation curves 

were scrutinised after each experiment to detect any contaminating DNA species or 

primer dimers. If possible, two endogenous control genes were included for each run, 

except for one experiment, due to non-specific amplification after inspection of melt 

curves.  

 

2.5.3.1. Comparative ǃǃCt method 

 

Relative quantification (RQ) of a candidate gene, also known as fold change, was 

calculated by 2-(ǧǧCt) (468) . During this, the Ct of a target or candidate gene is normalised 

to the Ct of the endogenous gene(s), which gives ǧCt. RPL19 and ACTB were selected as 

endogenous control genes as these genes were tested by previous Monk group members 

and demonstrated relatively stable expression between different placenta samples (similar 

mean expression, low SD). The tested sample of a target gene is then normalised to a 

calibrator sample of the same target gene, with the calibrator being a cDNA mix of 

multiple placentae or a single cell line. This gives ǧǧCt. Finally, 2-(ǧǧCt) for each sample is 

calculated, assuming that PCR primers are efficient and give 100% amplification 

efficiency. The calculations for RQ or fold change as follows:  
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ЎὅὸὝὥὶὫὩὸ ὫὩὲὩ ὃὺὩὶὥὫὩ ὅὸ
ὝὥὶὫὩὸ ὫὩὲὩ
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ὉὲὨέὫὩὲέόί ὧέὲὸὶέὰ

 z

 

*Geometric mean of Ct of multiple endogenous control genes  

ЎЎὅὸὝὩίὸὩὨ ίὥάὴὰὩ έὪ ὥ ὸὥὶὫὩὸ ὫὩὲὩ ЎὅὸὝὩίὸὩὨ ίὥάὴὰὩ έὪ ὥ ὸὥὶὫὩὸ ὫὩὲὩ ЎὅὸὅὥὰὭὦὶὥὸέὶ ίὥάὴὰὩ έὪ ὥ ὸὥὶὫὩὸ ὫὩὲὩ 

 

Ὑὗ έὶ ὊέὰὨ ὧὬὥὲὫὩ ς ЎЎ  

 

 

 

For those genes whose expression could not be quantified by the Power SYBRÊ Green 

PCR Master Mix (4367659; Thermo Fisher Scientific Inc.), the TaqManÊ Fast Advanced 

Master Mix (4444557; Thermo Fisher Scientific Inc.) was employed. In the case of the 

TaqMan assay, the Hs00377852_g1 and Hs02338565_gH TaqManÊ Gene Expression 

Assay probes for G0S2 and RPL19 were purchased from Thermo Fisher Scientific Inc . For 

this experiment, 5 ȉL of the TaqManÊ Fast Advanced Master Mix (4444557; Thermo 

Fisher Scientific Inc.) and 0.5 ȉL of the TaqManÊ Gene Expression Assay probe were 

mixed with 4.5 ȉL of cDNA (9 ng/ȉL) diluted in UPW (750023, Thermo Fisher Scientific 

Inc.) with the cycling condition shown in  Figure 2.9 .  

 

 

 

 

Figure 2.9. Standard TaqMan cycling conditions. 

 

 

 

This assay was performed in the same way as the qRT-PCR experiments carried out with 

the Power SYBRÊ Green PCR Master Mix. Samples were run in triplicates with a non-

template control and a calibrator sample. Only samples with 2 acceptable technical 

replicates were included in the  2-(ǧǧCt) analysis.  

 

The results from qRT-PCR experiments were generated and inspected using 
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QuantStudioÊ Design & Analysis Software v1.3.1 (Applied BiosystemsÊ by Thermo 

Fisher Scientific Inc.). To combine the results from several MicroAmpÊ Optical 384-Well 

Reaction Plates, which includ ed the same genes but different samples (cDNA templates), 

ExpressionSuite Software v1.3 (Applied BiosystemsÊ by Thermo Fisher Scientific Inc.) 

was used. For each gene across multiple plates, the same baseline threshold (the signal or 

noise level detected during the initial 3 and 15 cycles of qRT-PCR) was set manually,  

allowing  for comparison between different plates. The amplification curves and melting 

curves across several plates were inspected again by ExpressionSuite Software v1.3. The 

generated fold change results were further analysed and plotted by Rstudio , an in-house R 

script (R version 4.3.2). 

 

 

 

2.5.4. Pyrosequencing 

 

Pyrosequencing is a sequencing-by-synthesis method, during which the real-time 

incorporation of a nucleotide into a newly synthesised strand is detected as a light signal 

(469) . This method relies on four enzymes: the Klenow fragment of the DNA polymerase I, 

ATP sulfurylase, luciferase, and apyrase. At the start of the sequencing reaction, a single 

nucleotide is injected into wells of a microtiter plate , and it is incorporated at the 3ô end of 

a sequencing primer by the DNA polymerase I, which results in a release of pyrophosphate 

(PPi). PPi is further used by the ATP sulfurylase to generate ATP from adenosine 

phosphosulfate (APS). The luciferase uses ATP to oxidise D-luciferin. The resulting 

product of this reacti on is oxyluciferin, which is excited and gradually emits light that is 

captured by a camera and converted into pyrograms. In the meantime, unincorporated 

nucleotides are degraded by the apyrase before the injection of a new nucleotide.  

 

Unlike bisulphite PCR, followed by cloning, which can reveal the DNA methylation status 

at several CpG sites, pyrosequencing allows quantifying  the level of DNA methylation at 

those CpG sites in percentages. Additionally , this technique is well-suited for complex 

genomic regions that are rich in highly repetitive elements , such as LINE  -1 elements 

found across the human genome, which could not be sequenced with other NGS 

technologies such as WGBS or RRBS-seq (71). Unfortunately, only short regions of the 

genome that are highly enriched with CpG sites can be sequenced by pyrosequencing.  

 

With all this in mind, the pyrosequencing approach was employed to quantify the level of 

DNA methylation at the promoters with mDMRs of the candidate placenta -specific 

imprinted genes in the placental cohort. For this assay, 77 placentae were selected with  

similar distributions in gender. All used samples are listed in Appendix 2 and Appendix 
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3. 

 

For pyrosequencing, the DMR regions densely populated with CpG sites were amplified 

using bisulphite PCR (Section 2.3.7.1.4 ), with reverse primers being tagged with biotin, 

while the sequencing primers were designed to anneal to the complementary strand. The 

primers for these regions can be found in Appendix 26 . 20 ȉL of remaining bisulphite 

PCR products, after running on an agarose gel, was used for pyrosequencing. The 

downstream procedure was carried out by a former  PhD student, Dr Ana Monteagudo-

Sánchez, at the Institute Jacques Monod, CNRS & Université Paris-Cité (France). In short, 

a bisulphite PCR product was diluted in UPW (750023; Thermo Fisher Scientific Inc.) to 

make a total volume of 40 ȉL. Each diluted sample was further mixed with 38 ȉL of the 

PyroMark Binding Buffer (Qiagen) and 2 ȉL (10 mg/mL) streptavidin -coated Sepharose®  

beads (Qiagen) and agitated at 1,600 x rpm for 10 minutes at room temperature. The PCR 

products, in a 96-well plate, were purified from salts and unused reagents by using the 

PyroMark Q96 Vacuum Prep Workstation . Single-stranded bisulphite PCR amplicons with 

the incorporated biotinylated primer were immob ilised on streptavidin -coated 

Sepharose®  beads (Qiagen). The bound amplicons were then washed with 70% ethanol, 

denatured with sodium hydroxide , and resuspended in the PyroMark Buffer (Qiagen). The 

single-stranded DNA was hybridised to 40 pmol of sequencing primer dissolved in 11 ȉL 

of the PyroMark Annealing Buffer (Qiagen) during a 2-minute incubation on a heating 

block at 80°C. Pyrosequencing was carried out on a PyroMark Q96 instrument.  

 

The pyrosequencing results, such as methylation percentages, were determined from C 

and T ratios at each CpG site within the sequenced PCR product and were produced with 

Pyro Q CpG1.0.9 software (Biotage). The pyrograms were inspected, and only the good-

quality CpGs were used for further analysis, as shown in Figure 2.10 . Only the first few 

CpGs that were marked in blue and yellow, denoted as good quality, were used for the 

analysis. The methylation percentages recorded in the pyrograms were further analysed 

and plotted with Rstudio , an in-house R script (R version 4.3.2).  
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Figure 2.10. Pyrograms of two placental samples showing the level of DNA methylation (%) 

at seven CpG sites (grey highlight) in a PCR amplicon.  

DNA methylation percentages in blue indicate a good-quality score, in yellow ï a score with minor 

deviations and in red - a poor-quality score. 

 

 

 

2.6. Single-cell methylation and transcriptome 

sequencing (scM&T-seq) of human pre-

implantation embryos 

 

2.6.1. Overview of scM&T-seq 

 

scM&T-seq technique was established by (470). This technique was developed based on a 

slightly modified version of G&T-seq (471). This method physically separates single-cell 

gDNA and mRNA with poly(A) tails , allowing them to be processed in parallel according 

to either the scBS-seq or SMART-seq2 protocols, followed by sequencing on an Illumina 

platform (472,473). In more detail, cells are sorted into 96-well plates and lysed in the 

RLT plus lysis buffer (Qiagen) to release gDNA and RNA. Polyadenylated mRNAs are 

captured by biotinylated oligo -dT primers , which are immobilised on streptavidin -coated 
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magnetic beads (DynabeadsÊ MyOneÊ Streptavidin C1), while these beads are captured 

by a magnet. The supernatant containing gDNA is removed and stored in a new 96-well 

plate and then frozen at -20°C until further  processing. Captured mRNA is thoroughly 

washed, reverse transcribed, and amplified while still bound to the beads. The subsequent 

steps are carried out using the Nextera XT DNA Library Preparation Kit (FC -131-1096; 

Illumina, Inc.) following the manufacture rôs instructions. The following key steps include 

cDNA dilution before tagmentation with the Nextera transposome, additional PCR 

amplification for incorporation of index adaptors, library pooling and cleaning with 

Beckman CoulterÊ Agencourt AMPure XP beads (10453438; Fisher Scientific) on a 

magnet followed by paired-end sequencing. 

 

Separated DNA alongside is purified with Beckman CoulterÊ Agencourt AMPure XP 

beads while captured with  a magnet. The purified DNA is then used for bisulphite 

conversion with the EZ DNA Methylation -Direct Kit (D5021; Zymo) while remaining 

attached to the magnetic beads. The bisulphite-treated DNA is then used for post-

bisulphite adapt or tagging (PBAT) with a 3ô-random hexamer. Finally, the first 

synthesised strand is removed by biotin capture, and only the second synthesised strand, 

after cleaning and PCR amplification, is used for sequencing on an Illumina instrument.  

 

 

 

2.6.2. Preparation of single-cell RNA sequencing (scRNA-seq) 

libraries 

 

In general, this technique is well-suited for samples with low amount s of starting genetic 

material , such as single cells of human pre-implantation embryos , which require higher 

sequencing coverage. In addition, this technique was successfully applied by our group 

previously (71). During this PhD, only the transcriptome part was performed. The scRNA-

seq libraries were prepared at the Earlham Institute (Norwich, UK) with the assistance of 

Dr Louise Chappell-Maor and in collaboration with  Dr Iain Macaulayôs group.  

 

In brief , the high-quality surplus human IVF embryos donated to research were split into 

single cells. A Hamilton -Thorne Lykos laser was used to remove one-quarter of the zona 

pellucida for one embryo with 4 cells and 10 embryos containing between 5 and 12 cells. 

Blastomeres from  these embryos were separated using blastomere biopsy micropipets 

(Origio, USA) and isolated with a stripper using 120 ȉm tips. Each blastomere was further 

washed in 1% PVP and then placed in a sterile PCR tube containing  2.5 ȉL of PBS and 

snap-frozen at -80°C until further processing. The ICM and TE of two blastocysts were 
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separated by micromanipulation using a laser (OCTAX, Herborn, Germany). However, for 

the two other blastocysts, it was not possible to separately isolate ICM and TE. Separated 

ICM and TE cells, or a mixture of both , were incubated in an Accutase medium 

(Chemicon) at room temperature for 10 minutes to isolate single cells by gentle pipetting. 

These cells were further washed with 1% PVP and then placed in sterile PCR tubes 

containing 2.5 ȉL of PBS, followed by snap-freezing at -80°C until processing. Followin g 

the scM&T-seq protocol, each isolated cell was transferred to 5 ȉL of the RLT plus lysis 

buffer (Qiagen) and snap-frozen at -80°C until downstream processing. In total, 204 cells 

were collected from different stages of human pre-implantation embryos.  

 

To prepare scRNA-seq libraries, the single-cell lysates were transferred to 96-well plates, 

with each well containing a single sample. Approximately 5 ȉL of cell lysate was mixed 

with 10 ȉL of Dynabead mix (Table 2.10) containing oligo  (dT) and incubated on a 

ThermoMixer ® C (Eppendorf) for 20 minutes at 1,300 x rpm. After this step, the Biomek 

FXP Laboratory Automation Workstation was used to separate mRNA from gDNA, which 

remained in the supernatant (~40 ȉL) and was stored at -20°C. While mRNA was washed 

twice with G&T-seq wash buffer (Table 2.11), 5 ȉL of the RT Master Mix  (Table 2.12) 

was added into each well for reverse transcription with the cycle conditions present in 

Figure 2.11. Then, 7.5 ȉL of PCR Master Mix  was pipetted into each well, and the 

samples were further amplified following the cycling conditions outlined in  Figure 2.12 

 and Table 2.13. 

 

 

 

Table 2.10. Bead Mix 

Reagent Supplier Cat. No.1 Reagent 

Volume 

(µL) for 1 

reaction 

DynabeadsÊ MyOneÊ 

Streptavidin C1 

Thermo Fisher 

Scientific Inc. 
65001 

DynabeadsÊ MyOneÊ 

Streptavidin C1 
0.5 

5 x First-strand buffer 
Thermo Fisher 

Scientific Inc. 
18064071 5 x First-strand buffer 1.5 

RNase Inhibitor (20 

U/µL) 

Thermo Fisher 

Scientific Inc. 
N8080119 

RNase Inhibitor (20 

U/µL) 
0.5 

Nuclease-Free Water (not 

DEPC-Treated) 

Thermo Fisher 

Scientific Inc. 
AM9938 

Nuclease-Free Water 

(not DEPC-Treated) 
7 

G&Tseq Oligo dT (1 µM)  

Integrated 

DNA 

Technologies, 

Inc. 

Custom 
G&Tseq Oligo dT (1 

µM)  
0.5 

(1) Catalog number 

 



104 

 

Table 2.11. G&T -seq wash buffer  

Reagent 
Final molarity 

required 
To make up to 50ml 

Tris-HCl (pH 8.3) 50 mM 25 ml at 0.1M 

KCl 75 mM 1.875 ml at 2M 

MgCl2 3 mM 300 ul at 0.5M 

DTT 10 mM 500 ul at 1M 

Tween 20 0.5% (vol/vol) 50 ul at 50% (vol/vol) 

Nuclease-free water 21.8 ml 

 

 

 

Table 2.12. RT Master Mix  

Reagent Supplier Cat. No.1 

Volume 

(µL) for 1 

reaction 

Final 

concentration 

Nuclease-Free Water (not 

DEPC-Treated) 

Thermo Fisher 

Scientific Inc. 
AM9938 7  

dNTP Mix (10 mM each) 
Thermo Fisher 

Scientific Inc. 
R0193 0.5 1 mM 

G&T-seq TSO custom 

LNA oligonucleotide (100 

µM) 

Integrated DNA 

Technologies, 

Inc. 

Custom 0.05 1 µM 

MgCl2 (1 M) 
Thermo Fisher 

Scientific Inc. 
AM9530G 0.03 6 mM 

Betaine solution (5M) 
Merck Life 

Science UK Ltd. 

B0300-

1VL 
1 1 M 

5 x First-strand buffer 
Thermo Fisher 

Scientific Inc. 
18064071 1 1 x 

DTT (100 mM) 
Thermo Fisher 

Scientific Inc. 
18064071 0.25 5 mM 

SuperScript II Reverse 

Transcriptase (200 U/ɛL) 

Thermo Fisher 

Scientific Inc. 
18064071 0.25 10 U/µL 

RNase Inhibitor (20 U/µL) 
Thermo Fisher 

Scientific Inc. 
N8080119 0.125 0.5 U/µL 

(1) Catalog number 
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Figure 2.11. Reverse transcription conditions with RT Master Mix .  

 

 

 

Table 2.13. PCR Master Mix  

Reagent Supplier 
Cat. 

No.1 

Volume 

(µL) for 1 

reaction 

Final 

concentration 

Phusion Hot Start II High-

Fidelity PCR Master Mix (2 x) 

Thermo Fisher 

Scientific Inc. 
F565L 6.25 1 x 

IS PCR primer (10 µM) 
Integrated DNA 

Technologies, Inc. 
Custom 0.125 0.1 µM 

Nuclease-free water 
Thermo Fisher 

Scientific Inc. 
F565L 1.125  

(1) Catalog number 

 

 

 

 

Figure 2.12. PCR cycling conditions for KAPA HiFi HotStart PCR Master Mix . 

 

 

 

Amplified cDNA was subject to post-PCR amplification clean-up, which was performed 

with the Biomek NXP Automated Workstation. cDNA in a volume of 25 ȉL was cleaned 

with Beckman CoulterÊ Agencourt AMPure XP beads (10453438; Fisher Scientific) and 

with two consecutive 80% ethanol washes followed by elution in 20 ȉL of Nuclease-Free 
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Water (AM9938; Thermo Fisher Scientific Inc.).  The concentration and quality of cDNA 

were evaluated by a Qubit Fluorometer (Thermo Fisher Scientific Inc.) and a 2100 

Bioanalyzer Instrument (Agilent Technologies  Inc.).  

 

ScRNA-seq was performed as described in (470,471) with some adjustments. The libraries 

were made with the Nextera XT DNA Library Preparation Kit (FC -131-1096; Illumina, 

Inc.) according to the manufacture rôs instructions, except that  1/12.5 of the original kit 

volume was used. Before the start, amplified cDNA was diluted to 0.2 ng/ȉL in 15 ȉL. The 

subsequent steps were automated and carried out by the mosquito LV genomics (SPT 

Labtech Ltd.). 0.4 ȉL of diluted cDNA was mixed with 1.2 ȉL of ATM and TD mix in each 

well (for one 96-well plate: 55.038 ȉL ATM mixed with 102.213 ȉL TD). The plate was 

centrifuged and incubated in a PCR thermocycler at 55°C for 10 minutes for tagmentation. 

To stop the tagmentation reaction, 0.4 ȉL of 0.2% SDS was added to each well and mixed 

well, followed by a 5-minute  incubation at room temperature. For the indexing part, 1.2 ȉL 

of NPM mix and 0.8 ȉL of each index were added into each well and mixed. The plate was 

placed into the PCR thermocycler with the following cycling conditions ( Figure 2.13).  

 

 

 

 

Figure 2.13. PCR cycling conditions for Nextera PCR Master (NPM) Mix to incorporate 

indexes 

 

 

 

Ninety -six indexed samples (1 ȉL) were pooled in a total volume of 96 ȉL; the same step 

was repeated for the second plate. The pooled libraries were cleaned again with 0.8 x 

AMPure XP beads and 2 consecutive washes with 80% ethanol using the Biomek 

NXP Automated Workstation. The cleaned libraries resuspended in ~20 ȉL of Nuclease-

Free Water were tested with the Qubit Fluorometer and the 2100 Bioanalyzer Instrument. 

Overall, pooled libraries were diluted to 10 nM and combined in equal amounts for 

sequencing on an Illumina NovaSeq X Plus 10B flow cell, generating 150 bp paired-end 

reads.  
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2.7. Publicly available methyl-seq datasets 

 

During this thesis, various human cell-type and tissue methylation datasets were 

implemented as methylation tracks in the UCSC genome browser (474) 

(http://genome.ucsc.edu)  to screen for placental DMRs or germline -derived DMRs. The 

analysis of these tracks was carried out by our previous group members and explained in 

more detail  in (20) . In summary, these tracks included 25 methylome datasets available at 

Gene Expression Omnibus (GEO) or NBDC repositories. The analysed tracks included 

methylomes for human oocytes (JGAS00000000006), 5 for human sperm 

(JGAS00000000006 and GSE30340), 2 for the brain (GSM913595, GSM916050), 3 for 

CD4+ lymphocytes (GSE31263), and single datasets for blastocysts (JGAS00000000006), 

muscle (GSM1010986), CD34+ cells (GSM916052), sigmoid colon (GSM983645), lung 

(GSM983647), aorta (GSM983648), oesophagus (GSM983649), small intestine 

(GSM983646), pancreas (GSM983651), spleen (GSM983652), liver (GSM916049), 

adrenal (GSM1120325) and adipose tissue (GSM1010983). These methylation tracks were 

mapped to the GRCh37 genome. Only CpG sites covered by at least 5 reads were analysed, 

and the average methylation estimates were obtained for samples with several technical 

replicates, except for human oocytes with poor coverage. For the oocytes, the methylated 

and unmethylated calls from the two experiments were summed to estimate the 

methylation ratio.  

 

Our group previously performed WGBS for the brain, liver and third -trimester human 

placenta, and these datasets are described in (449)  and can be found in the GEO 

repository (GSM1134680, GSM1134681 and GSM1134682, respectively). In short, the 

WGBS datasets were aligned to the GRCh37 reference genome, and the percentage of DNA 

methylation at a single CpG site was calculated by dividing all methylated reads by the 

total number of reads (methylated and unmethylated). Only CpG sites covered by a 

minimum of 5 reads were included in this estimate.  

 

For comparative analysis, methylation datasets for mouse ICM, oocyte, sperm, 2-cell stage 

and 4-cell stage embryo, E6.5 embryo, mESC, placenta and cerebellum were also included 

to look at the gene promoters from (475ï477) (GSE56697, GSE30206, GSE42836). The 

methyl -seq datasets were aligned to the GRCm38 mouse reference genome, and CpG 

methylation was estimated in the same way as for human methyl-seq datasets.  
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2.8. Publicly available Illumina methylation array 

datasets 

 

During this PhD, 22 placental methylation datasets generated with the Illumina Infinium 

Human Methylation450 BeadChip array were used to aid in the screening of placenta-

specific mDMRs and placental sDMRs. These datasets were downloaded from the GEO 

repository under accession number GSE120981. The placental samples used in these 

datasets are described in greater detail in Monteagudo-S§nchez et al. (2019) (295) and 

include 9 normal and 13 placental samples affected by IUGR. 

 

In brief, control probes were used to remove background signals and reduce inter-plate 

variation in BeadStudio (version 2011.1_Infinium HD). Methylation probes were excluded 

from downstream analysis if they had a detection p-value > 0.01, contained SNPs in the 

interrogation or extension bases, exhibited cross-reactivity due to multiple homologous 

sequences, or showed no signal in one or more placental samples. Probes located in 

candidate genomic regions, such as placenta-specific mDMRs or placental sDMRs, were 

used to inspect beta values, with promising candidates displaying approximately 50% 

methylation. 

 

To investigate placental cell-type-specific methylation in candidate regions, 95 placental 

cell-type methylation datasets, generated using the Infinium MethylationEPIC BeadChip 

array, were downloaded from the GEO repository under accession number GSE159526. 

The placental samples and cell-type-specific isolation processes were extensively 

described by Yuan et al. (2021) (364). Briefly, four placental cell types, including HBs, 

trophoblasts, stromal, and endothelial cells, along with matched whole chorionic villi, 

were isolated from 19 third-trimester placental samples using FACS with cell-type-specific 

antibodies such as 7-AAD, CD235a FITC, CD45 APC-eFluor780, CD14 PE, CD34 APC, and 

EGFR PeCy7. DNA from the isolated cell types was bisulphite-converted using the EZ 

DNA Methylation Kit prior to hybridisation on the Infinium MethylationEPIC BeadChip 

array. 

 

Methylation probes were excluded from further analysis if they had a detection p-value > 

0.01, a bead count < 3, exhibited cross-reactivity due to multiple homologous sequences, 

contained SNPs within 5 bp of the interrogation site, or were located on sex chromosomes. 

Samples were excluded if mismatched genotypes were observed between different cell 

types and their corresponding whole chorionic villus samples or if maternal 

contamination was detected. Good quality probes were normalised across samples to 
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remove technical variance. The beta values from the 95 placental cell-type-specific 

methylation datasets were extracted for the cell-type-specific comparisons of candidate 

genomic regions. 

 

 

 

2.9. Bioinformatics analysis 

 

2.9.1. Gene synteny analysis 

 

Several human imprinting clusters have been identified through sequence homology or 

synteny by comparing mouse imprinted genes with their human homologues 

(18,261,371,436). Also, novel imprinted genes have often been identified based on their 

proximity to known imprinting clusters (18,261,371,436). In classical genetics, synteny 

refers to homologous genes located on corresponding chromosomes across different 

species (478,479). In modern genetics, it refers to genes or chromosomal segments with a 

conserved order (collinearity) across the chromosome sets of two or more species (480) . 

During this PhD, synteny analysis was conducted to determine whether chromosomal 

regions containing non-canonical imprints in mice and rats are highly conserved in 

humans and whether non-canonical imprints might also form clusters in the mouse, rat 

and human genomes - a feature characteristic of canonical imprints. 

 

Macro-synteny plots between the mouse and human and between the rat and human were 

generated using a ShinySyn application (481) developed with the Shiny package (R 

package). It allows an interactive visualisation of synteny analysis results generated by a 

multiple collinearity scan (MCscan) algorithm  (482ï484). This algorithm identifies 

putative homologous chromosomal segments across multiple genomes by using gene pairs 

with high pairwise collinearity as anchors (reference points) and performs mult iple 

alignments for those homologous chromosomal regions. Initially, MCscan uses BLASTP to 

compare several genomes and retrieves the most highly scoring hits, which are then sorted 

by gene positions. The hits are later applied in dynamic programming to identify 

collinearity blocks between different chromosomes and, in other words, to find regions of 

synteny and collinearity.  

 

For the ShinySyn application, the FASTA files of the most recent versions of the human 

(GRCh38) and mouse (GRCm39) genomes, as well as GTF files for transcript  and gene 

annotations, were downloaded from the GENCODE database, while the rat genome 

(mRatBN7.2) was downloaded from the Ensembl genome database. These files were 
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applied to the MCscan pipeline, which generated BED and anchor gene files, used as 

inputs to create macro-synteny, micro-synteny and dot plots. The list of mostly mouse and 

rat of non-canonical imprints w as checked in the output files to create macro-synteny 

plots.  

 

 

 

2.9.2. ScRNA-seq processing 

 

2.9.2.1. Overview of scRNA-seq analysis 

 

The scRNA-seq libraries were sequences at the Earlham Institute (Norwich, UK). The 

pipeline used to process scRNA-seq FASTQ files consists of several stages, as illustrated in 

Figure 2.14. The first stage involves checking the quality of raw reads, trimming 

adapters, and excluding poor quality and short reads prior to alignment with the human 

reference genome. The second stage involves aligning reads to the reference genome, 

followed by sorting, indexing and checking the alignment quality . The third stage involves 

marking duplicated reads in aligned BAM files, adding Read Group (RG) tags, and 

inspecting the duplication rate and  alignment rate of nucleotides across genomic regions 

such as untranslated regions (UTRs, introns, intergenic regions) and peptide coding 

regions (exons). During the fourth stage, the single-cell aligned BAM files are merged into 

pseudo bulks to make whole embryos; this is done to increase coverage for 

polymorphisms. The fifth stage consists of several GATK tools (485)  that are used to 

adjust and recalibrate the BAM files for variant calling ( HaplotypeCaller). In the final 

stage, different GATK tools are used to select and filter polymorphisms and perform ASE 

analysis, while a range of Bioconductor/R packages are applied to annotate 

polymorphisms identified at the earlier stages.  
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Figure 2.14. Summary of variant calling analysis in pseudo bulk scRNA-seq datasets.  

Green and blue boxes represent the bioinformatic tools and their respective versions used at each 

analysis step, which are indicated in grey boxes. 

 

 

 

2.9.2.2. ScRNAðseq analysis 

 

At the start, 374 raw FASTQ files (187 cells and 5 non-template controls) were inspected 

with FastQC v0.11.9, followed by trimming the Nextera adapters, excluding short (15 bp) 

and poor quality ( - q 20 ) reads by Trim Galore! v0.6.5 (-- phred33, -- paired ). The 

remaining reads were aligned to the GRCh38.p14 reference genome from the GENCODE 

database by STAR v2.7.10a (486)  (2- pass mode  - more sensitive to splice junctions). The 

aligned reads were sorted and indexed by SAMtools v1.16.1 (487). Picard v3.1.1 was used 

to mark duplicated reads with -- TAGGING_POLICY All --

OPTICAL_DUPLICATE_PIXEL_DISTANCE 2500 -- REMOVE_DUPLICATES false , 

add RG tags with AddOrReplaceReadGroups  and inspect the aligned base distribution 

within different genomic regions with - REF_FLAT refFlat.txt, - STRAND NONE. 

Pseudo bulk files were generated by SAMtools v1.16.1 merge  by merging single-cell 

aligned files. SplitNCigarReads  from GATK v4.9.1 (485,488ï491) was used to adjust 

the format of pseudo bulk files, while BaseRecalibrator  (-- known- sites 

Homo_sapiens_assembly38.dbsnp138.vcf -- known- sites  

Homo_sapiens_assembly38.known_indels.vcf ) and ApplyBQSR to adjust the 
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quality scores in pseudo bulk files. HaplotypeCaller  generated raw VCF files 

containing all polymorphisms. SelectVariants  option generated separate VCF files for 

SNPs and indels for VariantFiltration  with -- cluster - window - size 35 --

cluster - size 3 -- filter -name ñQD_filterò -filter ñQD < 2.0ò --

filter -name ñFS_filterò -filter ñFS > 30.0ò. Filtered VCF files with SNPs 

were applied to ASEReadCounter  to find biallelic SNPs, and filtered VCF files with SNPs 

were also annotated by Bioconductor packages (R v4.3.1, VariantAnnotation, 

TxDb.Hsapiens.UCSC.hg38.knownGene, SNPlocs.Hsapiens.dbSNP155.GRCh38, 

GenomicRanges, org.Hs.eg.db, AnnotationDbi, BiocManager). Summary reports were 

generated by Multi QC v1.17 (492) .  

 

2.9.2.3. Bioinformatic programs and tools 

 

More detailed descriptions of the programs and tools used in this pipeline are provided 

below.  

 

2.9.2.3.1. STAR aligner 

 

ScRNA-seq datasets were aligned using the STAR v2.7.10a aligner (486) , which stands for 

Spliced Transcripts Alignment to a Reference (STAR) software. It is a widely used aligner 

that is fast, sensitive and splice-aware, which can be used for short-read sequencing 

produced by Illumina instruments but is also suitable for longer reads generated by third-

generation sequencing technologies (493,494) . This aligner was designed for bulk RNA-

seq, but it is also a popular choice for scRNA-seq (495).  

 

The developed algorithm for this aligner includes two major steps (486) . The first step 

involves a seed search, and the second step involves clustering, stitching and scoring of the 

discovered seeds. Initially, the algorithm searches for  the longest complementary stretches 

of a genome that map to a sequencing read (known as seeds), starting from the fir st base 

of that read until a splice site is reached. The first part of the read or the seed is mapped to 

a donor splice site, while the second part of the read is mapped to an acceptor splice site. 

At this stage, genetic variants and sequencing adapters are detected, while parts of the 

reads with a poor alignment rate to the genome undergo soft-end clipping. During the 

second stage, all mapped seeds belonging to the same sequencing read are clustered 

together based on their proximity. The seeds are then stitched and scored according to 

their local alignment, in which indels, mismatches, and splice junctions are penalized. The 

highest-scoring stitched combination is determined as the best alignment of that read. For 

reads that map to multiple regions of the genome, all alignments (stitched combinations) 
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are reported that are above a predefined threshold determined by a user. 

 

2.9.2.3.2. GATK 

 

The Genome Analysis Toolkit (GATK) is a pipeline developed by the Broad Institute of 

MIT and Harvard, which includes a series of tools to discover and further process 

germline and somatic variants found in different sequencing datasets (485,488ï491). It 

became widely used for large cohorts with hundreds of samples, as this workflow offers 

joint genotyping analysis, which accurately infers SNPs and small variant copy changes 

(indels, deletions) across multiple samples simultaneously, thereby dramatically reduc ing 

computational resources.  

 

2.9.2.3.3. GATK pipeline for RNA-seq: 

 

2.9.2.3.3.1. SplitNCigarReads 

 

The first step after aligning reads is to use the SplitNCigarReads tool, which is required for 

variant calling with HaplotypeCaller to reduce the number  of false positives. This tool 

splits aligned reads that contain Nsô in their cigar strings, with Nsô indicating splicing 

events. In the process, multiple supplementary alignments are produced with 

mismatching overhangs being trimmed. Also, the mapping quality score is reassigned to 

match DNA conventions. 

 

2.9.2.3.3.2. BaseRecalibration & ApplyBQSR 

 

BaseRecalibration creates an empirical error model that is applied to adjust the base 

quality scores provided by an aligner, which may be biased by systemic technical errors 

made by the sequencing machine, resulting in under- or over-estimation of base quality 

score results. In more detail, the algorithm detects bases that do not align with the 

reference genome (reference mismatches). It groups those mismatches based on four  

major sources of systemic errors, which are a machine cycle, dinucleotide context, read 

group and the base reported quality score and calculates covariates. These covariates are 

used to derive error estimates, which are applied to recalibrate the base quality scores with 

ApplyBQSR in the input/alignment files. The k nown variants that are known to vary in the 

human population are not corrected by this empirical error model.  

 

2.9.2.3.3.3. HaplotypeCaller 

 

Variant calling was performed with the HaplotypeCaller tool, which looks for biallelic and 
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multiallelic SNPs and indels by local de novo assembly of haplotypes. Then, a variation in 

a sequencing read is detected, and HaplotypeCaller  resembles the alignment at that 

position , which is useful for overlapping variants present in proximity to each other 

(where other variant callers can struggle). Also, it can process splice junctions present in 

RNA-seq data that can produce false negative calls.  

 

This tool implements several algorithms in a few-step process. Firstly, it identifies regions 

with possible signs of variation (active regions). For each such active region, a De Bruijin -

like graph is produced that shows all possible haplotypes for each active region 

(haplotypes are identified during de -novo reassembly of the active region). Then, variant 

sites are detected by the Smith-Waterman algorithm that realigns each possible haplotype 

to the reference haplotype. The PairHMM algorithm is further appl ied for a pairwise 

alignment , aligning all reads to all possible haplotypes, resulting in a matrix with 

likelihoods. These generated likelihoods are further marginalised to obtain likelihoods for 

variants. Finally, Bayesô theorem rules are used to implement previously calculated 

likelihoods for variants to determine the most likely genotype of a sample. The given 

output of this tool is a list of raw unfiltered SNP and indel calls (genotype calls).  

 

2.9.2.3.3.4. Hard filtering for RNA -seq:  

 

Hard filters  are selected thresholds by a user that are applied to variant annotations 

(statistical estimates). Variants with annotations below or above thresholds are excluded 

from the final  list of variants.  

 

Cluster -window -size  - looks at 35 bp windows with at least 2 SNPs making a cluster. 

 

QualByDepth (QD)  or Quality score by depth is generated after a variant quality is 

normalised by its coverage. The quality of a variant might be inflated due to deep 

sequencing.  

 

FisherStrand (FS)  - the phred-scaled probability indicating a strand bias at a variant 

site. It is the probability that an alternative allele was detected at a higher frequency on 

each sequencing read strand than a reference allele. 

 

 

2.9.2.3.3.5. ASEReadCounter 

 

ASEReadCounter tool calculates read counts at the heterozygous SNP positions that are 

biallelic after applying filters on mapping quality, base quality, coverage depth, 
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overlapping paired-end reads and deletions for ASE analysis. Provides a text table with 

allele counts at each heterozygous SNP.  
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3.1. Introduction  
 

Genomic imprinting is vital for normal placental development as abnormal expression of 

imprinted genes is observed in various placental pathologies (371ï373). BWS can be 

caused by several genetic and epigenetic aberrations, including hypomethylation at 

KvDMR 1, hypermethylation at  the IC1 of H19/IGF2 , mutations in CDKN1C, paternal 

uniparental disomy 11p15 or paternal 11p15 duplication (420,496,497) . Patients with BWS 

can demonstrate placentomegaly, placental mesenchymal dysplasia, 

chorangioma/chorangiomatosis and extravillous trophoblastic cytomegaly  (447,448). 

Interestingly, a subset of BWS foetuses carrying a mutation in the CDKN1C gene 

frequently caused PE in the mothers during pregnancy  (407). CDKN1C is a maternally 

expressed gene that encodes a Cyclin-dependent kinase inhibitor 1C and is one of the 

multiple genes present in a known imprinting cluster controlled by the KvDMR 1 

(291,498). More recently, it was shown that CDKN1C was downregulated in trophoblast 

cells derived from CHM, which are characterised by excessive growth of trophoblast tissue 

(311,499). This gene was shown to be responsible for cell cycle arrest under direct contact 

inhibition in high -density cell culture conditions as CT cells derived from normal first -

trimester placenta stopped dividing, while CHM -derived cells continued to proliferat e. 

Therefore, it is crucial to study the function of imprinted genes as they might be directly 

involved in placental -associated diseases.  

 

Significant improvements in high -throughput sequencing technologies have enabled 

researchers to explore DNA methylation profiles of human gametes and pre-implantation 

embryos at previously unrepresented levels and divulge some exciting findings 

(71,88,500). The fully mature human oocyte (MII stage) had a much lower level of DNA 

methylation than compared to sperm, but after fertilisation, both parental genomes 

underwent global erasure of DNA methylation that occurred at different rates in parental 

pronuclei,  resulting in thousands of genomic regions with differential methylation  

(4,88,501). Surprisingly, many of the DMRs that were inherited from the oocytes (the 

maternal allele methylated) survived in pre -implantation stage embryos and could 

transiently induce monoallelic expression  (20ï22). Our group and others later showed 

that many of these oocyte-derived DMRs were maintained beyond pre-implantation stages 

but only in extra -embryonic tissues (20ï22,449). More detailed characterisation of these 

placental mDMRs revealed that most were found near gene promoters, but only some 

could mediate monoallelic expression. More interestingly, these placental mDMRs were 

absent in a small fraction of placentae, revealing their polymorphic nature between 

individuals  (295). Also, these placental mDMRs are poorly conserved in non-human 

mammals, with none observed in mice (20,449) . Hamada and colleagues observed that 
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some of these placental mDMRs might have important biological functions during 

placental development (21). For example, CYP2J2 (502) , which encodes an arachidonic 

acid li poxygenase, was shown to be upregulated in placentae affected by PE. At the same 

time, CUL7 (an E3 ubiquitin ligase scaffold protein) was reported to be abnormally 

expressed in IUGR placentae (503) , and Cul7-deficient mice exhibited IUGR symptoms 

with affected trophoblast differentiation, abnormal vasculature , and, in general, KO mice 

were embryonic lethal (504) . Nevertheless, it still remains unclear what the role of these 

placental mDMRs is and if any of the genes regulated by these mDMRs could be 

associated with placental pathologies.  

 

Our group previously performed a genome-wide screen of placental mDMR in WGBS 

datasets from human oocytes, sperm, blastocysts, placenta, and other somatic tissues, 

identifying  551 candidate regions (20) . Unfortunately, due to low heterozygosity rates in 

our placental cohort, multiple candidate regions were not confirmed in the initial 

publication. Hence, in this PhD chapter, I  revisited these previously discovered regions 

and compared them with candidate placental DMRs identified by two other research 

groups (21,22) and assessed their allelic regulation in an expanded placenta cohort. 

Through this screen, I identified two candidate genes with placenta-specific mDMRs, 

Phosphoinositide-3-Kinase Regulatory Subunit 1 (PIK3R1) and G0/G1 Switch Regulatory 

Protein 2 (G0S2), for which I confirmed polymorphic, maternal allele -specific 

methylation. In addition, I profiled their transcript -specific allelic expression and 

investigated whether the aberrant regulation of these genes might be associated with 

pregnancy complications.  

 

 

 

3.2. The datasets used for identifying candidate 
genes with placenta-specific maternal gDMRs 

 

All gDMR regions were identified in the human oocyte and sperm methylation tracks 

using a sliding window analysis described in (20)  (Section 2.7 ). The regions showing 

opposite methylation profiles for genomic regions containing more than 25 overlapping 

CpG sites were determined as gDMR regions.  

 

Placenta-specific maternal gDMRs were identified by screening the WBGS datasets of 

blastocysts, placenta and other somatic tissues after identifying gDMRs (in gametes) 

(Section 2.7 ). For this, genomic regions containing 25 CpG sites, whose average 

methylation -/+ 1.5 SD of 25 CpGs was greater than 20% but less than 80%, were 
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identified . The highly repetitive regions, whose coordinates were retrieved from the UCSC 

genome browser, were excluded from this sliding window analysis. Placenta-specific 

mDMRs were defined as at least 500 bp length regions that were methylated in oocytes; 

such regions retained partial methylation (~50% methylation) in the blastocysts and were 

partially methylated in the placenta but mostly not preserved in other somatic tissues. A 

large number of such identified placental DMRs were analysed by our group previously 

(20,295) . The remaining placenta-specific mDMRs were compared to findings from other 

groups (21,22), and only uncharacterised regions were further investigated during this 

PhD thesis in the hope of finding novel placenta-specific imprinted genes.  

 

 

 

3.3. Gene selection criteria and analysis 
 

Placenta-specific mDMRs were further screened if they were close to gene bodies (less 

than 10 or 5 kb apart), if the genes were expressed in the human placenta according to the 

Human Protein Atlas (422), and if they had polymorphisms with a minor allele frequency 

(MAF) no less than 0.1.  

 

The initial screen began with the 24 most polymorphic placenta l samples; however, due to 

a low heterozygosity rate, this was increased to 92 samples (Figure 3.1). To identify 

heterozygous samples for polymorphisms, these samples were genotyped. Heterozygous 

samples were then subjected to methylation -sensitive genotyping in combination with 

parental genotyping to determine the methylated allele. Bisulphite PCR, sub-cloning, and 

sequencing were carried out to determine the methylation status at the placenta-specific 

mDMRs. Finally, the expression of these genes was investigated by allelic RT-PCR in the 

most informative samples.  

 

Identified informative genes were further investigated by using the bisulphite -converted 

DNA of MACS-positive cell fractions (EGFR-positive cells and stromal cells).  
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Figure 3.1. Applied strategy to characterise the methylation and expression patterns of 

candidate genes with placenta-specific mDMRs.  

Genes or mRNAs are shown in dark blue for placental samples, while genes in red represent 

maternal samples. Thicker bars indicate exons, and yellow stripes within genes or mRNAs 

highlight polymorphic sites, with corresponding genotypes shown above. PCR primers are 

represented as black half arrows. Black circles represent methylated CpG sites within PCR 

amplicons, and white circles indicate unmethylated CpG sites. 

 

 

 

3.4. Discovery of novel placenta-specific maternal 
DMRs (mDMRs) in the human placenta 

 

To identify candidate  genes for further study, the list of placenta -specific mDMRs 

identified by Monk group  (20)  was compared to candidate genomic regions identified by 

others (21,22). In total, our group previously identified 5 51 genomic regions with oocyte-
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derived mDMRs, from which 170 were found in gene promoters (Appendix 7). Of these, 

60 mDMRs were previously characterised by our group, while 110 other mDMRs (78 

mDMRs contained CpG islands with a minimum of 26 CpGs) found in promoters 

remained not investigated. After further inspection of these genomic intervals, 21 genes 

showed higher expression in the placenta (TPM Ó 30) and could be explored by allelic RT-

PCR. Among these, 9 genes contained genetic variants (MAF > 0.1) located within 

placenta-specific mDMRs that could be used to assess the methylation and expression 

patterns of candidate genes. However, 7 of the 9 genes demonstrated little to no 

expression in placental trophoblasts or showed high expression in diverse immune cell 

types, based on scRNA-seq data from the Human Protein Atlas (422). The remaining 2 

candidate genes - G0S2 and PIK3R1 - were expressed in placental trophoblasts (the major 

cell types in the placenta) (Appendix 7) as well as other placental cell types and were 

selected for more in-depth characterisation during this PhD project. 

 

 

 

3.5. Allelic methylation at G0S2 mDMR in the 
human placenta 

 

The genome-wide sliding window analysis of the placental WGBS data identified a 

placenta-specific mDMR located on chromosome 1 between 209,847,680 and 

209,849,302 bp, which overlapped with G0S2 (chr1:209848757-209849735). According 

to different methyl -seq datasets, this placenta-specific mDMR was ~40% methylated in 

the human placenta but not in other somatic tissues such as blood (Figure 3.2A). It 

contains a large CpG island (chr1:209848444-209849428) with 76 CpG dinucleotides, of 

which 48 CpGs were present within the promoter and gene body of G0S2 (ñhg19 CpG 

Island Infoò). G0S2 encodes a small protein made of 103 amino acids and has a molecular 

weight of 11,321 Da (UniProt database). Intriguingly, this gene was flanked by lncRNAs 

that were called HSD11B1 antisense RNA 1 (HSD11B1-AS1) (in the RefSeq database). 

Under closer inspection, G0S2 was present in an intron shared by two larger lncRNA 

transcripts (NR_134510.1 and NR_134509.1) that possibly originate from  ERVs. The 

promoter of NR_134510.1 was near an LTR element (MER34) with a high SW score (the 

Smith-Waterman algorithm identifies local alignments between sequences). Interestingly , 

the G0S2 CpG island serves as a bidirectional promoter, encompassing the TSS for the 

smallest HSD11B1-AS1 transcript (NR_134511.1). Unfortunately, a lack of informative 

genetic variants made it impossible to determine whether these lncRNAs are imprinted in 

the human placenta.  
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To determine whether the G0S2 gene is imprinted in the human placenta, I  screened for 

highly polymorphic SNP s so that alleles could be distinguished. Two variants were 

identified using the UCSC genome browser: rs1815548 (MAF = 0.175), located in the 5ô 

UTR of G0S2, and rs932375 (MAF = 0.121), mapped within the first  exon (Figure 3.2A). 

Initially, 24 most polymorphic placentae were used for the initial screening of 

heterozygous samples. However, due to a low rate of heterozygosity in our placental 

cohort, this number was increased to 92. After genotyping placenta-derived DNA, I  found 

13 heterozygous placentae for at least one of the SNPs. More specifically, 7 heterozygous 

samples for rs1815548 and 8 for rs932375, which are summarised in Table 3.1 and 

Appendix 8 . To determine if this locus exhibits  allelic-methylation, I  genotyped 

corresponding parental DNA samples and carried out methylation -sensitive genotyping, 

during which only the methylated allele is amplified and can generate a sequencing trace 

(Sections 2.3.4  & 2.3.7.1.3 ). Genotype primers were carefully designed to incorporate 

both the SNP and multiple HpaII methylation -sensitive restriction sites (5ô - C/CGG - 3ô) 

(Appendix 26 ). Following amplification of digested DNA samples, 10 (77%) showed 

monoallelic methylation , of which 5 (39%) exhibited maternal allele-specific methylation 

for at least one of the SNPs (Table 3.1). In more detail, 5 showed monoallelic methylation 

for rs1815548, with one sample confirming maternal methylation (Appendix 8). 

Similarly, 6 samples exhibited monoallelic methylation for rs932375, of which 4 placentae 

had maternal methylation  (Appendix 8 ). Therefore, the majority of samples 

demonstrated monoallelic methylation, and when informative, DNA methylation was 

restricted to the maternally inherited allele  (Figure 3.2B, Table 3.1). To confirm that 

allelic methylation was not restricted to a few CpGs within HpaII restriction sites, I  carried 

out bisulphite PCR and sub-cloning (Figure 3.2C). Characterisation of a single placental 

sample (BCN 95) confirmed that the maternal methylation extended for at least 21 CpGs 

(271 bp), with the paternal allele being largely devoid of methylation. Finally, to determine 

if this placenta-specific mDMR regulates monoallelic expression, I  carried out allelic RT-

PCR by amplifying the region with the exonic SNP (rs932375) (Table 3.1). 2 (25%) 

placentae out of 8 demonstrated monoallelic paternal expression, while the other 4 (50%) 

samples revealed monoallelic maternal expression (Figure 3.2B , Table 3.1, Appendix 

8 ). Surprisingly, a similar finding was reported by Hamada and colleagues (21). The 

authors reported that G0S2 showed maternal expression and suggested that this was 

likely due to residual maternal contamination in placental RNA samples , as this gene was 

~400 -fold more abundant in maternal peripheral blood cells.  
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Figure 3.2. DNA methylation and allelic expression patterns of G0S2.  

(A) The genomic map of the G0S2 locus displays DNA methylation profiles from methyl-seq 

datasets of human sperm, oocyte, blastocyst, placenta and blood. The map also includes the 

antisense ncRNA HSD11B1-AS1 (NR_134511), with its TSS located within the G0S2 CpG island. 

Gene transcripts are shown in dark blue, with thicker bars representing exons, CpG islands in dark 

green, and ERV LTRs in grey. Vertical lines in the methyl-seq tracks represent the mean 

methylation levels of individual CpG dinucleotides. (B) Two placental samples show maternal and 

monoallelic methylation at the G0S2 placenta-specific mDMR, determined by methylation-

sensitive genotyping. Paternal-specific expression and preferential monoallelic expression were 

confirmed by including the exonic SNP (rs932375) in RT-PCR products. (C) Maternal-specific 

methylation at the G0S2 placenta-specific mDMR was confirmed via bisulphite PCR and sub-

cloning of placenta-derived DNA. Methylated cytosines are represented by (ǒ), and unmethylated 

cytosines by (ƺ). Each row corresponds to an individual cloned sequence, with parent-of-origin 

inferred from SNP genotyping. 
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Table 3.1. Result summary for the G0S2 placenta-specific mDMR 

Total no. of 

heterozygous 

samples 

Variants 
Methylation-sensitive 

genotyping (HpaII) 
Allelic expression 

13 
rs1815548, 

rs932375 

Biallelic 0 0% Biallelic 0 0% 

Pref. 

monoallelic  
3 23% 

Pref. 

monoallelic  
2 15% 

Monoallelic 5 38% Monoallelic 2 15% 

Maternal 5 38% Maternal 4 31% 

Uninformative 0  0% Uninformative 5 38% 

 

 

 

To confirm the presence of maternal contaminating cells in our placental samples, a Short 

Tandem Repeat (STR) analysis was performed. No evidence of maternal contamination 

was found in any of the placental samples, although it should be noted that this method 

would only detect contamination down to ~5% ( Figure 3.3A). Subsequently, I performed 

qRT-PCR of known placental cell-type-specific marker genes, as this method has higher 

sensitivity. Six biomarkers were selected, includ ing VIM  (stromal mesenchymal marker), 

KRT7 (trophoblast marker), CGB3 (STB), COL3A1 (fibroblast and smooth muscle 

marker), CD45 (maternal haematopoietic marker) and CD14 (HBs) (314,360,364,505). I  

tested the expression of these genes in 6 placental samples informative for rs932375. Two 

placental samples (BCN 31 and 23BR 128) with the paternal-specific expression of G0S2 

demonstrated the lowest expression of CD45, which is a marker of immune cells and is 

especially highly expressed in T-cells and monocytes (Figure 3.3B). In comparison, three 

placental samples that exhibited the maternal-specific expression of G0S2 (23BR 294, 

21BR 311 and 21BR 432) showed the highest levels of CD45 and the lowest levels of the 

STB marker CGB3, which was especially notable in 21BR 311. These results suggested 

maternal contamination could account for the observed maternal expression, as all 

mothers were homozygous. Even a few invading maternal immune cells could 

contaminate placental RNA and influence G0S2 expression. 

 

 

scrivcmt://8CA79C33-80E5-45E8-BF1E-8B447D550AA3/
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Figure 3.3. Investigation of residual maternal contamination in placental samples.  

(A) Results of Short Tandem Repeat (STR) analysis showing no maternal contamination in 

placental DNA. Fragment sizes are displayed beneath the plots. Pink lines indicate different 

fragment sizes detected in maternal and placental DNA. Dashed squares highlight the absence of 

fragments indicative of maternal contamination in placental DNA. (B) Quantitative expression 

profiles of various cell marker genes in placental samples informative for rs932375 located at the 

G0S2 placenta-specific mDMR. Samples 23BR 294, 21BR 311, and 21BR 432 exhibited high 
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expression of CD45 (a maternal haematopoietic marker), indicating residual contamination from 

maternal immune cells in the placental cDNA.  

 

 

 

3.6. Allelic methylation at placenta-specific mDMR 
of PIK3R1 isoform 3 in the human placenta 

 

The promoter of PIK3R1 isoform 3 contains a placenta-specific mDMR, which is 2 kb 

upstream of the TSS of PIK3R1 isoform 2 (Figure 3.4A). The mDMR spans a ~1.3 kb 

interval (67,583,849 to 67 ,585,202 bp) that extends beyond the CpG island containing 26 

CpG sites (chr5:67,584,214-67,584,451). Based on methyl-seq datasets for different 

human tissues, this region was exclusively methylated in the placenta (~50% methylation) 

and unmethylated in other somatic tissues such as blood, liver, brain, pancreas and others 

(data not shown). An inspection of transcript s revealed two polymorphisms, rs138814985 

(indel, MAF = 0.264) and rs2888323 (SNP, MAF = 0.276) , both of which map within the 

first exon of isoform 3 and could be used for allelic RT-PCR and methylation analysis.  

 

In total, 34 placentae were genotyped, and 19 samples were found to be heterozygous for 

at least one of these polymorphisms within the placenta-specific mDMR (13 heterozygous 

for rs138814985 and 9 heterozygous for rs2888323) (Table 3.2, Appendix 9). Allelic 

methylation was assessed using methylation-sensitive genotyping. In total, 18 samples 

were informative for at least one of the variants (12 informative for rs138814985 and 8 

informative for rs2888323) (Table 3.2, Appendix 9). Among these, 14 (78%) placentae 

demonstrated monoallelic methylation, of which 4 (22%) exhibited maternal allele-

specific methylation (Figure 3.4B, Table 3.2). Specifically, 12 samples exhibited 

monoallelic methylation for the indel rs138814985, with 3 showing methylation of the 

maternal allele (Appendix 9). For the SNP rs2888323, sequencing results were more 

variable, with only 4 out of 8 informative samples showing monoallelic methylation. One 

of these samples was highly informative and demonstrated maternal allele-specific 

methylated (Figure 3.4B , Appendix 9). These findings were further supported by 

bisulphite PCR and sub-cloning, which confirmed that 26 CpGs on the maternal allele 

were methylated within the PIK3R1 placenta-specific mDMR region (Figure 3.4C).  

 

Allelic expression of isoform 3 was further investigated by RT-PCR incorporating both 

polymorphisms into the amplicon (Figure 3.4D , Table 3.2, Appendix 9). Fourteen out 

of 19 heterozygous samples were found to be informative for at least one polymorphism (9 

informative for rs138814985 and 8 informative for rs2888323), with 6 (43%) samples 
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demonstrating monoallelic expression, while the remaining 8 (57%) showed expression 

from both parental alleles (Table 3.2, Appendix 9). More specifically, 4 placentae 

exhibited monoallelic expression for the indel rs138814985, while 5 others showed 

biallelic expression (Appendix 9). A similar observation was made for the SNP 

rs2888323, with 3 placentae demonstrating monoallelic expression and 5 exhibiting 

biallelic expression. Overall, 13 samples were informative for both allelic methylation and 

expression analyses, of which 6 (46%) exhibited monoallelic expression accompanied by 

preferential methylation of one allele (Appendix 9). 

 

Our group and others (20ï22,247) previously reported that placenta-specific imprinted 

genes are polymorphic (Appendix 10), with some individuals showing complete loss of 

DNA methylation at the associated placenta-specific mDMRs, which could lead to biallelic 

expression. To confirm this, I carried out bisulphite PCR and sub-cloning for two samples 

with biallelic expression for rs2888323 (BCN 6) and rs3730089 (BCN 44), both of these 

samples showed complete loss of methylation (Figure 3.4D , Appendix 9). 

 

The PIK3R1 gene encodes several different isoforms. PIK3R1 isoform 1 is the major 

isoform and is ubiquitously expressed across different tissues. Its promoter is located ~75 

kb upstream of the placenta-specific mDMR and falls within a large CpG island containing 

144 CpGs (Figure 3.4A). Unlike isoform 3, it is unmethylated in all somatic tissues, 

including the placenta. The promoter of isoform 2 is ~2 kb downstream of the placenta-

specific mDMR and lies within the oocyte-specific methylated region, which extends 

beyond the placenta-specific mDMR in gametes and becomes fully methylated after 

implantation. To determine if these additional isoforms are imprinted, RT-PCR was 

performed across SNP rs3730089, an exonic variant within the first shared exon of all 

three isoforms. Unfortunately, I could not determine if isoform 2 of PIK3R1 was 

imprinted, as its expression was extremely low in the term placenta. Consistent with 

isoform 1 being transcribed from an unmethylated promoter, biallelic expression was 

observed in 10 informative heterozygous placentae, whereas the expression of isoform 3 

was highly variable across the same placental samples (Figure 3.4E). Of the 10 

informative heterozygous samples, only 2 (20%) showed monoallelic expression, and the 

other 4 (40%) demonstrated preferential expression of one allele (Appendix 9). Four 

samples informative for this SNP (rs3730089) were also informative for either the indel 

rs138814985 or the SNP rs2888323, and only one sample (22BR 162) demonstrated 

monoallelic expression of isoform 3 across both variants (Appendix 9). Taken together, 

the placenta-specific mDMR of PIK3R1 exhibits polymorphic imprinting, which in some 

placental samples leads to monoallelic expression of isoform 3. 
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Figure 3.4. Characterisation of DNA methylation and allelic expression for PIK3R1 isoform 3.  

(A) The genomic map displays three PIK3R1 isoforms with distinct TSSs. The placenta-specific 

mDMR of PIK3R1 isoform 3, highlighted in light blue, exhibits hypermethylation in oocytes, no 

methylation in sperm, intermediate methylation in blastocysts and placental tissues, and no 

methylation in somatic tissue methyl-seq datasets. Gene transcripts are shown in dark blue, with 

thicker bars representing exons, while CpG islands are depicted as dark green bars and ERV LTRs 

as grey bars. Vertical lines in the methyl-seq tracks represent the mean methylation levels for 

individual CpG dinucleotides. (B) Two placental samples show monoallelic and maternal allele-

specific methylation for the indel and SNP, determined by methylation-sensitive genotyping. 

Monoallelic expression was confirmed for 22BR 161 by including the indel rs138814985 in RT-

PCR products. (C) Maternal-specific methylation at the placenta-specific mDMR of PIK3R1 

isoform 3 was validated using bisulphite PCR and sub-cloning of placenta-derived DNA. (D) Two 

placental samples (BCN 6 and BCN 44) demonstrated biallelic expression of PIK3R1 isoform 3, 

possibly due to the absence of methylation at the placenta-specific mDMR, which was confirmed 

by bisulphite PCR and sub-cloning of placenta-derived DNA. Methylated cytosines are indicated 

by (ǒ), and unmethylated cytosines by (ƺ). Each row corresponds to an individual cloned sequence, 

with the parent-of-origin inferred from SNP genotyping if the placental sample was heterozygous. 

(E) Two placental samples (22BR 162 and 22BR 701) demonstrated biallelic expression of 

PIK3R1 isoform 1 but monoallelic expression of PIK3R1 isoform 3, while BCN 21 demonstrated 

preferential monoallelic expression of PIK3R1 isoform 3. 

 

 

 

Table 3.2. Result summary of PIK3R1 isoform 3 placenta-specific mDMR 

Total no. of 

heterozygous 

samples 

Variants 
Methylation-sensitive 

genotyping (HpaII) 
Allelic expression 

24 

rs138814985, 

rs2888323, 

rs3730089 

Biallelic 2 8% Biallelic 11 46% 

Pref. monoallelic  2 8% Pref. monoallelic  2 8% 

Monoallelic 10 42% Monoallelic 6 25% 

Maternal 4 17% Maternal 1 4% 

Uninformative 6 25% Uninformative 4 17% 
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3.7. Cell-type specific methylation of G0S2 and 
PIK3R1 

 

By interrogating publicly accessible scRNA-seq datasets, we observed that G0S2 is 

expressed in a few placental cell populations, including fibroblasts, and, in general, was 

lowly expressed in placental trophoblast lineages (Figure 3.5A). To determine cell-type-

specific methylation profiles, I interrogated the recently published Illumina Infinium 

MethylationEPIC array datasets for 4 placental cell types generated by Yuan and 

colleagues (364). This revealed that the G0S2 placenta-specific mDMR is ~ 50% 

methylated in placental villi and three other cell types, including trophoblasts, stromal 

and endothelial cells, but hypomethylated in H Bs (Figure 3.5A , Appendix 10). 

Therefore, we speculated that G0S2 should be imprinted in placental stromal, endothelial 

and trophoblast cells but not in HBs. To confirm this, our group established the placental 

cell type enrichment protocol, which is described in detail in  Section  2.4.1 . Overall, this 

protocol utilises MACS for the enrichment of EGFR-positive trophoblasts and anti -

fibroblast -positive stromal cells after depleting blood cells by a continuous percoll 

gradient. Enrichment was confirmed using qRT -PCR targeting cell-type specific 

biomarkers (Appendix 11). Extracted gDNA from the EGFR-positive and fibroblast -

positive fractions of a term placental sample (22BR 546) was subject to bisulphite PCR 

and sub-cloning. Following genotyping, the sample was found to be heterozygous for the 

SNP rs932375. After mapping the sequencing results, it was observed that the G allele was 

preferentially methylated in the whole placental sample and trophoblast cell fraction, but 

this finding was most apparent in stromal cell fraction, which further support ed our 

hypothesis (Figure 3.5B). Unfortunately, I could not determine the allelic expression of  

G0S2 in this sample, as no placental RNA remained. 

 

A similar observation was noted for PIK3R1. According to single-cell data analysis, 

PIK3R1 is abundant in all placental cell types (Figure 3.5C). However, it was not possible 

to determine isoform -specific expression in different placental cell types because all 

scRNA-seq datasets were generated using 10 x Genomics sequencing technology, which 

utilises 3ô-end short-read sequencing. After interrogating the Illumina Infinium 

Methylation EPIC array data for 4 placental cell types, I  found that the placenta-specific 

mDMR of PIK3R1 was ~40% methylated in placental villi and trophoblast cells but was 

unmethylated in other placental cell types (Figure 3.5C, Appendix 10). Thus, it is 

anticipated that PIK3R1 isoform 3 should be imprinted in placental trophoblast but not in 

other placental cell types. As for G0S2, we utilised EGFR-positive trophoblasts and anti -

fibroblasts -positive stromal cells from a single placenta (22BR 701) for bisulphite PCR and 

sub-cloning. Unfortunately, this sample was homozygous for both polymorphisms within 
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the PIK3R1 placenta-specific mDMR, but ~40% of clones were methylated in the whole 

placenta, 30% of clones were methylated in placental trophoblasts, but no methylation 

was detected in placental stromal cells (Figure 3.5D ). In accordance with the findings, 

we believe that PIK3R1 should exhibit isoform -specific imprinting in placental 

trophoblasts.  
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Figure 3.5. Characterisation of allelic methylation of G0S2 and PIK3R1 placenta-specific 

mDMRs in different placental cell types.  

(A) G0S2 shows high expression in Hofbauer cells (HBs) and placental fibroblasts, according to 

the Human Protein Atlas (10 x Genomics scRNA-seq datasets) (422). The placenta-specific 

mDMR of G0S2 exhibited intermediate methylation in three placental cell types and was 
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hypomethylated in HB cells, based on the Infinium MethylationEPIC array datasets (364). (B) 

DNA methylation patterns at the G0S2 placenta-specific mDMR were observed in bulk placental 

samples, as well as in placental trophoblast and stromal cell fractions isolated by MACS, and 

confirmed by bisulphite PCR followed by sub-cloning. (C) PIK3R1 expression is detected in all 

placental cell types, according to the Human Protein Atlas (10 x Genomics scRNA-seq datasets) 

(422). The placenta-specific mDMR of PIK3R1 showed partial methylation in placental trophoblast 

cells, as indicated by the Infinium MethylationEPIC array datasets (364). (D) Cell type-specific 

methylation of the PIK3R1 placenta-specific mDMR was confirmed by bisulphite PCR and sub-

cloning. This mDMR showed intermediate methylation in the whole placenta and placental 

trophoblasts but no methylation in stromal cells. Methylated cytosines are represented by (ǒ), and 

unmethylated cytosines by (ƺ). Each row corresponds to an individual cloned sequence, with the 

parent-of-origin inferred from SNP genotyping if the placental sample was heterozygous. 

 

 

 

3.8. Polymorphic imprinting events in the placental 
cohort 

 

Gong and colleagues (375) previously conducted long and short placental RNA-seq and 

differential gene expression analysis for 155 normal placentae, 82 placentae affected by PE 

and 40 samples affected by FGR that were all collected for the Pregnancy Outcome 

Prediction (POP) study. The authors created a Shiny app for the research community to 

explore this data interactively  (https://www.obgyn.cam.ac.uk/placentome/) . After 

investigating the results of differential gene expression analysis for this placental cohort, it 

was observed that PIK3R1 and G0S2 were weakly associated with PE. More specifically, 

PIK3R1 was downregulated in PE cases (p-value = 0.016, log2(Fold change) = -0.11), while 

G0S2 was upregulated (p-value = 0.007, log2(Fold change) = 0.21). However, after the 

Benjamini -Hochberg correction for multiple comparisons, both significant associations 

were lost. No differential expression was reported for other pregnancy complications. 

Thus, with this in mind, I investigated the role of PIK3R1 and G0S2 in pregnancy 

complications.  

 

The level of DNA methylation at the PIK3R1 and G0S2 placenta-specific mDMRs and 

associated gene expression levels were determined in our placental cohort, which included 

samples from normal pregnancies (a baby appropriate for gestational age or AGA), PE, 

SGA (a baby that is small for gestational age) and IUGR cases (Appendix 2, Appendix 

3). DNA methylation was quantified by pyrosequencing. In total, I  screened 69 placentae 

for the placenta-specific mDMR associated with PIK3R1. The average DNA methylation of 

5 CpG sites present within this mDMR was 16.68% (SD = 10.44%, n = 40) for AGA, 

18.62% (SD = 10.96%, n = 4) for SGA, 22.24% (SD = 5.18%, n = 7) for PE and 17.62% (SD 

= 9.88, n = 18) for IUGR groups (Figure 3.6A). This was lower than anticipated but is 



134 

 

explainable by the high frequency of polymorphic unmethylated samples. Unfortunately, 

no significant changes in DNA methylation levels were detected between AGA and SGA 

cases, AGA and IUGR cases, and AGA and PE cases (the Wilcoxon Mann-Whitney rank -

sum test, two-sided). Interestingly, I  observed that 20 placental samples were 

hypomethylated at this genomic region, as they had less than 10% DNA methylation. This 

included 13 AGA samples, 1 SGA and 6 IUGR cases. The pyrosequencing results for 2 

placental samples (BCN 6 (AGA) - 2.270%, BCN 44 (IUGR) - 3.926 %) were concordant 

with the biallelic lack of methylation as determined by bisulphite PCR and sub -cloning as 

well as demonstrating biallelic expression of PIK3R1 isoform 3 (Figure 3.4D , Appendix 

12). In addition, while investigating cell -type specific methylation of PIK3R1 mDMR, I  

discovered one sample with a complete loss of DNA methylation in the whole placenta 

(Figure 3.6B). Surprisingly, in the trophoblast cell fraction of this sample, one allele 

retained some allelic methylation, while the same region was almost unmethylated in the 

stromal cell fraction.   

 

Similar results were noted for the placenta-specific mDMR of G0S2, for which I  screened 

70 placentae. Overall, I  found that this region had a higher DNA methylation level when 

compared to PIK3R1 mDMR, as the average DNA methylation of 4 CpG sites within this 

mDMR was 33.34% (SD = 6.89%, n = 41) for AGA, 33.16% (SD = 5.05%, n = 4) for SGA, 

38.36% (SD = 11.06%, n = 7) for PE and 35.92 (SD = 7.59%, n = 18) for IUGR groups 

(Figure 3.6C). After comparing DNA methylation levels between different groups, I  

found no significant changes (the Wilcoxon Mann -Whitney rank -sum test, two-sided). 

Only one placental sample in the AGA group showed methylation less than 10% (BCN 75 - 

5.23%), indicating polymorphic imprinting was less frequent at this locus  (Figure 3.6D , 

Appendix 12). This profile was confirmed using bisulphite PCR and sub-cloning. These 

results agree with previous studies (20ï22,295) suggesting that genes with placenta-

specific mDMRs are polymorphic in the human population.  
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Figure 3.6. Polymorphic placenta-specific mDMRs of PIK3R1 isoform 3 and G0S2.  

(A) Quantified DNA methylation levels at the placenta-specific mDMR of PIK3R1 across four 

placental groups, measured by pyrosequencing. No significant changes in DNA methylation were 

observed between the groups, although many placental samples showed a loss of methylation at 

this mDMR. (B) A placental sample showed loss of methylation in the whole placental tissue but 

retained some residual methylation in the placental trophoblast cell fraction, isolated using MACS. 

Bisulphite-converted placental or cell-type DNA was used for bisulphite PCR and sub-cloning. (C) 










































































































































































































































































































































































