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I. Abstract 

The placenta plays an important role in shaping early development; issues with 

placenta function link to both pregnancy complications and adverse health 

outcomes later in life. Imprinted genes play an important role, placenta-specific 

imprinted genes often display polymorphic DNA methylation and cell-type 

specificity. In this thesis, I first optimise a protocol to separate trophoblast and 

fibroblasts from placenta tissue. These then confirm trophoblast-specific DNA 

methylation at novel loci PIK3R1 and within the KCNQ1 region. 

Metastable epialleles (MEs) vary in DNA methylation between but not within 

individuals. Their response to periconceptional environment has been 

demonstrated by higher DNA methylation in blood from children conceived in the 

Gambian rainy season. This has been linked to seasonal variation in dietary 

components required for one-carbon metabolism, and thus producing methyl 

groups. I demonstrate DNA methylation only conserved in 27% of putative MEs 

in the human placenta compared to somatic tissue in a UK cohort. In Gambian 

placentas, DNA methylation at MEs does not change with season of conception. 

However, DNA methylation at placenta-specific imprinted genes, and to a lesser 

extent ubiquitous imprinted genes, is higher in placentas from rainy season 

conceptions. The change is a combination of both average DNA methylation and 

increasing polymorphism. 

I then explore one-carbon metabolism placentas from The Gambia. I find 

increased expression from dry season conceptions at two genes related to folate 

transport, FOLR2 and FPGS. Finally, I find expression of imprinted genes is 

altered in intrauterine growth restriction placentas, in line with previous studies. 

There are also changes to one-carbon metabolism, with decreased expression of 

MTHFD1L, a folate cycle enzyme, and increased expression of LMBRD1, a B12 

transporter. Together, this demonstrates periconceptional environment can 

influence DNA methylation at imprinted genes in the placenta, and this may be 

linked to availability of one-carbon metabolism components. 
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Parts of the following Introduction section were published previously (Sainty et 

al., 2023). 

1.1 Epigenetics 

Epigenetics is the broad term for processes which change gene expression 

without altering the DNA sequence. These include chromatin structure, chemical 

modifications of DNA bases and post-translational histone modifications. It can 

act on a range of scales, from a single DNA base to a whole chromosome, such 

as in mammalian X chromosome silencing (Gendrel and Heard, 2014). 

Epigenetics is an important part of cell lineage differentiation, which is especially 

important during development (Almouzni and Cedar, 2016; Atlasi and 

Stunnenberg, 2017). Epigenetic marks differ between cell types, creating and 

reinforcing cell-type specific expression. Importantly, many epigenetic marks are 

retained through cell division, maintaining this differentiation. The pattern of 

epigenetic marks can also change in response to environmental signals, giving a 

mechanism for changing gene expression to respond to environment and 

potentially maintaining this long-term after the signal has ceased (Fleming et al., 

2018; Goyal, Limesand and Goyal, 2019). 

1.1.1 Histone modifications 

DNA inside the cell nucleus is packaged and arranged on various levels, starting 

with wrapping around histones to form nucleosomes (Figure 1.1). Histones can 

pack tightly into transcriptionally inactive heterochromatin or loosely into 

transcriptionally active euchromatin (Li, Carey and Workman, 2007). The amino 

acids on histone tails acquire reversible post-translational modifications of amino 

acids, which affects the positioning and modifications on histones and the 

accessibility of DNA to proteins, such as enzymes for transcription (Kouzarides, 

2007). For example, lysine 9 or 27 acetylation on histone 3 (H3K9ac or 

H3K27ac) is a permissive mark because it weakens DNA-histone interactions, 

allowing opening chromatin to facilitate transcription, whereas trimethylation of 

the same lysines is associated with heterochromatin formation (Quina, 
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Buschbeck and Di Croce, 2006). There is much crosstalk between the many 

possible modifications both within and between histones, creating complex 

control of gene expression. 

1.1.2 Cytosine methylation 

5-methylcytosine (5mC) is well established as a stable, heritable DNA 

methylation mark which affects gene expression and genome stability through 

its ability to affect protein binding. It is created by the addition of a methyl 

group to the 5-carbon atom of the cytosine ring (Moore, Le and Fan, 2013). This 

modification is important for many processes including tissue-specific gene 

regulation, imprinting, X-chromosome inactivation and genome integrity (Moore, 

Le and Fan, 2013). 5mC works in combination with histone modifications to 

enhance its function (Mikkelsen et al., 2007). 

Figure 1.1: Chromatin structure and epigenetic marks. Chromosomes are 
made from compacted chromatin, which is formed from packed nucleosomes. 

Each nucleosome is an octamer of histone proteins with DNA wrapped around. 
Histone tails can acquire many chemical modifications which affect access to 
DNA and transcription. These can work in combination with DNA cytosine 

methylation, which is a silencing mark. 
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When found in promoters and intergenic regions, 5mC is associated with 

transcriptional silencing through recruiting gene suppressor proteins, promoting 

heterochromatin and disrupting transcription factor binding (McMahon, 

Karunasena and Ahuja, 2017; Kaluscha et al., 2022). In bodies of highly 

expressed genes, high levels of 5mC stop promiscuous transcription initiation 

(Neri et al., 2017). Most 5mC is found on CpG dinucleotides (a cytosine next to a 

guanine), up to 80% of which are methylated in mammalian genomes (Lister et 

al., 2009). CpGs are often found together in CpG islands, which are associated 

with 70% of known gene promoters (Mohn et al., 2008; Illingworth et al., 2010). 

They are also enriched in repetitive elements, satellite DNAs and transposable 

elements to help maintain genome stability (Vera et al., 2008; Choi et al., 2009; 

Lister et al., 2009). 

In humans, 5mC is created and maintained by DNA methyltransferases (DNMTs) 

using S-adenyl methionine (SAM) as a methyl donor. There are DNMTs for 

different functions, starting with de novo methylation in embryos and germ cells 

by DNMT3a and 3b, with the non-catalytic DNMT3L as a cofactor (Bourcôhis and 

Bestor, 2004; Kaneda et al., 2004). Maintenance of DNA methylation during DNA 

replication and repair is done by DNMT1, which is recruited by UHRF1 (Hermann, 

Goyal and Jeltsch, 2004; Mortusewicz et al., 2005; Bostick et al., 2007). 

Methylation can be removed passively through DNA replication without 

methylation maintenance, or actively, through several intermediates catalysed 

by Ten-Eleven-Translocation (TET) proteins (Hackett et al., 2013). 

One of these intermediates, 5-hydroxymethylcytosine (5hmC), has been 

proposed to also play a regulatory role as its distribution shows strand and 

sequence bias. 5hmC is enriched in regulatory elements and promoters in 

embryonic stem cells and occasionally in placenta (Hernandez Mora et al., 

2018), as well as in actively transcribed genes in neuronal cells (Mell®n et al., 

2012; Yu et al., 2012). 
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1.1.3 Non-cytosine DNA methylation 

DNA adenine can also become methylated, and adenine methylation (m6dA) acts 

as an epigenetic mark in bacteria and protists (Wion and Casades¼s, 2006). This 

may also be the case for some eukaryotes too, such as C. elegans (Greer et al., 

2015). In humans, m6dA is known to be an important regulatory RNA 

modification but it has also been detected on DNA and there is some evidence of 

enrichment of m6dA on actively transcribed genes and a role of N6AMT1 as a 

DNA methylase (Xiao et al., 2018), but this result has failed to be replicated (Xie 

et al., 2018; Musheev et al., 2020). Musheev et al. (2020) demonstrated that 

the presence of m6dA on DNA could be explained entirely through nucleotide 

salvage from RNA degradation (Musheev et al., 2020; Liu et al., 2021). Overall, 

DNA m6dA may exist in the human genome, but it is unlikely to act as a stable, 

heritable epigenetic mark. 

1.1.4 Methylation life cycle 

DNA methylation is erased and reestablished de novo each generation (Figure 

1.2). The sperm and oocyte both arise from primordial germ cells, which during 

development are both passively and actively demethylated to remove previous 

parental marks (Hackett et al., 2013; Guo et al., 2015). Remethylation takes 

place before birth in sperm but not until maturation for oocytes, although this 

knowledge is mostly from mice so may not be the same in humans (Hiura et al., 

2006; Guo et al., 2014, 2015; Gahurova et al., 2017). 

Development then begins with fertilisation, which triggers the maternal-to-

zygotic transition (MZT) to create a totipotent embryo. A few hours after 

fertilisation, the maternal and paternal pronuclei fuse to form a diploid zygote 

but their epigenetic landscapes remain distinct. Sperm DNA is almost entirely 

methylated, except in CpG islands, then after fertilisation undergoes genome-

wide reorganisation including actively removing most DNA methylation by TET3 

(Guo et al., 2014; Shen et al., 2014; Smith et al., 2014). In contrast, oocyte 

DNA is initially methylated mostly at active gene bodies (Smallwood et al., 

2011). After fertilisation, it is demethylated passively by diluting through 
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replication and maintains more methylation than paternal DNA (Hirasawa et al., 

2008; Shen et al., 2014). This demethylation occurs before the blastocyst stage, 

where genome methylation is at its lowest (Weaver, Susiarjo and Bartolomei, 

2009; Smith et al., 2014; Hernandez Mora et al., 2023). At this stage, the 

maternal and paternal DNA become mostly indistinguishable apart from a small 

number of differentially methylated regions (DMRs), which can lead to imprinting 

(described in Section 1.2). 

During this time, maternal transcripts derived from the oocyte are depleted, 

leading to embryonic genome activation (EGA) where the embryonic genome 

Figure 1.2: DNA methylation life cycle in mammals. PGC: primordial germ 
cell. Blue: paternal DNA, red: maternal DNA, green: parent of origin 
differential methylation (including imprinted DMRs). Solid lines: methylation 

across genome. Dotted line: imprinted gene methylation. DNA methylation 
across the genome is actively removed during PGC reprogramming. It is 

reestablished in gametes to become around 60% methylated in sperm and 
around 40% methylated in oocytes. After fertilisation, paternal DNA is actively 
demethylated and maternal DNA is passively demethylated to reach almost no 

methylation by implantation. After implantation, de novo DNA methylation is 
established. At imprinted genes, DNA is initially 50% methylated which is lost 

during PGC reprogramming. During gametogenesis, DNA becomes 100% 
methylated in sperm at paternally methylated gDMRs and 100% methylated in 
oocytes at maternally methylated gDMRs. At fertilisation, 100% methylation 

from one gamete and 0% from the other combines to become 50% 

methylated. This is then protected from reprogramming. 

D
N
A
 
m
e
t
h
y
l
a
t
i
o
n
 
%

 



7 
 

starts transcription around the 2- to 4- cell stage (Schulz and Harrison, 2019; 

Hernandez Mora et al., 2023). As cells divide further into the morula, cellular 

polarity is established and the blastocyst is formed, with an inner cell mass 

(ICM) surrounded by and trophectoderm (TE), which forms part of the placenta. 

The ICM differentiates further into the epiblast (EPI), which gives rise to the 

embryo, and primitive endoderm (PE), which contributes to both embryonic and 

extra-embryonic tissue, including placental vasculature (Cockburn and Rossant, 

2010; Petropoulos et al., 2016). 

The blastocyst then implants into the maternal uterine lining and global 

remethylation begins. This is facilitated by an increase in DNMT3A, DNMT3B and 

DNMT3L. Aside from primordial germ cells, lineage specific DNA methylation and 

other epigenetic marks are maintained throughout life (Johnson et al., 2012). 

1.2 Imprinting 

Imprinted genes are found in therian (eutherian and marsupial) mammals and 

are defined by parent of origin (PoO) specific differential expression, which can 

be confined to developmental stage, tissue or isoform (Renfree, Suzuki and 

Kaneko-Ishino, 2013). There are over 120 confirmed imprinted genes in humans 

(Humanimprints.net; www.geneimprint.com). Disturbances to imprinting can 

have long term effects, including imprinting diseases like Beckwith-Wiedemann 

syndrome, Angelman syndrome, Silver-Russell syndrome and Prader-Willis 

Syndrome (Peters, 2014; Monk et al., 2019). 

Imprinted allelic expression results from allele-specific repression generally 

controlled by DMRs. DMRs can arise from maintenance of methylation on one 

parent of origin specific allele when the majority of the genome is reprogrammed 

in the zygote, creating germline (g)DMRs with the potential to be imprinted. 

These can later give rise to and control secondary (s)DMRs (Schulz et al., 2010). 

The vast majority of gDMRs identified in humans originate in the oocyte, the only 

two known paternally methylated gDMRs which produce imprinted genes are 

H19 and the IG-DMR (Giannoukakis et al., 1993; Zhang et al., 1993). 
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Most imprinted genes are within regions containing an imprinting control region 

(ICR) with a gDMR which overlaps with a promoter (Spahn and Barlow, 2003; 

Schulz et al., 2010). Imprinted DMRs are often also associated with differential 

histone marks, with the methylated allele containing repressive marks such as 

H3K9me2, H3K9me3 and H4K20me3 and the unmethylated allele containing 

permissive chromatin marks such as H3K4me2 and H3K4me3 (Monk et al., 

2006; Court et al., 2014; Sanli and Feil, 2015). 

ICRs can result in imprinted expression in a few different ways. They can modify 

the chromatin structure, altering the accessibility and transcription of nearby 

genes or control regions (Tan et al., 2018). This is thought to involve CTCF as 

many DMRs have CTCF binding sites. DMRs can also result in expression of 

lncRNAs which can silence genes in cis (Barlow and Bartolomei, 2014; Kanduri, 

2016). gDMRs can also cause alternative splicing, creating imprinted isoform 

expression (Niemczyk et al., 2013; Zink et al., 2018). 

The function of imprinting is debated. Many imprinted genes are involved in 

placenta growth and early development, so imprinting may arise from parental 

conflict, where paternal genes aim to increase investment by the mother and 

maternal genes counter this (Monk, 2015; Hanna, 2020). This could also give 

them a role in nutrient sensing to adapt fetal growth to the environment. Other 

theories include trophoblast defence, preventing development occurring without 

paternal genes, or protection against transposable elements, whose mis-

regulation can lead to placenta defects (Renfree, Suzuki and Kaneko-Ishino, 

2013; Spencer and Clark, 2014). 

Imprinting as a growth regulator is well illustrated by the Igf2 gene, which is 

paternally expressed and important for fetal and placental growth (Giannoukakis 

et al., 1993; Const©ncia et al., 2002). In mice, placental endocrine Igf2 

manipulates maternal metabolism and expression specifically from the placenta 

specific P0 promoter affects placenta nutrient transfer capacity (Const©ncia et 

al., 2002, 2005; Coan et al., 2008; Lopez-Tello et al., 2023). Further, fetal IGF2 

increases placental vasculature and therefore nutrient transport (Sandovici et 

al., 2022). The IGF2 gene is similarly important for growth in humans, with 

reduced expression associated with Silver-Russell syndrome, with symptoms 
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including fetal growth restriction , and increased biallelic expression from loss of 

imprinting associated with Beckwith-Wiedemann patients (BWS), characterized 

by overgrowth (Azzi, Abi Habib and Netchine, 2014). 

1.2.1 Life cycle of imprinted DMRs 

Methylation at imprinted loci is first established de novo after complete 

demethylation in primordial germ cells. This process requires active 

transcription, which may be why most imprinted gDMRs are established in 

oocytes and so maternally methylated. In mouse, DNMT3A, DNMT3B and 

DNMT3L are required for the creation of do novo methylation at imprinted 

gDMRs (Bourcôhis et al., 2001; Smallwood et al., 2011). The process in humans 

is unknown but must be different as DNMT3L is not expressed in human GV-

metaphase II oocytes (Petrussa, Van de Velde and De Rycke, 2014). The sub-

cortical maternal complex (SCMC) is thought to be important (Zhu et al., 2015). 

In humans, its components, which include OOEP, PADI6, NLPR5 and NLRP7, are 

expressed specifically in the oocyte and maternal-effect mutations are linked to 

issues with multi-locus imprinting disturbances as well as infertility, fetal loss 

and hydatidiform moles (Docherty et al., 2015; Begemann et al., 2018). 

Methylation at imprinted loci must then survive the reprogramming after 

fertilisation. In the zygote, it is protected by several proteins including maternal 

DPPA3, which prevents 5mC conversion to 5hmC (Nakamura et al., 2012; Voon 

and Gibbons, 2016). DMRs are also protected from demethylation by the KRAB 

zinc-finger protein (ZFP)57, which is a maternal zygotic-effect gene in mice (Li 

et al., 2008; Quenneville et al., 2011; Riso et al., 2016; Coluccio et al., 2018). 

ZFP57 also play a role in humans, as mutations are associated with transient 

neonatal diabetes mellitus (TNDM) and variable hypomethylation at imprinted 

loci (Mackay et al., 2008). Other KRAB ZFPs expressed from the oocyte may also 

be involved, such as ZFP445 in both mice and humans (Juan and Bartolomei, 

2019; Takahashi et al., 2019; Monteagudo-S§nchez et al., 2020). 

At implantation, the unmethylated allele must then be protected from the wave 

of de novo DNA methylation. In mice, this involves CTCF, OCT4 and H3K4me2/3 
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(Sharif et al., 2007; Demars et al., 2010; Court et al., 2014). Post-implantation 

in mice, Trim28, Uhrf1 and Dnmt1 are important for imprint maintenance (Sharif 

et al., 2007; Hirasawa et al., 2008; Messerschmidt et al., 2012). There is 

evidence that their equivalents in humans, TRIM28, UHRF1 and DNMT1 are still 

important for imprint maintenance (Dalgaard et al., 2016; Begemann et al., 

2018; Dagar et al., 2018). Other DNMTs, DNMT3A and DNMT3B, may also be 

important for maintaining DNA methylation at imprinted regions in mice (Xu et 

al., 2025). 

Once established, gDMRs can be maintained in some or all lineages and other 

methylation specific to tissues or developmental stages begins to arise, leading 

to lineage commitment and differentiation. Some gDMRs maintain allelic 

methylation throughout life, but there are also transient maternally methylated 

gDMRs which survive this first wave of demethylation but become entirely 

methylated or unmethylated after implantation (Proudhon et al., 2012). These 

may have a function as ICRs in the pre-implantation embryo, or in the placenta, 

where many transient gDMRs are maintained as placenta-specific DMRs in 

humans (Hamada et al., 2016; Hanna et al., 2016; Sanchez-Delgado et al., 

2016). 

1.2.2 Non-canonical imprinting 

Non-canonical imprinting describes parent of origin specific expression which 

does not originate from differential methylation between parental gametes. This 

has been described in mice and rats where it arises from differential allelic 

H3K27me3 from the oocyte, which in extra-embryonic tissues (including 

placenta) leads to maternal allele methylation (Inoue et al., 2017). The process 

creates sDMRs and paternal expression only in extra-embryonic tissues (Chen et 

al., 2019; Hanna et al., 2019). A previous study suggesting non-canonical 

imprinting may occur in humans in the gene FAM101A (Zhang et al., 2019). 

However, a recent screen from our group did not find evidence for non-canonical 

imprinting in human placenta or pre-implantation embryos (Daskeviciute, Louise 

Chappell-Maor, et al., 2025). 
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1.3 Placenta 

The placenta is a transient organ which supports the developing fetus, acting as 

both a physical connector and barrier between maternal and fetal blood. It 

performs a variety of functions, including mediating nutrient, gas and waste 

exchange, modulating the immune response and producing pregnancy-related 

hormones including human chorionic gonadotropin (hCG; Lopata, 1997). 

Unsurprisingly, placental development defects are linked to many pregnancy-

related complications, including pre-eclampsia, fetal growth restriction, recurrent 

miscarriage and still-birth (Brosens et al., 2011). The placenta can also impact 

the long-term health of both the mother and the fetus. For example, increased 

glucose transfer from gestational diabetes increases fetal adiposity and 

macrosomia, which subsequently is associated with disease in later life (Pettitt et 

al., 1993; Tint et al., 2020). 

1.3.1 Placenta structure and development 

Placenta development and structure is highly species-specific; the human 

placenta displays deep trophoblast invasion which is unique to great apes 

(Imakawa, Nakagawa and Miyazawa, 2015). The process has been well 

characterised in mouse which has many parallels to human, with similar 

development pre-implantation and placental villus structure. However, there are 

key differences including structural ones between mouse and human placenta. 

As described previously, the placenta derives from the trophectoderm and 

primitive endoderm in the pre-implantation blastocyst. When the blastocyst then 

implants, the trophectoderm produces trophoblast cells, which invade and 

implant into the maternal uterine lining and establish links with maternal blood 

supply (Hemberger, Hanna and Dean, 2020). The early placenta at around 6-8 

days post-fertilisation produces syncytiotrophoblasts (STBs) to form a primitive 

syncytium, a monolayer of multinucleated cells surrounding mononuclear 

cytotrophoblast cells (CTBs; James, Carter and Chamley, 2012; Knºfler et al., 

2019). This primitive syncytium penetrates the maternal endometrium and 
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contributes to transforming it into more specialised decidua (Turco and Moffett, 

2019). 

The STB are not proliferative; they are produced by asymmetric cell division 

from CTBs, which remain proliferative throughout gestation (Knºfler et al., 

2019). STBs expand to create the syncytial mass with lacunae, fluid-filled 

spaces, forming a lattice of trabeculae from around day 9 (Vento-Tormo et al., 

2018; Arutyunyan et al., 2023). The CTBs push through the STB trabeculae to 

form primary villi, comprising a CTB core surrounded by a layer of 

multinucleated STB. Extraembryonic mesoderm cells, derived from the primitive 

endoderm with possibly some contribution from the primitive epiblast, invade 

the primary villi to form secondary villi (Bianchi et al., 1993; Sheng, 2015). At 

around day 17, tertiary villi are then formed with the development of primitive 

endothelial tubes which will make placental vasculature. 

This establishes the basic structure of the placenta at around four weeks of 

gestation, with villi containing a mesenchymal core with a fetal blood vessel 

(Figure 1.3). The core is surrounded by CTBs and a layer of STB cells (James, 

Carter and Chamley, 2012; Knºfler et al., 2019). The CTB layer is initially 

Figure 1.3: Structure of the human placenta. 
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continuous but reduced to 25% of the surface in term placentas (Benirschke, 

Burton and Baergen, 2012). The STB also secretes hormones including human 

chorionic gonadotrophin (hCG) and placental lactogen (Evain-Brion and 

Malassine, 2003; Wang et al., 2024). Initially, exchange of nutrient and gasses 

takes place between fetal blood and maternal glandular secretions via STB. A 

connection with the maternal blood supply is established around 10 ï 12 weeks 

(Burton, Jauniaux and Watson, 1999; Burton et al., 2002). Some villi connect to 

the decidua to form anchoring villi and others remain as floating villi. They 

continue to develop through the pregnancy, from the second trimester terminal 

villi form, with branched structures and bigger fetal veins and arteries (Aplin, 

2010). 

Other CTB continue to alter the maternal decidua and blood supply. CTB form 

cell columns from the tips of anchoring villi into the maternal decidua. From 

here, they develop into migrating extravillous trophoblasts (EVT), which further 

differentiate into interstitial or endovascular EVTs (Hemberger, Hanna and Dean, 

2020). Interstitial EVTs form a cuff around the end of maternal spiral arteries 

and make them capable of higher conductance at lower pressure (Pijnenborg, 

Vercruysse and Hanssens, 2006; Velicky et al., 2018). They also regulate 

maternal immune response and invade other structures such as decidual glands, 

lymphatics and veins (Moser et al., 2017; Windsperger et al., 2017; Pollheimer 

et al., 2018). As they invade further into the muscle of the uterine wall 

(myometrium), they fuse to form placental bed giant cells (Pijnenborg et al., 

1980). The endovascular EVTs migrate inside the spiral arteries to prevent blood 

entering the intervillous space until the end of the first trimester (Hustin and 

Schaaps, 1987; Burton, Jauniaux and Watson, 1999). 

1.3.2 Defining placenta cell types 

The main cell type of the placenta therefore is the trophoblast, which is 

separated into three main types: CTBs, STBs and EVTs. Inside the placental villi 

are also other cell types. In first trimester, the main stromal cell type is 

undifferentiated stromal cells (Kohnen et al., 1996), then later reticulum cells in 

terminal villi or fibroblasts in stemvilli (Kaufmann, Stark and Stegner, 1977). The 
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villi have a mesenchymal stromal cell core with a vessel containing endothelial 

cells, surrounded by perivascular cells and smooth muscle cells. 

The final placenta cell type inside villi are Hofbauer cells, which are a type of 

macrophage (Kim et al., 2008). They initially derive from the primitive 

haematopoiesis by the placenta but later cells come from the yolk sac and fetus 

(Castellucci et al., 1987; Thomas et al., 2021). Their likely function is to protect 

the fetus, but may also play a role in clearing placental damage, placental 

morphogenesis and vasculogenesis (Frauli and Ludwig, 1987; Reyes and Golos, 

2018). 

Recent studies have used single cell (sc)RNA-seq to better define placenta cell 

types and characterise their transcriptome. A recent systematic review of 

existing studies found a range of 20-42% trophoblast cells, with 45-90% of 

these cytotrophoblasts (Derisoud et al., 2024). EVTs comprise 22-45% 

trophoblasts, making them the second most common. This was lower in first 

trimester, 2-21%, but only based on two studies. It is difficult to know the 

proportion of syncytiotrophoblast cells, as they are multinucleated so cannot be 

pulled out from single cell techniques. Many studies identify subtypes within the 

trophoblast cell-types, but there is currently poor consensus. The definition of 

stromal cells between studies is especially variable. The integrative analysis 

found 19% of cells were stromal cells and 30% were Hofbauer cells. 

The integrative analysis found many differentially expressed genes between cell 

types, and recommended markers expressed exclusively in each. This was 

challenging however, for example there is no pan-trophoblast marker in term 

placenta. They also found many examples of changes between first trimester 

and term, with most markers not suitable for both and some even changing 

which cell type they are expressed in. 

1.3.3 The unique placenta epigenome 

The placenta is hypomethylated overall, with around 3% cytosine bases 

methylated compared to 4% in somatic tissue (Fuke et al., 2004). The 

hypomethylation in placenta is not confined to specific genomic features but 
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does include repetitive elements, including transposable elements, as well as 

large (>100kb), partially methylated domains (PMDs; Schroeder and LaSalle, 

2013; Schroeder et al., 2013). In mouse, the lower level of methylation in the 

trophectoderm lineage has been linked to lower expression of Dnmt3a and 

Dnmt3b and higher expression of Dnmt3l during the wave of post-implantation 

de novo methylation (Zhang et al., 2018). 

Global placenta methylation increases over gestation from 2.8% in first trimester 

to 3.1% in term placentas, unlike global methylation in somatic tissues which 

decreases with age (Fuke et al., 2004; Zhang et al., 2021). This is accompanied 

by broad changes in histone modifications, with decreases across gestation in 

H3K9me3, H3K27me3 and H3K4me3 (Zhang et al., 2021). Expression levels also 

change across gestation in 25% of placenta expressed genes (Sitras et al., 

2012; Uusk¿la et al., 2012). Placenta methylation at gene promoters is highly 

variable between individuals, with increased variability in term compared to first 

trimester placentas (Novakovic et al., 2011). However, there is also variability 

across a placenta depending on the sampling site (Janssen et al., 2015) which 

may reflect cellular composition. 

Repetitive elements are highly methylated in somatic tissue but variably 

methylated in placenta and highly species specific, which may allow them to act 

as drivers for placenta evolution. There are multiple placenta-specific promotors 

derived from transposable elements (TEs), including endogenous retroviruses 

(ERVs), such as promoters for CYP19A1, NOS3 and PTN genes (Dunn-Fletcher et 

al., 2018). Many ERV families have been identified with regulatory potential that 

are close to trophoblast-specific expressed genes (Sun et al., 2021; Frost et al., 

2023). In human trophoblast stem cells, genetic editing has been used to show 

these elements act as enhancers (Frost et al., 2023). 

HERV-W is a co-opted human ERV envelope gene which illustrates how these 

elements can exhibit placenta-specific function. One of its copies produces 

Syncitin-1, which is important for syncytiotrophoblast fusion to create the 

multinucleated cell layer around placenta villi (Blond et al., 1999; Mi et al., 

2000). Its 5ô UTR contains a LTR with a trophoblast-specific enhancer and a 

promoter region with a CpG island, whose methylation controls syncitin-1 
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expression (Matouġkov§ et al., 2006; Gao et al., 2012). HERV-W also highlights 

how these elements can be important for pregnancy outcomes as it is 

hypomethylated and expressed in placenta, with lower expression in 

preeclampsia and IUGR placentas (Ruebner et al., 2013). 

Genome-wide DNA methylation values have also been used to show 

discrepancies between chronological and biological age. Such óepigenetic clocksô 

use algorithms to calculate biological age on the basis of hundreds to thousands 

of CpG sites across the genome (Horvath, 2013). By calculating multi-organ 

clocks it is possible to predict clinically useful biomarkers associated with age-

related disease and mortality (Lu et al., 2019). Whilst a pan-tissue epigenetic 

clock cannot reliably estimate gestational age, Lee and colleagues (Lee et al., 

2019) generated bioinformatic pipelines to generate placenta-derived epigenetic 

clocks that can track gestational age. 

1.3.3.1 PMDs 

Partially methylated domains (PMDs) are large regions with intermediate 

methylation, unlike surrounding highly methylated domains (HMDs) or low 

methylated domains (LMDs). They were first described in fibroblast cell line 

IMR90 (Lister et al., 2009). PMDs have since been commonly reported in 

cancers, especially epithelial cancers (Timp et al., 2014). 

A screen across a wide range of cell types by Salhab et al. (2018) found PMDs 

ranging from 100 kb to 20 Mb in length and occurring in up to 75% of the 

genome. 26% of the genome showed shared PMDs across cell types, with the 

rest having distinctive patterns between cell types. This included variation in 

average methylation with cell type, but most were above 75%. They found 

decreased methylation at PMDs linked to cell proliferation and markers of late 

DNA replication. This could be significant, as DNA methylation is lost in late-

replicating regions during mitosis (Aran et al., 2011; Zhou et al., 2018). As with 

previous reports, PMDs are heterochromatic histone modifications, gene-poor 

and genes within showed low transcription levels (Hon et al., 2012; Hovestadt et 

al., 2014; DEEP Consortium et al., 2018). Genes inside PMDs are generally 
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repressed and have tissue-specific functions that are not required in the tissue of 

origin. 

The first non-cancer human tissue found with PMDs was placenta. They are also 

found in mouse, though less distinct, where they never become fully methylated 

in the trophectoderm post-implantation (Decato et al., 2017; Smith et al., 

2017). PMDs are distinct in placenta compared to other tissues and were defined 

in humans from a screen of three term placentas (Schroeder et al., 2013). They 

covered 37% of autosomes and 3815 genes, which are generally repressed. 

Methylation in PMDs was 40% to 70%, which makes them distinct from most 

cells lines and tissues in reported in Salhab et al. (2018). The lengths ranged 

from 7 bp to 6.8 Mb with an average of 150 kb. 

They were reproducible between samples, which was also true in a more recent 

screen (Toh et al., 2024). The initial screen did not find changes with gestational 

age, but other ones have (Zhang et al., 2021; Toh et al., 2024). Placental PMDs 

have also been shown to be enriched for H3K9me3 marks, with different histone 

profiles in PMDs lost during development (Toh et al., 2024). Mouse PMDs also 

lose methylation over gestation, while highly methylated domains gain it (Decato 

et al., 2017). 

This may be due to the mechanism of DNMT1, which is known to replicate 

methylation imperfectly, so a single CpG is prone to losing methylation (Wang et 

al., 2020). In regions, it replicates the broad pattern without necessarily 

methylating the same CpGs each time, so highly methylated regions stay higher 

methylated but are more likely to gain methylation and the opposite for low 

methylated regions. This has been observed in somatic human cells, with ageing 

and in cancer, with more loss with faster cell proliferation (Zhou et al., 2018). 

This is likely working in combination with the loss from late replicating domains. 

This may also explain why cultured human trophoblast stem cells are subject to 

PMD erosion (Okae et al., 2018). The cultured cells are an interesting parallel to 

cancer cell lines, which lose methylation in cell-type specific PMDs but retained 

the same histone marks (DEEP Consortium et al., 2018). 
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1.3.3.2 Placenta-specific imprinting 

As mentioned previously, there are transient gDMRs that lose or gain PoO 

methylation after implantation. Although the placenta is hypomethylated overall 

compared to somatic tissue, it exclusively maintains PoO methylation and 

imprinted expression at many of these transient gDMRs creating placenta-

specific DMRs (Figure 1.4; Hamada et al., 2016; Hanna et al., 2016; Sanchez-

Delgado et al., 2016). In embryonic tissue, some of these loci become entirely 

methylated or unmethylated. In humans, over 150 placenta-specific maternally 

methylated DMRs have been identified (Noguer-Dance et al., 2010; Yuen et al., 

2011; Barbaux et al., 2012; Court et al., 2014; Sanchez-Delgado et al., 2015, 

2016; Hamada et al., 2016; Hanna et al., 2016; Daskeviciute, Louise Chappell-

Maor, et al., 2025). Over 40 of these have confirmed imprinted expression, 

which to date is mostly paternal expression (Table 1.1). Most imprinted genes 

show reduced expression with advancing gestational age independent of allelic 

methylation (Monteagudo-S§nchez et al., 2019; Pilvar et al., 2019). 

Placenta-specific imprinting is highly polymorphic between individuals in 

humans. Hanna and colleagues (2016) found monoallelic methylation in just  

Figure 1.4: Life cycle of canonically imprinted gDMRs. Parent-of-origin 

specific differential methylation is inherited from the gametes and survives 
reprogramming to become a gDMR in the blastocyst. Each generation, 

methylation is erased in primordial germ cells and reestablished in gametes. 
Global gDMRs persist in all other lineages. Placenta-specific DMRs are erased in 
embryonic lineages and persist only in placenta. Lines represent strands of 

DNA with circles as a CpG, black methylated and white unmethylated. 
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Table 1.1: Genes with confirmed placenta-specific imprinting. 1. Hamada 
et al. (2016); 2. Court et al. (2014); 3. Sanchez-Delgado et al. (2015); 4. 

Sanchez-Delgado et al. (2016); 5. Pilvar et al. (2019); 6. Zhang et al. (2019); 7. 
Allach El Khattabi et al. (2019); 8. Daskeviciute et al. (2025); 9. Yuan et al. 

(2024). 

Gene  
Methylated 

allele  

Expressed 

allele  
Location  

ACCS M1 P1 chr11:44086801 -44087970  

AGBL3 M1,2  P1,2  chr7:134670012 -134671987  

AGO1 M3 P3 chr1:36348678 -36351041  

AIM1  M1 P1 chr6:106957507 -106961973  

CMTM3 M4 P4 chr16:66637337 -66640186  

CPXM2 M1 P5 chr10:125505152 -125651500  

CYB5R2 M4 P6 chr11:7693877 -7696363  

DNMT1  M2 P2 chr19:10304096 -10305415  

DSCAM M7 P7 chr21:42217239 -42220399  

FAM149A  M3 P3 chr4:187064415 -187066853  

FAM174B  M4 P4 chr10:128992295 -128996474  

G0S2  M4,8 P8 chr1:209847680 -209849302  

GLIS3  M2 P2 chr9:4297968 -4300144  

JMJD1C M3 P3 chr10:65221271 -65225444  

KLHDC10  M1 M1,5  chr7:129746987 -129749876  

LIN28B  M2 P2 chr6:105403899 -105407132  

MCCC1 M2 P2 chr3:182815725 -182822410  

MOCS1 M4 P4 chr6:39901167 -39902213  

OPCML M4 P4 chr11:132813023 -132815361  

PAK1 M4 P4 chr11:77122000 -77122997  

PAPLN-AS M4 P4 chr14:73736942 -73737580  

PIK3R1  M8 P8 chr5:67583849 -67585202  

PRKAG2 M1 P1 chr7:151329303 -151331038  

PROSER2-AS1 M1 P1 chr10:11934845 -11936937  

R3HCC1 M3 P3 chr8:23145610 -23146931  

RHOBTB3 M3 P3 chr5:95066854 -95069104  

RNF141  M4 P4 chr11:10560091 -10564029  

SCIN  M3 P3 chr7:12610078 -12611415  
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Table 1.1 (continued)  

Gene  
Methylated 

allele  
Expressed 

allele  
Location  

SH3BP2  M4 P4 chr4:2819393 -2820378  

SIAH1  M3 P3 chr16:48397923 -48400894  

ST8SIA1  M3 P3 chr12:22486690 -22488547  

THAP3 M4,9  P4,9  chr1:6685554 -6686900  

VWA2  M1 P1 chr10:115999021 -115999895  

ZFAT M2 P2 chr8:135709191 -135710250  

ZFP90  M3 P3 chr16:68572176 -68574654  

ZHX3  M4 P4 chr20:39944425 -39946301  

ZNF396  M2 P2 chr18:32956700 -32958649  

 

50% of heterozygous samples at selected DMRs, looking just at trophoblast and 

villi cells to remove differences from cell composition, and there was significantly 

less variability at the same sites in somatic tissues. Complementary studies have 

shown that of 104 placenta-specific gDMRs studied, 52% intervals possess low 

methylation and biallelic expression in multiple term biopsies, although the 

frequency varies between DMRs (Sanchez-Delgado et al., 2016; Monteagudo-

S§nchez et al., 2019). It is unknown if this variation arises from interactions with 

genetic variation, environmental exposures, or is truly stochastic. 

Placenta-specific imprinting is poorly conserved between humans and mice, 

though it may be more similar in other primates (Hanna et al., 2016; Sanchez-

Delgado et al., 2016). So, although mice models allow easier access to the 

placenta at various stages of development, mouse imprinted genes are not 

always a useful model for humans. The limits to identifying all imprinted genes, 

including a lack of informative single nucleotide polymorphisms (SNPs) and 

detectable expression levels, also restrict identification in placenta, as well as 

the possibility for cell-type or developmental stage specific effects. However, 

mouse models have been useful in defining the mechanisms by which DMRs can 

control imprinted expression. 



21 
 

One well characterised transiently imprinted gene in mice is Zdbf2 (zinc finger 

DBF-type containing 2), which has the same methylation pattern in humans  

(Duffi® et al., 2014). The locus has a maternal pre-implantation gDMR, causing 

paternal expression of an alternative long isoform Liz (Duffi® et al., 2014). This 

leads to creation of a paternal sDMR, which blocks the repressive H3K27me3 

mark allowing paternal expression from the canonical Zdbf2 promoter. In 

somatic tissue, the maternal gDMR is lost after implantation, leaving the 

paternal sDMR and Zdbf2 expression. In extraembryonic lineages including the 

placenta, the maternal gDMR and Liz expression are maintained instead 

(Kobayashi et al., 2009; Duffi® et al., 2014). In humans, GPR1-AS performs the 

same role as Liz (Kobayashi et al., 2013). The gene in mice controls neonatal 

growth in a dose-sensitive manner (Glaser et al., 2022). In humans, decreases 

in placental ZDBF2 expression have been associated with IUGR (Monteagudo-

S§nchez et al., 2019). 

The existence of placenta-specific imprinted genes fits with the parental conflict 

theory, as the placenta controls the intrauterine environment so is the ideal 

tissue to alter the allocation of maternal resources during development. This 

argument could also extend to the mammary gland, where imprinted genes have 

also been shown to play a role (Hanin and FergusonȤSmith, 2020). 

1.3.3.3 Cell-type specific methylation 

More recent investigations have revealed cell-type specific methylation at 

placenta-specific imprinted genes. Yuan and colleagues (2021) produced cell 

type methylation reference datasets using Illumina EPIC arrays on four cell types 

from first and third trimester placenta. The cells were separated using 

fluorescence-activated cell sorting (FACS) and were trophoblasts 

(EGFR+/KRT7+), stromal (VIM+), endothelial (CD34+/CD31+) and Hofbauer 

cells (CD14+/CD68+), as well as unsorted placenta villi. 

Trophoblasts were the most hypomethylated and Hofbauer cells mostly 

hypermethylated, with similar patterns in both trimesters. Global DNA 

methylation mostly increased with gestation as with previous studies, but 

decreased in endothelial cells. Villi generally showed similar patterns to 
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trophoblasts, which is probably because it is mostly syncytiotrophoblasts and 

cytotrophoblasts. The two are not identical, however, as STB have a lower level 

of overall methylation than CTB (Fogarty, Burton and Ferguson-Smith, 2015). 

Yuan and colleagues (2021) found ubiquitous imprinted DMRs were maintained 

consistently across all cell types. At placenta-specific imprinted DMRs, 76% CpGs 

maintained intermediate methylation in trophoblast. They were less maintained 

in stromal and endothelial cells, only 64%. At most regions where intermediate 

methylation was retained, stromal and endothelial cells still had less methylation 

than trophoblasts. Hofbauer cells mostly lost methylation at placenta-specific 

imprinted DMRs, with intermediate methylation remaining at only 12% CpGs. 

Only one region was higher in stromal and endothelial cells than trophoblasts: 

RASFRF1. 

Inside PMDs, trophoblasts had the lowest methylation, with the opposite in 

Hofbauer cells. Methylation in PMDs decreased in all cell types across gestation. 

The final component of placenta-specific methylation tested was repetitive 

elements. Trophoblasts had lower long interspersed nuclear elements (LINE)1 

and Alu element methylation than villi, with Hofbauer much higher. Overall, this 

demonstrated significant differences in methylation between cell types. This may 

be due to their different lineage origins, with trophoblasts deriving from the 

trophectoderm which separates earlier, and endothelial and stromal cells deriving 

from primitive endoderm, where imprint erasure may have begun (Boss, 

Chamley and James, 2018; Hemberger, Hanna and Dean, 2020). 

1.3.4 Placenta and health 

The placenta is an important mediator for health during pregnancy. For example, 

a screen in mouse of embryonic lethal or sub-viable mutants found abnormal 

placenta morphology in around two-thirds (Perez-Garcia et al., 2018). Placental 

defects commonly co-occurred with defects in heart, brain and vascular defects. 

In humans, many pregnancy complications are commonly linked to abnormal 

placentas, including recurrent miscarriage, stillbirth, IUGR and preeclampsia 

(Brosens et al., 2011). These conditions contribute to a high proportion of 
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maternal and neonatal morbidity and mortality, especially in sub-Saharan Africa 

(Graham et al., 2016). Issues with development and those linked to the placenta 

can also have an impact on later life health, discussed further in in Sections 1.5 

and 1.7. 

1.3.4.1 IUGR 

Intrauterine growth restriction (IUGR) defined as a pathological growth 

restriction, diagnosed by abnormal Doppler velocimetry or birthweight below the 

third percentile (Harkness and Mari, 2004; Aditya et al., 2016; Gordijn et al., 

2016). It affects 3-7% births, though this will vary between with different 

populations (Romo, Carceller and Tobajas, 2009). IUGR is often conflated with 

small for gestational age (SGA), which is defined as having a birth weight below 

the tenth percentile. Although the groups overlap, they can both be diagnosed 

independently. IUGR has an impact of lifelong health, associating with a higher 

risk of hypertension, type 2 diabetes and heart disease (Curhan et al., 1996; 

Rich-Edwards et al., 1997). 

Asymmetric IUGR is when not all parts of the fetus are showing the same 

restricted growth, and this is often related to lack of nutrients from placental 

insufficiency. This occurs with deficient remodelling of uterine spiral arteries 

supplying the placenta, creating a lower villous volume and surface area for 

maternal-fetal exchange, and dysregulation of many genes (Burton and 

Jauniaux, 2018). 

1.3.4.2 Preeclampsia 

Preeclampsia affects 3-5% of pregnancies in the developed world and forms part 

of the hypertensive disorders that cause 12% of maternal deaths during and 

after pregnancy (WHO, 2005). It is characterised by hypertension and 

proteinuria in the second half of pregnancy (Roberts and Cooper, 2001). Its 

effects range from mild to multiorgan failure and it is caused by low perfusion in 

the placenta (Brosens et al., 2011). The mechanisms of preeclampsia 

development are not completely known; it has been associated with early 
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abnormal invasion of trophoblast cells resulting in placental ischemia combined 

with defective uterine spiral artery remodelling (Chiang, Seow and Chen, 2024). 

1.4 One-carbon metabolism 

Diet and patterns of DNA methylation could be functionally linked through one-

carbon (1C) metabolism. The process generates SAM, which acts as a methyl 

donor for DNA alongside many other cellular components, such as RNA and post-

translational protein modifications, including histones (Ducker and Rabinowitz, 

2017). 1C metabolism encompasses the folate cycle, methionine remethylation 

and the transulferation pathway (Figure 1.5). In adult somatic tissue, most of 

the 1C cycle takes place in the liver and kidney. In other cells, it functions at a 

low level to maintain levels of nucleotides and amino acids, and substrates for 

ATP and NADPH in the cell. 

Many components of 1C metabolism originate in the diet, both methyl donors 

folate, choline and betaine, and cofactors vitamins B2, B6, and B12 (James et 

al., 2018). B vitamins must all by gained from the diet in mammals, as they 

cannot synthesise any directly (Lyon 2020, Kasia). Previous studies have  

Figure 1.5: One-carbon metabolism produces methyl groups. 

Components highlighted in yellow are derived from the diet. Homocysteine is 
converted into methionine by two pathways: methionine synthase (MTR), 

which uses vitamin B12 as a cofactor and acquires a methyl group from the 
conversion of 5-methyltetrahydrofolate (5-meTHF) into tetrahydrofolate (THF), 
or betaine homocysteine methyl-transferases (BHMT). Methionine is further 

converted to S-adenosylmethionine (SAM), the major methyl donor for all 
methyl transferases (MTF), which add methyl groups to DNA, RNA, lipids, and 

proteins. SAM is recycled via S-adenosylhomocysteine (SAH) which is 
converted to homocysteine in a reversible reaction by S-adenosylhomocysteine 
hydrolase (SAHH). AHCY: S-adenosylhomocysteine hydrolase, ALDH1L1: 10-

formyltetrahydrofolate dehydrogenase, ALDH7A1: betaine-aldehyde 
dehydrogenase, BHMT: betaine-homocysteine methyltransferase, CBS: 

cystathionine ȁȤsynthase, CHDH: choline dehydrogenase, CSE: cystathionine ȂȤ
lyase, DHF: dihydrofolate reductase, DHFR: DHF reductase, GNMT: glycine N-

methyltransferase, MAT: methionine adenosyltransferase, MTHFD: 
methylenetetrahydrofolate dehydrogenase, MTHFD1/2L: MTHFD1/2 like, 
MTHFR: methylenetetrahydrofolate reductase, MTR: methionine synthase, 

PEMT: phosphatidylethanolamine N-methyltransferase, PLD: phospholipase D, 
SHMT: serine hydroxymethyltransferase. 
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demonstrated that alterations in diet composition can affect DNA methylation 

(discussed in section 1.7). 

1.4.1 Methionine remethylation 

To methylate the desired molecules, S-adenosylmethionine (SAM) ultimately 

donates a methyl group and creates S-adenosyl homocysteine (SAH). Due to 

this, the SAM:SAH ratio is often used as a measure of methylation potential, 

alongside levels of other pathway components (Mason, 2003). SAH inhibits the 

methyl transferases which catalyse the donation of the methyl group from SAM 

to SAH. This creates a feedback loop to stop methylation if the process of 

converting SAH back to SAM is impaired. 

Once demethylated, SAH is converted to homocysteine catalysed by AHCY. 

Homocysteine is methylated to methionine, which then is adenylated by 

methionine adenosyltransferase (MAT) to SAM. There are three MAT enzymes: 

MATI, MATII and MATIII (Kotb and Geller, 1993; Halim et al., 1999; Lu and Mato, 

2005). MAT1A is expressed mostly in the liver and forms a tetramer to make 

MATI or a dimer to make MATIII. MATII is a dimer of the protein encoded by 

MAT2A, which is expressed outside the liver in adults but in the fetal liver early 

in development (Horikawa and Tsukada, 1992; Horikawa et al., 1993; Gil, 1996). 

There is additionally a regulatory subunit encoded by MAT2B that decreases the 

complex Km when bound to MATIII (LeGros et al., 2000; Mart²nez-Chantar et 

al., 2003). Importantly, there are two enzymes which can methylate 

homocysteine to methionine: the folate-dependent pathway using methionine 

synthase (MTR) and the folate-independent pathway using betaine-

homocysteine methyltransferase (BHMT). 

1.4.2 Transsulfuration pathway 

Instead of going to methionine, homocysteine can be converted to cystathionine 

with cystathionine ȁȤsynthase (CBS) and onto cysteine with cystathionine ȂȤlyase 

(CSE, encoded by CTH). This is the only way to make cysteine in mammals, 

which is important for redox balance (McBean, 2012, 2017) as well as 
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biosynthesis of GSH, hydrogen sulfide and taurine (McBean, 2012, 2017; Sbodio, 

Snyder and Paul, 2019). CBS is regulated by post-translational modifications, but 

CSE is regulated mostly at transcriptional level. CSE requires pyridoxal 5Ź-

phosphate (PLP, a form of B6) as a cofactor, so when B6 levels are low more 

homocysteine towards SAM. When levels of SAM are high, it can act as an 

activator of CBS.  

1.4.3 Folate-dependent pathway 

The term folate describes a group of molecules which all have a common core 

structure. The biologically active form in 1C metabolism is tetrahydrofolate 

(THF), which can come from various dietary sources: glucose, methionine, 

glycine, serine, histidine, and choline. It is important in adult cells for nucleic 

acid synthesis, and in multiple pathways in development including immune 

proliferation. Folate deficiencies have been widely studied, especially in early 

development where they cause neural tube defects (Tamura and Picciano, 2006; 

Hoffbrand, 2014). However, too high intake over 1000 mg/day combined with 

low B12 can also cause developmental problems (Casta¶o-Moreno et al., 2020). 

Folate is also important for many other processes in development including 

placenta development, possibly having a role in trophoblast invasion and matrix 

metalloproteinases (MMPs) secretion (Williams et al., 2011). 

The folate cycle takes place between the cytosol and mitochondria with some 

redundancies. Folic acid from the diet is first reduced to dihydrofolate (DHF) and 

then THF by dihydrofolate reductase (DHFR) before entering the folate cycle. In 

the mitochondria, it is then converted to 5,10-meTHF by SHMT2 and 5,10-

meTHF by MTHFD2, MTHFD2L and MTHFD1L, turning NADP+ to NADPH in the 

process. The equivalent enzyme in cytosol, MTHFD1, turns formate to 5,10-

meTHF due to a difference in the NADP+/NADPH ratio. 5,10-meTHF is converted 

to 5-meTHF by MTHFR, or regenerated to THF by SHMT1. 

The folate-dependent pathway is the most common way to produce methionine, 

catalysed by MTR. MTR requires vitamin B12 as a cofactor, one of the factors 

derived from diet (Dominguez-Salas et al., 2012). MTR uses 5-
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methyltetrahydrofolate (5-meTHF) as a methyl donor, whose synthesis is 

dependent on the folate cycle and also has links into purine biosynthesis. It must 

first be activated via reductive methylation of B12 by methionine synthase 

reductase (MTRR; Yamada et al., 2006). In the placenta, levels of MTR, MTHFR 

and CBS mRNA are consistent between first and third trimester (Solanky et al., 

2010). MTR and MTHFR has similar levels of expression as liver, suggesting the 

folate-dependent pathway is active. 

1.4.3.1 Folate transport 

Uptake of dietary folate into the small intestine is mediated by proton-couple 

folate transporter (PCFT, encoded by SLC46A1 gene; Zhao et al., 2011). It is 

assisted by prostate membrane-specific antigen (PSMA, encoded by FOLH1 

gene), which creates monoglutamated folates from polyglutamylfolates so they 

can be absorbed. PSMA is expressed in many other tissues but its role is not 

known (Ristau, OôKeefe and Bacich, 2014). 

Folate is transported in the blood as THF-monoglutamate species, mostly 5-

meTHF monoglutamate (Wright, Dainty and Finglas, 2007). It is taken up by two 

transmembrane carriers and three receptors. Reduced folate carrier (RFC, 

encoded by SLC19A1) is the major transporter at neutral pH expressed widely 

across human tissues (Whetstine, Flatley and Matherly, 2002). PCFT transports 

folate at low pH (Wang, Zhao and Goldman, 2004). It is highly expressed in 

kidney, liver, placenta, spleen and intestine (Qiu et al., 2006). The receptors for 

endocytosis are FOLR1 (also known as FRŬ) in epithelial tissues and the placenta 

(Kamen, 2004), FOLR2 (also known as FRȁ) in hematopoietic tissues (Ross et 

al., 1999) and FOLR3 (also known as FRŭ) in T cells (Yamaguchi et al., 2007). 

Their exact mechanism of uptake is not known, their release from a vesicular 

compartment to the cytosol could be mediated by PCFT (Zhao et al., 2009). 

There are also many ABC transporters, which are low affinity but high-capacity 

(Hou and Matherly, 2014). 

Folate is retained in the cytoplasm or mitochondria by being polyglutamated 

(Kim et al., 1996) with folate polyglutamate synthetase (FPGS; Lowe et al., 

1993, p. 199; Freemantle et al., 1995; Lawrence et al., 2014). As part of the 
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folate cycle, THF is translocated from the cytosol to mitochondria using 

SLC25A32 (Chasin et al., 1974; Titus and Moran, 2000). The mitochondrial 

transporter for formate is not known. 

Transport of folate across the placenta occurs across syncytiotrophoblast and is 

believed to be via RFC, PCFT and FOLR1. FOLR1 binds folate on the microvillous 

membrane (MVM) before being internalised with receptor-mediated endocytosis 

with PCFT (Solanky et al., 2010). RFC is also found on the MVM so may provide 

an alternative uptake mechanism, and it found on the basement membrane to 

transport folate into fetal blood (Keating et al., 2007; Solanky et al., 2010). 

FOLR2 is highly expressed in Hofbauer cells (Thomas et al., 2021). The placenta 

also expresses ABC transporters MRP1, MRP2, MRP3 and ABCG2. Both protein 

and mRNA expression of all of these receptors and transporters have been 

reported to decrease across gestation (Williams, Mistry and Morgan, 2012), 

though other studies suggest FOLR1 stays consistent so balance of transport 

mechanisms may change through pregnancy (Yasuda et al., 2008; Solanky et 

al., 2010; Cherukad, Wainwright and Watson, 2012). 

1.4.3.2 B12 transport 

Mammals require B12 (or cobalamin) but are unable to synthesise it, thus it 

must be obtained from the diet. B12 is synthesised only in bacteria, yeast and 

possibly algae (Farquharson and Adams, 1976; Watanabe et al., 2002). A 

deficiency in B12 is common in many developing nations and in the elderly 

(McLean, De Benoist and Allen, 2008; Dali-Youcef and Andres, 2009; Green et 

al., 2017). Mild B12 deficiency can be hard to recognise clinically, partly because 

it can be retained in the body for years so deficiency requires sustained low 

intake, but severe deficiency can cause megaloblastic anaemia and neurological 

disorders (Reynolds, 2006). 

When ingested, B12 is bound by haptocorrin (encoded by TCN1) in the upper 

gastrointestinal tract (Allen et al., 1978, p. 78). Haptocorrin is capable of binding 

many forms of the vitamin, not just the active one, and it also found other body 

fluids including saliva, breastmilk and plasma (Morkbak, Poulsen and Nexo, 

2007). As it moves through the digestive system, B12 is released from 
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haptocorrin and bound to intrinsic factor (Hurlimann and Zuber, 1969; Birn et 

al., 1997; Kozyraki et al., 1998), before being taken up in the ileum through 

receptor-mediated endocytosis by cubam. Cubam is made of two subunits, the 

B12 binding subunit is Cubilin (encoded by CUBN), and amnionless. There may 

be a small proportion of B12 also absorbed without intrinsic factor by passive 

diffusion in the small intestine (Dahlgren and Lennernªs, 2019). 

Inside the cell, intrinsic factor is then degraded in the lysosome, allowing B12 to 

be released into the cytoplasm, possibly through the receptor-like protein LMBD1 

(encoded by LMBRD1; Rutsch et al., 2009). B12 can be exported from the cell by 

multidrug resistance protein 1 (MRP1; Beedholm-Ebsen et al., 2010). It is 

believed there are alternative mechanisms which have not yet been 

characterised. Transcobalamin (TCN2) transports B12 between tissues, and its 

blood levels are often used as a measure of B12 level (Hall, 1977, p. 77; Nexo 

and Hoffmann-L¿cke, 2011). B12 is taken up into cells by CD320 (Quadros, 

Nakayama and Sequeira, 2009). Again, it is taken into the lysosome, where 

TCN2 is degraded and B12 released into the cell. 

In the liver, B12 can be stored for later use. Otherwise, once in the cytoplasm, 

B12 is directed towards one of the two pathways, which may be controlled by 

cobalamin D (Coelho et al., 2008; Miousse et al., 2009). B12 to be used by MTR 

converted to methylcobalamin. Alternatively, it is directed to the mitochondria 

and modified to 5-deoxyadenosylcobalamin (Froese and Gravel, 2010). It can 

then act as an essential cofactor for the mitochondrial methylmalonyl-CoA 

mutase, which is part of the pathway to oxidise odd-chain fatty acids and 

catabolise ketogenic amino acids (Mascarenhas et al., 2022). B12 has also been 

suggested to have other metabolic roles, such as binding cyanide and inhibiting 

leucine-rich repeat kinase 2, which could play a role in Parkinson disease 

(Schaffner et al., 2019). 

During development, it is thought B12 is actively transported into the fetus, 

based on relative concentrations in maternal and cord blood, but the exact 

mechanism is unknown (Schulze et al., 2020). TCN2 protein is produced by the 

placenta alongside TCN2 receptors so it may be transported by Megalin (also 

known as LRP2) or CD320 (Moestrup et al., 1996, p. 19981998111999; 
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Schneider and Miller, 2010). Absorption in the foetus may also be partially from 

amniotic fluid, which contains foetal derived TCN2 and intrinsic factor (Gu®ant et 

al., 1989; Aimone-Gastin et al., 1999). 

1.4.3.3 B2 transport 

B2, also known as riboflavin, is involved in many different cellular processes, 

including the oxidative metabolism of carbohydrates, fatty acids and amino 

acids, multiple protein folding pathways, redox balance and epigenetic events. It 

must be obtained from the diet and is not stored in the body, though a small 

amount may be synthesised by bacteria in the colon. Deficiencies have been 

linked to cell degeneration, cancer and severe metabolic defects. 

B2 is absorbed in the small and large intestines via carrier-mediated processes 

(Said, Hollander and Mohammadkhani, 1993; Said and Ma, 1994). It is 

phosphorylated to its two biologically active forms: flavin mononucleotide (FMN) 

and flavin adenine dinucleotide (FAD). Cells uptake B2 with riboflavin 

transporters RVT1, RVT2 and RVT3 (encoded by SLC52A1, SLC52A2 and 

SLC52A3, respectively; Yonezawa et al., 2008; Yamamoto et al., 2009). RVT1 is 

expressed in the placenta and small intestines. RVT2 controls uptake into 

different tissues from the blood. and is expressed in most tissues but highest in 

brain and salivary gland. RVT3 is involved in placental transport, where it is 

expressed specifically in trophoblasts, as well as absorption in the small intestine 

and kidneys (Yoshimatsu et al., 2016; Jin et al., 2020). 

1.4.3.4 B6 transport 

B6 (or pyridoxine) exists as 6 different compounds with a common core 

structure, the biologically active form is PLP and it must be obtained from the 

diet. B6 acts as a cofactor for over 140 cellular reactions (Mooney et al., 2009), 

including biosynthesis of amino acids, fatty acids and neurotransmitters and 

protein folding. It may have a significant role in neurotransmitter function 

(Clayton, 2006). 
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Studies have demonstrated there is a carrier-mediated mechanism of uptake 

into epithelial and colon cells in vitro, and passive diffusion across the placenta, 

but the receptors have not yet been characterised (Schenker et al., 1992; Said, 

Ortiz and Ma, 2003; Said et al., 2008). It has been suggested that SLC19A2 and 

SLC19A3 could uptake B6, they are known to transfer thiamine (B1) and have 

been demonstrated to take up B6 in vitro (Dutta et al., 1999; Rajgopal et al., 

2001; Yamashiro et al., 2020). In mammals, PLP is secreted into the blood from 

the liver bound to serum albumin to avoid early dephosphorylation, which must 

then take place before it enters a cell. Placenta transport of B6 has not been 

characterised, but SLC19A2 and SLC19A3 are highly expressed in trophoblasts 

(Human Protein Atlas, proteinatlas.com). 

1.4.4 Folate-independent pathway 

The folate independent pathways utilises betaine as the methyl donor to produce 

methionine, catalysed by BHMT, mostly expressed in the liver and kidneys 

(Pajares and P®rez-Sala, 2006). This converts betaine to dimethylglycine, which 

can then be turned into glycine in the mitochondria (with dimethylglycine 

dehydrogenase then sarcosine dehydrogenase). BHMT mRNA is also found in 

mice during development, from the 4-cell stage to the blastocyst (Lee et al., 

2009), though this has not been replicated in humans (Benkhalifa et al., 2010). 

BHMT is not expressed in the placenta, suggesting the folate-dependent pathway 

is prevalent (Solanky et al., 2010). The importance of this pathway may increase 

to compensate when components for the folate pathway are limited (Molloy et 

al., 2005; Wallace et al., 2018). There is some association between neural tube 

defects and low betaine only when folate is also low (Shaw et al., 2004). Over 

pregnancy, betaine in maternal blood becomes a strong predictor of 

homocysteine while folate becomes a weaker one (Velzing-Aarts et al., 2005). 

1.4.4.1 Betaine 

Betaine is important as an osmolyte and a methyl donor, though it is involved in 

a variety of other processes (Lever and Slow, 2010). Its levels are high in the 

kidney where it has an important role as an osmolyte, and in the liver, for 1C 
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metabolism. Betaine can be obtained from the diet or synthesised from choline. 

It is taken up from the blood by Betaine-GABA transporter 1 (BGT1, encoded by 

SLC6A12; Zhou et al., 2012). The transport of betaine in human placenta has 

not been characterised and it must use an alternative mechanism as SLC6A12 is 

not expressed (Human Protein Atlas, proteinatlas.com). 

1.4.4.2 Choline 

Mammals can synthesise choline but most is obtained from the diet. Choline 

components can also be recycled from lipids when choline is limited. It gives rise 

to many metabolites in the cell, including acetylcholine, phosphatidylcholine (PC) 

and betaine (Kenny et al., 2025). Choline is important during development, 

especially for the nervous system, with insufficiency associated with neural tube 

defects similar to folate along with other developmental abnormalities (Zeisel, 

2006; Wallace et al., 2018). Deficiency in mice have been linked to DNA 

hypomethylation in the brain, possibly causing some of these phenotypes 

(Niculescu and Zeisel, 2002). In mice and cultured cells, choline may impact 

placenta angiogenesis, inflammation and macronutrient transport (Korsmo, Jiang 

and Caudill, 2019). 

There have been multiple transporters characterised which can transport choline, 

possibly varying with cell type and conditions. CHT1 (also known as SLC5A7) 

was the first discovered but is only expressed in cholinergic neurons 

(Apparsundaram et al., 2000; Ferguson et al., 2003). Choline is transported in 

many cell types mainly by FLVCR1, and the related transporter, FLVCR2, at the 

blood-brain barrier (Kenny et al., 2023; Nguyen et al., 2024). SLC44A1 and 

SLC44A2 (also known as CTL1 and CTL2) also transport choline are found in 

both the plasma and mitochondrial membrane (Fullerton et al., 2006; Taylor et 

al., 2021). The related SLC44A3 has also been shown to transport choline, but 

its mechanism and localisation have not be characterised (Sinclair et al., 2000; 

Nakata et al., 2013). Uptake in the small intestine may be by FLVCR1 and 

SLC44A1 (Horie et al., 2014). 

The majority of choline in cells is used to produce the phospholipid PC. It can 

also be irreversibly oxidised into betaine, for which it is transported into the 
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mitochondria. The conversion is done by choline dehydrogenase (CHDH) and 

betaine-aldehyde dehydrogenase (ALDH7A1). Betaine is then exported into the 

cytosol previously thought to be by SLC44A1 and SLC44A2 (Taylor et al., 2021). 

However, more recent work suggests it transported by SLC25A28 (Schlosser et 

al., 2023; Khan et al., 2024).  It is actively transported across the placenta; on 

a protein level SLC44A1 is found in the syncytiotrophoblasts and SLC44A2 in the 

stroma (Baumgartner et al., 2015), though SLC44A2 is also expressed highly in 

cytotrophoblasts (Human Protein Atlas, proteinatlas.com). 

1.5 DOHaD 

The Developmental Origins of Health and Disease (DOHaD) hypothesis states 

environmental exposures in early life affect the risk of adverse health outcomes 

later in life (Barker, 1990). Epidemiological studies have shown many 

associations between early environment and later disease outcomes in humans. 

The classic example is the Dutch Winter, a severe famine in 1944-45. Prenatal 

exposure to this famine increased the risk of diabetes, schizophrenia and other 

diseases in later life (Lumey, Stein and Susser, 2011). These mechanisms may 

have developed because it is advantageous for the developing fetus to respond 

to the environment to ensure optimal growth and environment. However, this 

does not mean they are still adaptive in the current environment. Alternatively, 

later disease may be a result of inability to follow the appropriate development 

with the resources available. 

1.5.1 Studies in The Gambia 

Studies into the effects of environment on humans are complex due to the many 

factors involved. In an attempt to alleviate this, many studies focusing on the 

effects of nutrition have utilised the seasonal differences in environment, 

especially nutritional intake, of the rural population in The Gambia. The country 

experiences a consistent rainy óhungryô season July to September, in which crops 

are growing so food availability is lower and energy status is poorer than in the 
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following dry óharvestô season February to April (Prentice et al., 1981, p. 81). 

This allows season to be used as a proxy for nutritional exposure. 

Exposure to different seasons during early development has been linked to 

health outcomes. Babies born in the rainy season are more likely to have IUGR 

(Ceesay et al., 1997). They are also 10 times more likely to die prematurely, 

which may be linked to infection (Moore et al., 1997; Moore, 1999), as babies 

born in the hungry season have altered T cell immunity, with lower CD3+ and 

CD4+ lymphocyte counts (Ngom et al., 2011). 

Two studies have characterised the levels of 1C nutrients in the population 

between seasons. The first monitored diets and blood biomarkers across one 

year for non-pregnant women (Dominguez-Salas et al., 2013). Macronutrient 

dietary composition changes across the year, with higher fat and protein in the 

dry season and higher carbohydrate in the rainy season. Energy intake was 

consistent, unlike previous studies (Prentice et al., 1981), but body weight 

decreases during the rainy season due to agricultural workload. 

Dietary intake did not correlate well with blood biomarker levels, which are a 

more stable and reliable measure. It is therefore better to consider only the 

blood biomarker levels where available. This also allows more direct comparison 

with another study measuring blood biomarkers in pregnant women and 

estimating the values at conception (James et al., 2019). Both studies found that 

folate, betaine, B2, SAM and SAM:SAH ratio were higher in the rainy season and 

B6, homocysteine, dimethylglycine and SAH was higher in the dry season 

(Figure 1.6). There were some slight differences, with one study each finding 

methionine or active B12 higher in dry and choline and cysteine higher in rainy 

with the other finding no difference. Overall, all measured biomarkers changed 

significantly with season in at least one study. 
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Additionally, both studies found consistent deficiencies though the measures 

used and therefore proportions varied. For example, James and colleagues found 

most women were deficient in B2, 30% in betaine and 20% in choline. They also 

found different proportions of deficiencies between seasons, with average 40% 

deficient in B6 with more in the rainy season and deficient 13% in folate with 

more in the dry season. Although different measures were used, Dominguez-

Salas and colleagues also found many participants deficient in folate, B2, B6 and 

choline. This all leads to a higher concentration of methyl donors in the rainy 

season, potentially giving a higher methylation potential. 

Figure 1.6: Simplified one-carbon cycle showing changes with season 

in The Gambia. Colour of boxes represents comparative levels between 
seasons in diet as measured by blood biomarkers from two studies 

(Dominguez-Salas et al., 2013, James et al., 2019). Blue components are 
higher in rainy season, yellow are higher in dry season, white were not 
measured. Arrows represent components predictive of methylation at 50 MEs 

(James et al., 2019). Left arrows are dry season and right arrows rainy season. 
Up arrow indicates positive predictor for methylation in that season, down is 

negative predictor. Grey boxed arrows were predictive as individual 
components, others were part of predictive principal components. DHF, 
dihydrofolate; Methylene-THF, 5,10-methylene tetrahydrofolate; Methyl-THF, 5-

methyl tetrahydrofolate; SAH, S-adenosyl homocysteine; SAM, S-adenosyl 
methionine; THF, tetrahydrofolate. 
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1.6 Metastable epialleles 

Metastable epialleles (MEs) are loci which show variable epigenetic states 

independent of genetic sequence. In practise, ME is used to describe loci with 

variable DNA methylation between individuals but consistent cross-tissue 

methylation within individuals. The consistency suggests the level of methylation 

is established early in development before lineage specification and maintained. 

This could imply differential de novo methylation post-implantation or differential 

methylation deriving from the gametes that survives reprogramming as with 

imprinted gDMRs. 

MEs are of interest because they could play a regulatory role, driving differences 

in gene expression previously unappreciated from studying sequence variation. 

They are often associated with transposable elements, which evolve fast and can 

give rise to new cis-regulatory DNA elements or even new exons and genes 

(Imbeault, Helleboid and Trono, 2017; Bourque et al., 2018). Methylation at 

some MEs is responsive to environment, maybe connecting environment, 

methylation and health (Bertozzi and Ferguson-Smith, 2020). Given their cross-

tissue consistency, MEs can be studied in easily accessible tissues to provide 

information on less accessible ones. Overall, MEs could be a powerful tool for 

studying effects of early environmental exposures. 

1.6.1 Identifying mice MEs 

MEs have been identified in mice by searching for loci with correlated 

methylation across germ layers but variable methylation between individuals, 

known as systemic interindividual variation (SIV). The difficulty in classifying 

sites of SIV as MEs is determining the observed methylation variation is not 

influenced by genetic variation. However, mice can be studied with limited and 

known genetic variation to allow confident classification of MEs. 

A well characterised ME is the Agouti viable yellow (Avy) allele in mice, which 

when expressed causes a yellow coat colour (Dickies, 1962; Duhl et al., 1994). 

It is also linked to obesity, glucose intolerance and tumourigenesis (Yen et al., 
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1994; Miltenberger et al., 1997). Like many subsequently identified MEs, is it 

associated with an Intracisternal A-particle (IAP): a Class II ERV containing 

protein-coding sequences between long terminal repeats (LTRs; Cole, Ono and 

Huang, 1981). The insertion of this IAP led to the creation of a cryptic promoter. 

The promoter drives expression when unmethylated and crucially the epigenetic 

states, including DNA methylation and histone profiles, vary between individuals 

(Duhl et al., 1994; Morgan et al., 1999; Kazachenka et al., 2018). The 

phenotype is partially heritable from the maternal line (Morgan et al., 1999). 

Environment affects the phenotype, for example a preconception diet rich in 

methyl donors and cofactors in utero leads to increased methylation and fewer 

offspring with yellow coats (Wolff et al., 1998; Cooney, Dave and Wolff, 2002; 

Waterland and Jirtle, 2003; Cropley et al., 2006). 

Subsequent studies have focused on identifying other IAPs exhibiting SIV 

(Kazachenka et al., 2018). Unlike Avy, most are not heritable and many are not 

changed by environmental exposures including bisphenol A or methyl donor 

supplementation (Bertozzi et al., 2021). Sites also function independently, as 

methylation is generally not correlated across different sites within individuals 

but is found at consistent levels across populations at each site (Kazachenka et 

al., 2018). Cross-breeding and genetic screens mean that some of these sites 

can be confidently classified as MEs, meaning they are SIV not influenced by 

genetic sequence. 

A recent screen by Gunasekara and colleagues (2025) used whole genome 

bisulfite sequencing (WGBS) on 3 tissues from 10 isogenic mice and confirmed 

selected regions with pyrosequencing in a different cohort of mice. They 

identified only 29 MEs as regions with Ó0.71 inter-tissue correlation, at least five 

CpGs and inter-individual range Ó20%. They overlapped with previous screens 

for SIV, were not affected by maternal dietary methyl-donor supplementation 

and were associated with LTR transposable elements. Again, these results 

indicate the Agouti ME is not representative of wider MEs. These MEs were also 

enriched for Kruppel associated box (KRAB) zinc-finger proteins (KZFP) binding 

sites, specifically Gm13152, Gm13157 and Gm13251 and CTCF binding motifs. 
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The mechanism behind MEs is currently unknown. Transposable elements are 

silenced early in development; in embryonic stem cells this is done by KZFPs 

recruiting KRAB-associated protein 1 (KAP1) to result in DNA methylation and 

H3K9me3 (Rowe et al., 2010; Quenneville et al., 2012; Ecco, Imbeault and 

Trono, 2017). Variable methylation establishment in MEs could come from 

competition between binding KZFP/KAP1 promoting DNA methylation and CTCF 

and ZF CxxC domain-containing proteins that prevent it (Costello et al., 2021; 

Elmer et al., 2021). The partial inheritance of some MEs may be explained by 

the ability of a small subset of loci, including IAPs, to escape germline 

methylation reprogramming (Lane et al., 2003; Hackett et al., 2013). 

1.6.2 Identifying human MEs 

Identification of MEs in humans is more complex, but advances in molecular 

techniques have suggested their existence in the human genome and identified 

putative links with environment and disease. It is much more difficult to rule out 

genetic effects due to population genetic variation and many sites of variable 

methylation can be explained by genetic variation (Villica¶a and Bell, 2021). It 

has therefore been suggested that the definition of MEs in humans should be 

expanded to include those under partial genetic influence. In line with this, in 

this thesis I am defining MEs to include those with partial genetic influence or 

where genetic influence has not been proven. They must still have DNA 

methylation patterns with inter-individual variation but not intra-individual 

methylation. They may be influenced by environment, but this is not important 

for the definition. 

Humans also do not have IAPs, which have been the focus of ME screens in 

mice, so a different approach is needed. Due to the difficulty of removing genetic 

influence, it is not currently possible to identify human MEs by the strict 

definition. However, screens have identified potential MEs allowing for partial 

genetic influence. To date, there have been six independent screens for SIV in 

humans, two using individual CpGs and four at regions. 
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1.6.2.1 Screens for human MEs 

In the first screen for MEs in humans, Waterland and colleagues (2010) found 

interindividual variation between peripheral blood leukocytes (PBL) and hair 

follicles from 8 adults. They identify 40 sites with methylation-specific 

amplification microarray and confirmed 8 with pyrosequencing. Five were also 

consistent across liver, kidney and brain in another cohort. Three sites were 

variable among monozygotic twins, suggesting no influences of genetic variation 

is not significant. The five putative MEs had higher methylation in children 

conceived in the Gambian rainy season, with over 10% increase at PAX8 and 

ZFYVE28. 

Harris and colleagues (2013) identified 1776 CpGs in which the same patients 

had the highest and lowest methylation values from two tissues out of a cohort 

of ten. They filtered for an interindividual range of 10% to 60% and inter-tissue 

correlation over 0.63. 14% of the identified CpGs had over 10% difference in 

PBL samples in monozygotic twins, suggesting lack of genetic influence. These 

sites were also enriched for CpGs identified as variable in both MZ twins and the 

general population, suggesting methylation at these sites is established after 

twin cleavage. 

Silver and colleagues (2015) used whole genome bisulfite sequencing (WGBS) 

on PBL and hair follicle DNA from two adults. They developed a systemic 

interindividual variation index (SIVI), which is highest in sites with consistent 

interindividual difference in both tissues, but similar percent methylation in the 

same individual. Their candidate MEs were the 109 200bp bins with the highest 

SIVI, at least 6 CpGs and no evidence of genetic variation. These regions were 

enriched for sub-telomeric regions, proximity to LINEs and ERVs. VTRNA2-1 was 

the strongest candidate ME associated with five identified bins, had no 

association with genetic variation and was confirmed in a separate three tissue 

cohort. Hypomethylation at VTRNA2-1 is more common in Gambian children 

conceived in the dry season, and associated with low maternal B2 and 

methionine at conception. A second screen using a 450k array on PBL of 120 

Gambian infants identified VTRNA2-1 as the only significant association. 

However, the top 10 sites still had higher methylation in the rainy season, 
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including other candidate MEs PAX8 and AKAP12. Interestingly, this study also 

found a change in methylation at ZFP57 in response to season of conception. 

van Baak and colleagues (2018) identified 1042 CpGs with interindividual range 

over 0.2 and greater than three times the inter-tissue range, with 450k array on 

three tissues from four individuals. These sites were enriched for sub-telomeric 

regions and associated with cancer risk, including SPATC1L where methylation 

was associated with reduced risk of colorectal and prostate cancer. The CpGs 

overlapped with regions found in the same study to be more similar in 

monozygotic twins than genetic similarity would explain, suggesting an 

environmental effect and establishment before embryo cleavage. They were also 

enriched for probes showing season-of-conception effects in 2 year-olds from the 

Gambian ENID cohort, with higher methylation from conception in the rainy 

season. 

Kessler and colleagues (2018) identified 87 putative ME regions using WGBS 

from five samples, each with two of three tissue types. They first filtered for 

CpGs with > 15% interindividual difference and an intraindividual range less 

than one third the interindividual range. Putative ME regions had Ó four CpGs, at 

least two thirds meeting the criteria, with maximum 300bp between CpGs. These 

regions were associated with predicted enhancers, TSSs, zinc finger genes and 

proximity to ERV1 and ERVK elements. 

They then studied developmental stages from gametes to differentiated 

embryonic tissue with reduced representation bisulfite sequencing (RRBS). 

Methylation at ME regions was always lower than background, with an increase 

in intermediate methylation in the post-implantation embryo suggesting they 

may be established post-implantation. ME regions had higher read homogeneity 

index than controls i.e. CpGs on same read tend to be the same state. mQTL at 

ME regions explained a median of 0.23 variance, suggesting some genetic effect. 

The regions were also enriched for ZFP57, CTCF and TRIM28 binding sites. 

The most comprehensive screen so far was performed by Gunasekara and 

colleagues (2019), who identified 9926 Correlated Regions of SIV (CoRSIVs). 

The name derives from identifying SIV that is correlated across tissues. They 



42 
 

used WGBS on representative tissues from the three germ layers from 10 

donors. CoRSIVs were consecutive 100bp bins with > 5 CpGs, inter-tissue 

correlation > 0.71 and interindividual variation > 20%. It is notable VTRNA2-1 

was not identified, possible due to small sample size. Nine of 11 regions were 

confirmed in a separate cohort, with two failing due to low interindividual 

variation. 

CoRSIVs were positively correlated within topologically associated domains 

(TADs), enriched for transposable elements and depleted for CpG islands and TF 

binding sites. 77 CoRSIVs overlapping the 450k array varied with season of 

conception, as before with higher methylation in rainy season conceptions. 

CoRSIVs were enriched for CpGs associated with non-cancer diseases. They can 

also affect expression, with a subset showing correlation between methylation in 

adipose tissue with both expression in the same tissue and expression in skin 

and lymphoblastoid cell lines. There were two distinct groups: with and without 

evidence of mQTL. The groups are likely to represent a true split, as they had 

different methylation distributions. 

In a follow up study, Gunasekara and colleagues (2023) tested 4086 of the 

CoRSIVs within 3000 bp of a gene in 188 donors with target-capture bisulfite 

sequencing. They confirmed an interindividual range > 20% and inter-tissue 

correlation mostly > 0.6. There was a strong genetic influence at many sites, 

often with the major allele correlating with higher methylation. Expression 

analysis in a smaller set of 60 donors showed CoRSIV methylation negatively 

correlated with expression in thyroid, lung and cerebellum. 

1.6.2.2 Interindividual variation 

Identifying SIV, leading to putative MEs, is a challenging test because it requires 

multiple tissues from the same individuals, many of which are inaccessible. As in 

mice, many studies have instead identified variation in methylation between 

individuals. These cannot be classified as MEs without confirming lack of 

intraindividual variation, but would be good candidates to test. They could also 

still be interesting and drive phenotypic variation in a similar way to MEs, even if 

they are not conserved across all tissues. 
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For example, Derakhshan and colleagues (2022) identified 4143 hyper variable 

CpGs (hv-CpGs) which consistently had intraindividual variation across 40 

datasets of different tissues and cell types with 450k arrays. The variation was 

not explained by age or cell type and although many were linked to mQTLs, it 

explained only a small portion of variation. 24% of the hv-CpGs overlapped with 

the putative ME datasets. Like these, the hv-CpGs were enriched for proximity to 

ERV1 and ERVK elements and overlapped with PofOm and imprinted genes. A 

test on a cohort of matched fetal tissues showed that many did not reach the 

criteria for lack of intraindividual variation, but they show similar patterns in 

variation. Interestingly, their placenta dataset showed a unique methylation 

distribution at hv-CpGs compared to all other datasets, with more low 

methylation and less intermediate methylation. 

1.6.2.3 Features of human MEs 

So far, there is little overlap between the sites identified in different screens 

(Derakhshan et al., 2022). This may be explained by the small size of these 

screens, giving reduced power, as well as the different approaches used. There 

is, however, patterns in the features of the sites identified. Putative human MEs 

are enriched for proximity to ERVs (Kessler et al., 2018), LINEs (Silver et al., 

2015), sub-telomeric regions (Kessler et al., 2018; Derakhshan et al., 2022) and 

proximity to ZFP57, CTCF and TRIM28 binding sites (Kessler et al., 2018).  

They are also enriched for oocyte gDMRs and some overlap imprinted genes 

(Van Baak et al., 2018; Silver et al., 2022). This is interesting because imprinted 

genes are also associated with ZFP57, CTCF and TRIM28 binding sites, 

suggesting a potential link between the two (Monk et al., 2019). Indeed, many 

polymorphic imprinted genes could meet the criteria for MEs, giving variable 

methylation across a population but consistent within individuals. Human ME 

screens to date have not tested for parent-of-origin allelic bias in methylation 

and how this could interact with the methylation variation. If MEs do arise from 

sites with oocyte-derived methylation, the observed variation could be due to 

losses or gains during early development at DMRs from the gametes, creating 

incomplete persistence of gDMRs. Alternatively, there could be variable states in 

the gametes to begin with which persist. 
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1.7 Environment, health and DNA methylation 

As discussed in Section 1.50, the DoHaD hypothesis states that early life 

exposure influences later life health outcomes. There are several possible 

mechanisms that could link early environmental exposures to lifelong health of 

which DNA methylation changes, causing gene expression changes, are a 

leading candidate (Fleming et al., 2018). There is a direct mechanistic link 

through 1C metabolism, which requires components from the diet and produces 

methyl groups including those for DNA (Section 0). There is likely to be other 

links however, creating adaptive responses to early environment. 

When investigating these links, the time around conception (periconception) may 

be a critical window because, as discussed in Section 1.1.4, shortly after 

fertilisation patterns of DNA methylation are established that can persist 

throughout life. These create interindividual epigenetic variation, including MEs 

and imprinted DMRs. The appropriate epigenetic landscape is important at every 

developmental stage and in every cell type. Very early epigenetic changes could 

also be inherited by germ cells and affect the next generation, if they escape 

reprogramming (Daxinger and Whitelaw, 2012). 

1.7.1 Health impacts of developmental exposures 

Adverse birth outcomes can be caused by many different factors, including a 

wide variety of environmental exposures. Both maternal obesity and 

preconception physical activity are associated with risk of preeclampsia (Aune et 

al., 2014; Marchi et al., 2015; Poston et al., 2016). Alcohol and caffeine intake 

have been linked to reduced birthweight (CARE Study Group, 2008; Popova et 

al., 2021), and tobacco smoke exposure to worse birth outcomes, including 

reduced fetal growth (Peterson and Hecht, 2017). These adverse birth outcomes 

can subsequently be linked to later life disease, as discussed in Section 1.3.4 

with placenta-related outcomes. 

These studies provide good evidence for a link between early environment and 

later disease, however they have wide exposure windows. Animal studies allow 
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greater precision on how impact varies depending on timing and duration of 

environmental exposures. For example, in mouse studies periconceptional 

maternal obesity has been shown to affect fetal growth rate (Denisenko et al., 

2016; Holland et al., 2016). These studies also provide more tools to investigate 

mechanisms, in this case fetal growth rate is directly affected by methylation 

changes at the ribosomal DNA promoter which controls the levels of ribosomal 

RNA. 

Isolating exposures in the periconceptional period is more challenging in 

humans, but possible in some cases including the study of assisted reproductive 

technologies (ART), such as in-vitro fertilisation, which change environment only 

around conception compared to other pregnancies. ART is associated with 

increased risk of IUGR or premature birth (Camprub² et al., 2013). Linking to 

later health, it has been associated with an increased risk of high blood pressure 

in children and altered heart shape and chamber size in infants (Ceelen et al., 

2008; Valenzuela-Alcaraz et al., 2013). 

1.7.1.1 Impact on placenta 

The placenta is particularly interesting in the context of DOHaD because early 

environment can influence placental function, impacting development and 

pregnancy outcomes. Further, placenta-related adverse pregnancy outcomes can 

influence later life disease, as discussed in Section 1.3.4. Placental function has 

been associated with many environmental exposures, such as maternal smoking 

and obesity (Reijnders et al., 2019; Scott et al., 2022). Increased physical 

activity before and during early pregnancy can reduce the incidence of 

preeclampsia (Aune et al., 2014). 

Overall placenta morphology has also been associated with later disease risk. For 

example, in the Helsinki Birth Cohort who experienced prenatal famine exposure, 

placenta thickness has been associated with risk of sudden cardiac death (Barker 

et al., 2012). Another study linked longer and more oval placentas in this cohort 

with colorectal cancer (Barker et al., 2013). 
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Again, animal models have demonstrated specifically the effect of 

periconceptional exposures on the placenta. For example, placental growth is 

affected by a preconception zinc deficiency in rodents (Tian et al., 2014). Longer 

term effects include increased risks of offspring hypertension and adiposity from 

a preimplantation low protein diet in rodents (Kwong et al., 2000; Watkins, 

Ursell, et al., 2008; Watkins, Wilkins, et al., 2008). These models suggest the 

blastocyst is capable of sensing nutrient status and altering the phenotype of 

placental development (Eckert et al., 2012; Watkins et al., 2015). 

1.7.1.2 Links to DNA methylation 

Exposure of many environmental factors during development is known to affect 

DNA methylation, for example there are changes in methylation at repetitive 

regions with fetal bisphenol A exposure (Faulk et al., 2016) and changes in 

methylation at 12 CpGs in blood and 12 in buccal epithelial cells with prenatal 

exposure to phthalates (England-Mason et al., 2022). Aflatoxin B1 exposure in 

utero in The Gambia was associated with differential methylation at 71 CpG sites 

in infant white blood cells, including in growth factor and immune-related genes 

(Hernandez-Vargas et al., 2015). A meta-analysis found DNA methylation in 

neonatal blood has been linked with many pregnancy exposures and is 

associated with birthweight through childhood, but not adulthood. There is also 

an overlap between CpGs related to birthweight and intrauterine exposures 

(K¿pers et al., 2019). 

A study detected DNA methylation differences in cord blood associated with later 

ASD diagnosis, enriched for regions related to fetal brain development 

(Mordaunt et al., 2020). There were large sex differences with 537 gene-

associated DMRs in males and 1762 in females across two independent cohorts. 

In one of these studies, MARBLES, another analysis found placenta methylation 

at 400 DMRs was associated with later ASD diagnosis, again enriched with brain 

development genes, including the genes CYP2E1 and IRS2 (Zhu et al., 2019). 

Again, attempting to narrow exposures to the periconceptional period, studies 

disagree on the effect of ART on DNA methylation. A meta-analysis found a 

consensus on increasing DNA methylation at the PEG1/MEST region but not at 
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other imprinted genes which have been found in other studies (Barberet et al., 

2022). It has been linked to an increased risk of imprinting disorders (Cortessis 

et al., 2018). 

1.7.1.3 Links to placenta DNA methylation 

In rodents, placenta DNA methylation is affected by maternal diet. A gestational 

high-fat diet leads to placenta global hypomethylation and changes in 

methylation at enzymes involved in epigenetic machinery and expression 

(Gallou-Kabani et al., 2010). There are also changes at many genes in the 

transcriptome and methylome, and the genes vary with sex, even being involved 

in different biological functions (Gabory et al., 2012). 

In humans, deviations from normal placenta aging have been reported for 

several pregnancy complications. Accelerated epigenetic aging has been linked 

to early onset preeclampsia (Mayne et al., 2017), and lower fetal weight 

(Tekola-Ayele et al., 2019), while deceleration has been associated with 

maternal weight gain during pregnancy (Workalemahu et al., 2021). 

A review of human studies found a variety of exposures associated with 

methylation changes in placentas both globally and at specific sites, including air 

pollution, maternal smoking, bisphenol A and trace metals (Mortillo and Marsit, 

2022). They observed these effects are generally stronger when the exposure 

occurs in the first trimester. In other studies, maternal depression and anxiety 

have also been linked to decreases in overall placenta methylation levels, with 

some changes in gene expression (Chen et al., 2014). 

As many imprinted genes are related to fetal growth, it is not surprising many 

have also been linked to IUGR. Mouse models have demonstrated that generally 

deletions of genes which are paternally expressed, including Igf2, Peg1 and 

Peg3, reduce placental size and increase the incidence of IUGR (DeChiara, 

Robertson and Efstratiadis, 1991; Lefebvre et al., 1998). The opposite happens 

with deletions on maternally expressed genes, such as Grb10 and Phlda2, 

causing fetal over-growth (Charalambous et al., 2003; Salas et al., 2004). 



48 
 

This is well illustrated by Insulin-like growth factor 2 (IGF2), an important 

controller of fetal growth which can adapt placental phenotype to environment 

and control nutrient transfer (SferruzziȤPerri et al., 2017; S®l®nou et al., 2022). 

In mice, the Igf2P0 transcript is expressed specifically in the placenta and 

inactivation restricts the placenta. Deleting this leads to a smaller placenta, but 

it is able to upregulate transport capacity, particularly glucose transporters, to 

maintain normal fetal growth until late gestation (Const©ncia et al., 2002, 2005). 

When present, this transcript can regulate placental phenotype to adapt to 

reduced nutrition (Coan et al., 2010). IGF2 in humans does not have the same 

specificity for placenta, but may still be important for fetal growth, for example 

IGF2 levels are reduced in cord blood from SGA babies (Tzschoppe et al., 2015) 

In humans, Sinclair and colleagues (2007) found 15 loci where methylation 

associated with birthweight, of which four had corresponding changes in 

transcript levels in placenta. IUGR has been associated with placental expression 

of the imprinted GPR1-AS1 and ZDBF2 genes (Monteagudo-S§nchez et al., 

2019). It is also associated with increases in HYMAI expression, and, in girls 

only, lower PLAGL1 expression (Iglesias-Platas et al., 2014). 

Placentas from pregnancies with preeclampsia have higher global DNA 

methylation and within this, blood pressure increases correlate with methylation 

increases (Kulkarni et al., 2011). Cytotrophoblasts from preeclampsia have also 

been shown to have increased H3K27ac at upregulated genes and in different 

cases either patterns suggesting immaturity or advanced aging (Zhang et al., 

2021). 

As with other tissues, there have been many studies with conflicting results on 

the effect of ART methylation in the placenta. A meta-analysis found a decrease 

in DNA methylation at the PEG1/MEST region (Barberet et al., 2022). A recent 

study found decreased methylation and expression of TRIM28, which could 

contribute to changes in imprinting, as well as downregulation of NOTCH3 and 

DLK1, which could affect fetal growth (Auvinen et al., 2024). 
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1.7.2 Health impacts of 1C-related nutrition 

Nutrition exposure may be key to investigating methylation variability, due to the 

direct links of micronutrients into the 1C pathway which provides methyl groups 

required for DNA methylation. I have therefore focused on nutritional exposures 

related to the 1C metabolism in the following section. 

A study on pigs found that maternal supplementation with 1C nutrients 

(methionine, choline, folic acid, vitamin B6, vitamin B12, and zinc) during 

pregnancy increased fetal weights mid to late gestation (Oster et al., 2016). In 

rats, a few studies have found supplementing diets with methyl donors leads to 

obesogenic phenotypes in the offspring (Szeto et al., 2009; Reza L·pez et al., 

2013). 

In humans, the UK based UPBEAT trial used an intervention during pregnancy 

which reduced processed and snack food consumption and found a decrease in 

infant adiposity at 6 months of age (Patel et al., 2017). In a trial in Burkina 

Faso, intake of multiple micronutrients (UNIMMAP) correlated with birthweight, 

significantly reducing the numbers of SGA babies, with bigger effects when the 

supplementation started earlier (Roberfroid et al., 2012). 

1.7.2.1 Impact on placenta 

1C metabolism is important for placenta development and function. Adequate 

nutrition in the first trimester and periconceptional folic acid supplementation are 

associated with lower resistance of the uterine and umbilical arteries in second 

and third trimesters, in which high resistance isassociated with preeclampsia and 

fetal growth restriction risk (Reijnders et al., 2019). Exposure to the Dutch 

Hunger Winter was associated with reduced placenta weight, birthweight and 

increased preterm births, stillbirths and neonatal death (Lunney, 1998; Susser 

and Stein, 2009). 

A systematic analysis of the effects of micronutrient supplementation looked at 

six placenta-related outcomes: preeclampsia, small for gestational age, low 

birthweight, preterm birth, stillbirth and maternal death (Kinshella et al., 2021). 
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No single factor affected all six, but one or more were affected by vitamins C and 

E, vitamin D, vitamin D and calcium co-supplementation, calcium, iron and/or 

folic acid, zinc and multiple micronutrient supplementation. In another review, 

14 of 25 nutritional factors reviewed were significantly associated with 

preeclampsia incidence, including vitamin D deficiency and high serum iron 

(Kinshella et al., 2023). A study in The Gambia found that periconceptional 

multiple micronutrient supplementation improved placenta vascular function 

(Owens et al., 2015). Some small effects have been found using micronutrient 

supplementation to reduce IUGR in Nepal (Christian, 2003). 

1.7.2.2 Links to DNA methylation 

In animal models, DNA methylation patterns are affected by 1C-related dietary 

supplements early in development, including betaine, choline, folic acid, 

methionine, and vitamin B-12 (Waterland and Jirtle, 2003; Sinclair et al., 2007). 

As discussed earlier, maternal dietary methyl donors affect the Agouti gene, 

changing coat colour (Wolff et al., 1998; Cooney, Dave and Wolff, 2002; Cropley 

et al., 2006). Restricting folate, B12 and methionine in the periconception period 

led to adults who were heavier, had altered immune responses and higher blood 

pressure (Sinclair et al., 2007). They also had differences in methylation at 4% 

of studied CpG sites in the liver, over half of which occurred only in males. 

In humans, adults whose mothers were exposed to the Dutch Hunger Winter 

only before and during the periconceptional period have slightly decreased DNA 

methylation in the IGF2 gene (Heijmans et al., 2008). Further studies have 

shown exposure to this famine in early gestation affects methylation in many 

regions, mostly annotated as regulatory and with nearby genes expressed in 

early developmental phases (Tobi et al., 2014). 

The EMPHASIS (Epigenetic Mechanisms linking Preconceptional nutrition and 

Health Assessed in India and sub-Saharan Africa) study conducted two 

randomised controlled trials that used different micronutrient interventions taken 

preconception and during pregnancy. Six differentially methylated CpGs were 

found in Gambian children, of which four were around ESM1 (Saffari et al., 

2020). Another randomised controlled trial found sex-specific epigenetic changes 
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in Gambian cord and infant blood from periconceptional micronutrient 

supplementation (Khulan et al., 2012). In these children, girls had reduced 

methylation at IGFR2 and boys at MEG3/GTL2, but these differences 

disappeared by nine months (Cooper et al., 2012). 

As discussed previously, seasons in The Gambia can be used as a proxy for 

nutritional intake as 1C-related micronutrients vary consistently (Section 1.5.1). 

This leads to a higher concentration of methyl donors in the rainy season 

possibly explaining increase in methylation at putative MEs in children conceived 

in the rainy season (Section 1.6.2). Following on from this, Silver and colleagues 

(2022) identified 768 CpGs where methylation associated with season of 

conception (SoC-CpGs; Figure 1.7). They were found using 450k array of blood 

from 2 year olds conceived across the year (ENID cohort). Modelling with Fourier 

regression without any prior assumptions about dates found many sites with a 

methylation maximum with conception at the peak of the rainy season (August 

to September) and minimum at the peak of the dry season (February to April). 

The pattern was preserved but with a lower amplitude in an older cohort 

(EMPHASIS) of ages 7-9. The pattern was also preserved but decreased with age 

in a subset of the ENID cohort tested again at ages 5-7 at the top 259 SoC-CpGs 

with a total change over 4%. 

Figure 1.7: DNA methylation at Gambian season of conception 

associated CpGs (SoC-CpGs). Modelled change with conception date at 768 
CpGs.  Red lines highlight 26 ME CpGs, which were also identified in other 
studies (Kessler et al., 2018; Van Baak et al., 2018). Reproduced from Silver et 

al. (2022). 
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SoC-CpGs were enriched for putative MEs (Silver et al., 2015; Kessler et al., 

2018; Van Baak et al., 2018). They were also enriched for parent of origin 

methylation (Zink et al., 2018), oocyte gDMRs (Sanchez-Delgado et al., 2016) 

and proximity to ERV1 sites, TEs and ZFP57 binding sites. As with many putative 

MEs, half have an associated mQTL but it did not explain most of the variation. 

The EWAS catalogue revealed associations including maternal smoking in 

pregnancy, maternal plasma folate levels, and adult body mass index (BMI). 

Nearby SNPs in the GWAS catalogue were associated with traits including 

childhood obesity and cardiovascular mortality. 

Other studies have broken down the effects of individual nutrients. Increased 

methylation at seven infant MEs was associated with increased levels of 

homocysteine and B6 and decreased levels of B2 (Dominguez-Salas et al., 

2013). James and colleagues (2019) found methylation at 50 MEs was predicted 

by plasma folate, choline and homocysteine at conception. Separating by season 

however found different predictive biomarkers, with vitamin B-2, SAH:SAM ratio 

and methionine as positive predictors in the dry season, and SAH:SAM ratio, 

choline and vitamin B-6 as positive and folate and vitamin B-12 as negative 

predictors in the rainy season (Figure 1.6). These changes explained 27% of 

methylation variance in the rainy season but only 9.4% in the dry season. The 

different seasonal effects suggest a switch between the betaine dependent 

pathway in the rainy season to the folate dependent pathway in the dry season. 

Importantly, these changes in methylation with diet can also be linked to health 

outcomes. Non-imprinted DMRs in cord blood, placental tissue or peripheral 

blood from Gambian infants have been associated with birthweight, and 25 

DMRs in infant blood at 12 months were associated with length for age (Quilter 

et al., 2021). This is also well illustrated with a few specific genes. As discussed 

earlier, VTRNA2-1 a putative ME which is responsive to season of conception 

(Silver et al., 2015). It is a putative imprinted tumour suppressor and shows 

polymorphic maternal imprinting (Romanelli et al., 2014). Another example is 

POMC, where DNA hypermethylation is established in early embryo and 

associated with maternal one-carbon metabolites at conception (K¿hnen et al., 

2016). The methylation acts to reduce POMC transcription and is associated with 

obesity in children (Kuehnen et al., 2012). A third example is PAX8, where 
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increased methylation is associated with periconceptional micronutrient 

supplementation and conception in the Gambia rainy season (Waterland et al., 

2010; Silver et al., 2015; Saffari et al., 2020). It is a master regulator of thyroid 

gene expression, and its methylation has been associated with thyroid function 

in Gambian children (Candler et al., 2021). 

1.7.2.3 Links to placenta DNA methylation 

One-carbon metabolism is important for placenta DNA methylation. In mice, 

disruption of this metabolism by mutant in the Mtrr gene causes genome-wide 

epigenetic instability in the placenta with many changes to DNA methylation 

(Senner et al., 2023). These studies also raise the idea of multigenerational 

effects, as developmental defects can be inherited through wildtype daughters 

(Padmanabhan et al., 2013, 2017). In humans, a study looking directly at the 

1C enzymes in preterm placentas found higher expression of MAT2A and AHCY, 

enzymes involved in producing SAM, and a SAH:SAM ratio, giving a lower 

methylation potential (Khot, Chavan-Gautam, et al., 2017). 

There are limited studies on the effects of 1C nutrients in maternal diet on 

placental methylation. In one study, supplementation including folate, B6 and 

B12 from three months before conception until delivery associated with 

methylation at 2 CpGs in the IGF1 promoter region (Castillo-Castrejon et al., 

2021). The MARBLES and EARLI cohorts included couples with increased risk of 

offspring with autism spectrum disorder and collected self-reported maternal 

vitamin intake in the first month of pregnancy. The MARBLES cohort had a 

significant reduction in global methylation with vitamin intake. The cohorts had 

9216 and 3442 differentially methylated CpGs respectively, with 95% decreasing 

methylation with vitamin intake (Dou et al., 2022). The CpGs were enriched for 

association with neuronal developmental pathways. 

Lecorguill® and colleagues (2022) categorised three dietary patterns from intake 

in the year before pregnancy and found no associations with global DNA 

methylation. There was association of methylation at a NPDC1-related DMR with 

a diet high in B vitamins, choline and methionine but low in betaine. A negative 

association was found between 2 DMRs related to FLL1 and FAR1 with a diet rich 
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in B6, folate and betaine but low in vitamin B12. Finally, there was a negative 

association with DMRs near AS3MT and GSDMD and a positive association with 

DMRs related to SLC25A46 and ZNF175 with a diet high in betaine and low in 

vitamins B2, B6, and B9. 

1.7.3 Folate and B12 

1.7.3.1 Impact on health 

Delving into studies on more individual nutrients, folate and B12 are often 

studied together due to their connection through the folate pathway. Folate has 

been widely studied during pregnancy, as its deficiency is associated with low 

birth weight, preterm birth, spontaneous abortion and birth outcomes including 

neural tube defects (Tamura and Picciano, 2006; Fekete et al., 2010; Hoffbrand, 

2014). Folic acid is known to reduce neural tube defects by up to 70% when 

taken in the months before and after conception and may also reduce the risk of 

small for gestational age births (Mastroiacovo and Leoncini, 2011; Hodgetts et 

al., 2015; Gao et al., 2016). Although reports are mixed, a systematic review 

did not find that maternal plasma had reduced folate concentrations in 

preeclampsia (Mignini et al., 2005), but there may be a correlation in fetal blood 

concentrations (Mistry et al., 2011). 

Mouse models have demonstrated it is also important for placenta development 

(GelineauȤvan Waes et al., 2008; Pickell et al., 2009; Padmanabhan et al., 

2013). Looking at one-carbon metabolism enzymes, a study in rats found a 

maternal diet with excess folate and low B12 reduced placental mRNA of Mthfr 

and Mtr, and increased mRNA for Cbs and Pemt (Khot et al., 2014). 

Many human studies have focussed on the main carriers and transporters for 

folate in the placenta: FOLR1, RFC and PCFT (Solanky et al., 2010; Casta¶o-

Moreno et al., 2020). In obese mothers, expression and activity of RFC and 

FOLR1 were reduced in the microvillus membrane but not total placenta (Jessel 

et al., 2020). Preeclampsia has also been linked to reduced expression of PCFT 

(Williams, Mistry and Morgan, 2012). 
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Syncytiotrophoblasts from IUGR placentas have been shown to have lower folate 

update and reduced levels of RFC but not FOLR1 (Chen et al., 2018). In SGA and 

LGA placentas, lower protein and mRNA levels of FOLR1 and RFC have been 

reported (Caviedes et al., 2016). A study found that preterm placentas had 

lower FOLR1 mRNA, which correlated with increased methylation on the fetal 

side and higher cord blood folate and lower B12 concentrations (Pi¶u¶uri et al., 

2020). Another study on preterm placentas also found higher levels of folate and 

lower B12 in cord blood (Casta¶o et al., 2017). This may be explained by the 

finding in these placenta of higher FOLR1 protein, though mRNA for FOLR1 and 

PCFT was lower. 

B12 in placenta is transported by TCN2, whose placental protein levels but not 

mRNA have been associated with higher B12 concentrations in cord blood in 

pregnant adolescents (Layden et al., 2016). This study found no association 

between maternal B12 and placental outcomes. There was an association found 

between low B12 and IUGR in a South Indian cohort (Muthayya et al., 2006), 

but there was no association found in a Japanese cohort (Takimoto et al., 2007). 

An alternative way to study the effect of folate on outcomes is the effects of 

gene polymorphisms which affect the functioning of folate cycle enzymes. There 

are many known MTR and MTHFD1 alleles in humans with functional 

consequences. In placenta, fetal or maternal 2756 MTR G has been associated 

with increased maternal plasma homocysteine concentrations and uteroplacental 

insufficiency (Furness et al., 2008). This MTR SNP changes an aspartic acid to a 

glycine, which could change the secondary structure. In the same gene, 

maternal 1958 A has been associated with risk of neural tube defects and 

placental abruption (Parle-McDermott et al., 2005, 2006). Maternal MTHFD1 

1958 A has been associated with IUGR and placental abruption (Furness et al., 

2008). A polymorphism in MTHFD1L which affects splicing efficiency has been 

linked to maternal effect risk of neural tube defects, probably due to the 

inclusion of a premature stop coding which produces a protein with no 

synthetase activity (Parle-McDermott et al., 2009). 
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1.7.3.2 Links to DNA methylation 

Periconceptional intake of folic acid has been linked with methylation at many 

sites (reviewed in James et al., 2018). This includes positive associations with 

cord blood methylation at RXRA and both positive and negative associations at 

LEP (Pauwels, Ghosh, Duca, Bekaert, Freson, Huybrechts, A. S. Langie, et al., 

2017; Pauwels, Ghosh, Duca, Bekaert, Freson, Huybrechts, Langie, et al., 2017) 

and IGF2 (Steegers-Theunissen et al., 2009; Pauwels, Ghosh, Duca, Bekaert, 

Freson, Huybrechts, Langie, et al., 2017). One study also found negative 

correlation of preconception folate intake with global methylation (Gonseth et 

al., 2015). 

A study measuring maternal folate and B12 levels found maternal B12 correlated 

negatively with global DNA methylation, while cord blood B12 correlated with 

methylation specifically at the IGFBP3 locus. The infant genotype MTRR 66G 

correlated with DNA methylation, while the maternal MTHFR 677C.T correlated 

specifically with IGF2 methylation (McKay et al., 2012). 

1.7.3.3 Links to placenta DNA methylation 

In rats, folic acid supplementation with B12 deficiency reduces global 

methylation levels (Kulkarni et al., 2011). Folate deficiency is also associated 

with global hypomethylation (Kim et al., 2009). Another study in mice found 

both global and site-specific effects (Mahajan et al., 2019). A folate deficient diet 

decreased global methylation in placenta. Folate deficiency with B12 over 

supplementation led to increased expression of some folate transporters. A 

deficiency in both led to increased expression of LMBRD1, and B12 deficiency 

alone increased levels of TCN2 expression. 

In a human study of the MARBLES cohort, dietary folate intake did not associate 

with methylation at partially- or highly methylated domains (Schmidt et al., 

2016). A study by van Otterdijk et al. (2023) looked at folate, B12, SAH and 

SAM in cord blood and placenta methylation in samples with and without the 

MTHFR C677T variant. There were no associations with global methylation. Cord 

blood folate associated with DNA methylation at CpG island and regions within 
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2kb (shelves), and with the variant also with regions within 2-4kb (shelves) and 

CpGs outside these regions. With the variant, SAH:SAM ratio correlated with 

methylation at CpGs in shore regions and outside islands. B12 levels had no 

significant correlations. 

Other studies have found evidence for site-specific effects. In mice, increased 

B12 and folic acid in diet associated with increased methylation and decreased 

expression of MEST and PHLDA2 (Sapehia et al., 2023). A combined or individual 

deficiency in B12 and folic acid in mice decreased IGF2R expression in placenta 

and liver expression, and associated with changes in suppressive histone 

modifications (Mahajan et al., 2021). With folate deficiency, there was decreased 

methylation at KCNQ1OT1. High levels of either or both led to increased 

expression of IGF2R and KCNQ1OT1 ncRNA, and decreased methylation at 

IGFR2. 

Folic acid supplements in the first trimester in humans have been reported to 

correlate with lower methylation at the H19 promoter DMR but not the ICR or 

IGF2 DMRs (Loke et al., 2013). The same study did not find any associations at 

these sites with B12 or homocysteine at 28 weeks. Folate levels in maternal 

blood associated with methylation at LEP TSS and B12 levels during the first half 

of pregnancy were associated with lower methylation only at 2 of 13 studied 

CpGs at LEP TSS (Sletner et al., 2021). An in vitro study of JEG3 cells 

supplemented with folic acid supplementation found decreased methylation in 

SNRPN but not PEG10 or MEST (Rahat et al., 2017). 

Placentas from SGA males had lower methylation at FAM189A with maternal folic 

acid supplements (Liu et al., 2019). B12 maternal blood levels associated 

negatively with methylation at the MTR promoter, which was hypermethylated in 

preterm placentas (Khot, Yadav, et al., 2017). The same study found MTHFR and 

MTR mRNA levels were higher in preterm placentas, while the protein levels 

were lower. Both folate and B12 maternal blood levels were associated with 

methylation at the MMP-9 promoter in both preterm and term placentas, which 

was hypomethylated in preterm placentas (Moeini et al., 2022). 
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1.7.4 Homocysteine and methionine 

Homocysteine levels can be informative as they integrate the effects of the 

preceding stages of the pathway. High maternal homocysteine levels have been 

associated with many pregnancy complications, including recurrent pregnancy 

loss, preeclampsia, preterm delivery, placental abruption, fetal growth 

restriction, reduced placental weight and gestational diabetes mellitus, though 

there are conflicting studies (Dai et al., 2021). Only one study, mentioned earlier 

has looked at homocysteine and placenta DNA methylation, and did not find an 

association at 4 DMRs: H19 promoter DMR, IGF2/H19 ICR, IGF2 DMR0 and IGF2 

DMR2 (Loke et al., 2013). 

There have been limited studies isolating methionine. Low intake of methionine 

in rats has been linked to growth retardation (Rees, Hay and Cruickshank, 

2006). Levels in the second trimester in humans in the amniotic fluid have been 

correlated with birthweight (Monsen, Schneede and Ueland, 2006). 

1.7.5 B6 and B2 

There has been limited study on the effects of B6 and B2 in isolation during 

pregnancy. Low B2 in combination with low choline may impact hearth 

development and growth in mice (Chan et al., 2010). There are a few studies 

which have found positive associations of birthweight with vitamin B2 (Badart-

Smook et al., 1997; S§nchez et al., 1999) and vitamin B6 (Chang, 1999) yet 

others found no associations (Lagiou et al., 2005; Shrim et al., 2006). 

One study found a correlation between B6 in the first trimester and MEG3 

methylation (McCullough et al., 2016). The same study did not find any 

associations with B12 or B6 at first trimester with methylation at H19, 

PEG10/SGCE and PLAGL1. Another study found a correlation between pre-

pregnancy or third trimester B2 and cord blood methylation at PLAGL1 (Azzi et 

al., 2014). 
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1.7.6 Choline and Betaine 

For DNA methylation, choline and betaine provide an alternative pathway when 

the folate pathway is reduced. They can therefore compensate for deficiencies. 

Choline can be converted to betaine, so dietary betaine is not essential, but this 

process will take away choline from other uses. In mice, choline supplementation 

is known to improve placental vascularisation and perfusion, placental nutrient 

supply and fetal growth (King et al., 2017; Kwan, King, Yan, Jiang, et al., 2017; 

Kwan, King, Yan, Wang, et al., 2017). A study in mice found that a 4X choline 

diet increased global DNA methylation, and in females this correlated with fetal 

weight and placental efficiency. The diet increased expression of four imprinted 

genes in females and lowered expression of three in males (Kwan et al., 2018). 

Conversely in rats, a study found choline deficiency associated with higher global 

methylation, higher expression of Dnmt1 and hypermethylation of Igf2 DMR 

(Kovacheva et al., 2007). 

In humans, low birthweight has been associated with lower cord blood choline 

(Ivorra et al., 2012) and lower cord blood choline and betaine (Hogeveen et al., 

2013). A higher choline supplement in the third trimester associated with an 

increase in global DNA methylation and methylation of the CRH promoter and 

lower mRNA expression in placenta, and lower cord blood methylation at CRH 

(Jiang et al., 2012). There was a slight negative association reported between 

choline in maternal blood at first trimester, third trimester and term and DNA 

methylation at PPARG1A, NR3C1, HSD11ȁ2, PPARA, and RXRA, but not MEG3, 

H19, MEST and LEP (Nakanishi et al., 2021). There was also a negative 

association between methylation of NR3C1, PPARA, and LINx10-1 and choline in 

cord blood. They also found that higher maternal and cord blood choline 

associated with lower birthweight. 

A study by Kadam et al. (2023) found maternal choline intake associated with 

increased methylation in cord blood at CRH in both pregnancies with and without 

gestational diabetes mellitus. In both cord blood and placenta, higher maternal 

betaine intake and serum folate associated with lower IGF2 DNA methylation in 

cord blood and placenta. There was also a negative association between betaine 

intake and birthweight.  
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1.8 Project aims 

My overall hypothesis for this thesis was that nutrient availability will influence 

methylation at different genomic features within the placenta, and this will be 

addressed here in the following aims. 

The placenta is a vital tissue for appropriate development in utero, affecting both 

pregnancy outcomes and later life disease. It has a unique epigenome, including 

placenta-specific imprinted genes. Further, many of these only maintain DMRs in 

trophoblasts, not in all placenta cell-types, so more study is needed within cell 

types to test their methylation and expression. 

The first aim of this thesis is to optimise a protocol for isolating trophoblasts and 

stromal cells from term placenta to be used in The Gambia. 

Previous studies in The Gambia have found DNA methylation at putative MEs 

changes in response to periconcoptional environment, specifically season of 

conception. MEs show consistent DNA methylation across somatic tissues within 

an individual and have been linked to disease risk. However, they have not been 

characterised in the placenta, where they could have a large effect on 

development. 

The second aim of this thesis is to determine whether DNA methylation at MEs is 

conserved in the placenta, and whether it is responsive to periconceptional 

environment. 

There are interesting overlaps between MEs and imprinted genes. The level of 

methylation in both cases can be established pre-implantation and maintained 

consistently across different tissue layers, potentially influencing gene 

expression across life. Both can have varying levels of DNA methylation between 

individuals, and changes have been linked to environmental conditions. 

Methylation at human MEs can be responsive to levels of one-carbon metabolism 

components around the time of conception, which can change the availability of 

methyl groups. Imprinted genes have been investigated in the context of 
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pregnancy complications and less so in response to changes in one-carbon 

metabolism. 

The third aim of this thesis is to characterise DNA methylation and expression at 

imprinted genes in response to season of conception in The Gambia. 

Changes in DNA methylation in Gambian cohorts have been linked to the 

variation of one-carbon metabolism components in the diet between seasons. 

Other studies have shown the effect of one-carbon components on global 

methylation, or particular genes including ubiquitous imprinted genes. 

The fourth aim of this thesis is to investigate the one-carbon pathway broadly in 

the placenta and changes with season of conception in The Gambia. 

Changes in both DNA methylation and expression at imprinted genes have been 

linked to pregnancy complication, including IUGR. IUGR can affect the 

functioning of the placenta and its ability to transport nutrients. 

The fifth aim of this thesis is to investigate changes in expression of imprinted 

genes and 1C metabolism genes in IUGR placentas collected in the UK. 
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Chapter 2: Materials and 

methods 
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2.1 Placenta samples 

Placentas collected in Norwich, used for the protocol optimisation and bisulfite 

amplicon sequencing, were obtained with informed ethical approval and signed 

consent from Norfolk and Norwich University Hospital (NNUH; 2019/20-145).  

For placentas collected in Barcelona, used for bisulfite amplicon sequencing, 

ethical approval for collecting samples was granted by the Institutional Review 

Boards at Hospital St. Joan de D®u Ethics Committee (PI35/07) and the 

University of East Anglia Faculty of Medicine and Health Sciences Research Ethics 

Committee (ETH2122ï0856). Second trimester placentas were collected by the 

Human developmental biology resource (HDBR), along with matched muscle and 

brain samples (Project Number 200727; REC numbers 08/H0906/21+5, 

18/L0/0822; Project IRAS number 244325). They were all cytogenetically 

normal. 

For placentas collected in The Gambia, under the project title ñEarly 

Environmental Factors Influencing Human Developmental Programming: The 

Early Developmental Epigenetic Study (EDEN)ò, ethical approval for sample 

collection was granted by The Gambia Government/MRC Join Ethics Committee 

(Project ID/Ref: 22989), The Ethical Committee of The London School of Hygiene 

& Tropical Medicine (Application number: 22989), and the Faculty of Medicine 

and Health Sciences Research Ethics Committee at University of East Anglia 

(Reference: 2020/21-128). 

2.2 Placenta protocol optimisation 

From each placenta, 1 ml cord blood was collected from vessels on fetal side of 

placenta. Blood was mixed with 200 ȉl EDTA and stored at -80ÁC for DNA 

extraction. 5 cm2 placenta sections were cut, dissected to remove the chorionic 

membrane and 0.5 cm of the maternal side and halved to give maternal side and 

fetal side. Tissue was washed in PBS until it was clear and small pieces of 

maternal placenta, fetal placenta and umbilical cord were collected, flash frozen 

and stored at -80ÁC for the BioRepository. 
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For cell isolation, 80g of fetal tissue was further dissected into <0.5cm3 pieces. 

Each 10 g of tissue per enzyme reaction was digested for 30 minutes at 37ÁC 

with continuous rotation. The first digestion was in 25 ml trypsin buffer (12 ml 

trypsin with 0.25% EDTA (Fisher Scientific, 11560626), 250 ȉl 10 mg/ml DNase 

I (Sigma, DN25-100MG), 250 ȉl 5 mM MgCl2, 24 ml DMEM (Gibco, A14430-01)). 

2.5 ml FBS (*) was added after incubation. The solution was passed through a 

70 ȉm cell strainer (Starlab, CC8111-0072) and the undigested tissue digested 

with collagenase buffer (625 ȉl 20mg/ml collagenase IV from powder (*), 250 ȉl 

10 mg/ml DNase I, 250 ȉl 5 mM MgCl2, 24 ml DMEM), for 30 minutes at 37ÁC 

with continuous rotation. The solution was passed through a 70 ȉm cell strainer 

and the liquid from each digestion twice centrifuged (400g, 4ÁC, 10 minutes), 

combined and resuspended in DMEM with 2% FBS. 

During protocol optimisation, trypsin powder was also tested, made to a 25 ȉl 

solution with: 500 ȉl 100mg/ml trypsin from powder (Sigma, 85450C-25G), 250 

ȉl 10 mg/ml DNase I (Sigma, DN25-100MG), 250 ȉl 5 mM MgCl2, 24 ml DMEM 

(Gibco, A14430-01). 

2.2.1 Red blood cell removal 

Cell suspension from 20g of tissue was slowly layered on top of each 

discontinuous Percoll gradient (3 ml each of 70% Percoll to 5% Percoll, with 5% 

intervals, made with PBS) and centrifuged (20 minutes, 1600g, 21ÁC, 

acceleration 4, brakes 0). Cells were collected from 30% to 55% fractions 

(inclusive). The solution was diluted to 50ml in DMEM + 2% FBS and centrifuged 

(10 minutes, 400 g, 4ÁC) twice, before combining all suspensions. 

During optimisation, red blood cell lysis was also tested. For this, cells were 

resuspended in 10 ml RBC lysis buffer (Abcam, ab204733), incubated at room 

temperature for 5-10 minutes and centrifuged (500g, 5 minutes). The pellet was 

resuspended and the process repeated up to 3 times until the solution was clear. 

During optimisation, two other Percoll conditions were tested. 40% Percoll and 

55% - 30% Percoll (half 55% Percoll below half 30% Percoll). The cell 

suspension was slowly layered on top and centrifuged (20 minutes, 1600g, 4ÁC, 
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without brakes). Cells were collected from above Percoll with 40% Percoll and 

30% Percoll and interface with 55% - 30% Percoll. The solution was diluted in 

DMEM + 2% FBS and centrifuged (10 minutes, 400 g, 4ÁC) twice. 

2.2.2 Magnetic-activated cell sorting (MACS) 

An aliquot of cells was taken for the input control, centrifuged (400g, 4ÁC, 10 

minutes) and the pellet flash frozen and stored at -80ÁC. 

2.2.2.1 CD90 

Cells were resuspended to a concentration of 3 million cells/0.5 ml MACS buffer 

(PBS, 2% FBS Supreme (heat inactivated, PAN Biotech cat. no. HI-P30-3031), 1 

mM EDTA, stored at 4ÁC) and incubated at 4ÁC for 20 minutes with gentle 

shaking. Primary antibody was added to the appropriate concentration (EGFR 

(Biolegend, 352902) and CD90 (Biolegend, 328102): 0.5Õg/106 cells, HLA class 

1 ABC (Abcam, ab70328) and HLA-G (Abcam, ab7759): 1Õg/106 cells) and 

incubated at 4ÁC for 30 minutes with constant, gentle agitation. 

The cells were washed with 1 ml MACS buffer, centrifuged (400g, 4ÁC, 10 

minutes) and resuspended in 200 Õl MACS buffer. 20 Õl of secondary antibody 

(Anti-mouse IgG1-microbeads, Miltenyi Biotec, 130-047-101) was added and 

incubated at 4ÁC for 15 minutes, with constant, gentle agitation. The cells were 

washed with 1 ml MACS buffer, centrifuged (400g, 4ÁC, 10 minutes) and 

resuspended in 1 ml MACS buffer. The cells suspension was passed through 40 

ÕM filter (Merck CLS431750-50EA). 

2.2.2.2 Fibroblast 

Cells from 40 g tissue were resuspended in 320 ȉl MACS buffer (PBS, 2% FBS 

Supreme (heat inactivated, PAN Biotech cat. no. HI-P30-3031), 1 mM EDTA, 

stored at 4ÁC). 80 ȉl anti-fibroblast MicroBeads (130-050-601, Miltenyi Biotec) 

was added to the cells and incubated at 4ÁC for 30 minutes with constant gentle 

agitation. The cells were washed with 1 ml MACS buffer, centrifuged (400g, 4ÁC, 
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10 minutes) and resuspended in 500 ȉl MACS buffer. The cell suspension was 

passed through 40 ÕM filter (Merck CLS431750-50EA) before MACS. 

2.2.2.3 EGFR 

Cells from 40g tissue were resuspended in 1.5 ml MACS buffer. 20 ȉl EGFR 

antibody (Biolegend, 352902) was added to the cells and incubated at 4ÁC for 30 

minutes with constant gentle agitation. The cells were washed with 1 ml MACS 

buffer, centrifuged (400g, 4ÁC, 10 minutes) and resuspended in 320 ÕL MACS 

buffer. 80 Õl of secondary antibody (Anti-mouse IgG1-microbeads, Miltenyi 

Biotec, 130-047-101) was added and incubated at 4ÁC for 15 minutes, with 

constant, gentle agitation. The cells were washed with 1 ml MACS buffer, 

centrifuged (400g, 4ÁC, 10 minutes) and resuspended in 500 ȉl MACS buffer. 

The cells suspension was passed through 40 Õm filter before MACS. 

2.2.2.4 MACS 

A MS column (Miltenyi Biotec, 130-042-201) was placed onto an OctoMAC 

Separator (Miltenyi Biotec, 130-042-109) on a MACS MultiStand (Miltenyi Biotec, 

130-042-303) and rinsed with 500 Õl MACS buffer before applying the cell 

suspension. The flow through and three washes of 500 Õl MACS buffer were 

collected as the negative fraction. The column was then removed and flushed 

with a plunger for three rounds of 1 ml MACS buffer to give the positive fraction. 

The suspensions were centrifuged (400g, 4ÁC, 10 minutes) and the cell pellet 

flash frozen and stored at -80ÁC. 

2.2.3 Flow cytometry 

All flow cytometry was performed by Dr Louise Maor. Flow cytometry was 

performed on a Beckman Coulter CytoFLEX instrument. RFP was detected using 

a blue laser (488 nm) with a 585 nm filter with a bandwidth of 42 nm. GFP was 

detected using a blue laser (488 nm) with a 525 nm filter with a bandwidth of 40 

nm. Sequential gating was performed: first, a population of cells were gated 
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based on SSC-A vs FSC-A, then single cells were taken based on FSC-A vs FSC-

W before being examined for fluorescence level. 

2.3 Nucleic acid analysis 

2.3.1 Dual DNA and RNA column extraction 

Performed with AllPrep DNA/RNA Mini kit, following kit instructions (Quiagen, 

80204). DNA was stored at -20ÁC and RNA was stored at -80ÁC. 

2.3.2 Nucleic acid precipitation 

Nucleic acid precipitation was used to clean DNA or RNA if the Nanodrop ratios 

were too low for the intended purpose. For example, DNA 260/280 nm ratio 

should be close to 1.8 and RNA 260/280 nm ratio should be close to 2.0. 0.1 

volume of 3M sodium acetate was added to the sample and mixed before adding 

2.5 volumes of absolute ethanol. It was left to precipitate at -80ÁC for at least 

an hour. The sample was centrifuged (45-60 minutes, 13,000rpm, 4ÁC) and the 

pellet washed with 500 Õl 70% ethanol. It was centrifuged (10 minutes, 

13,000rpm, 4ÁC) and the pellet air dried before resuspending in UltraPureÊ 

DEPC-Treated Water (Thermo Fisher Scientific, 750023). DNA was stored at -

20ÁC and RNA was stored at -80ÁC. 

For precipitation in plates, a similar process was followed. 23.4 ȉl precipitation 

mix (EtOH 25:1 NaOH) was added to each well and spun (3500rpm, 45 minutes, 

4ÁC). Supernatant was discarded, 25 ȉl 70% EtOH (made with DEPC-treated 

water) was added and the plate was spun again (3500rpm, 10 minutes, 4ÁC). 

Supernatant was discarded and the plate spun gently upside-down on absorbent 

paper to remove remaining EtOH (250rpm, 1 minute). 10 ȉl DEPC-treated water 

was added to each well and the plate incubated at 96ÁC for 1 minute. DNA was 

stored at -20ÁC. 
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2.3.3 NanoDrop quantification of nucleic acids 

1 Õl of DNA or RNA was loaded onto a NanoDrop spectrophotometer (ND-1000, 

Thermo Fisher Scientific Inc.) with the appropriate setting. Concentration, 

260/280 nm and 260/230 nm ratio of absorbance were recorded. 

2.4 Cell lines 

Cell lines used for antibody optimisation were maintained by Dr Sarah Russell. 

All cells were grown in 75 cm2 flasks at 37ÁC with 5% CO2. When cells reached 

~80% confluency, they were washed with 5 ml PBS and treated with 4 ml 

0.125% trypsin for a few minutes at 37ÁC. Cells were collected and centrifuged 

at 1500rpm for 5 minutes. The cell pellet was resuspended and diluted before 

re-seeding the flask. 

D3131 lymphoblastoid cells were grown in RPMI media with 10% FBS, 5 Õg/mL 

Plasmocin and pen/strep (50 U/mL). JEG3 trophoblast cells were grown in DMEM 

(with high glucose, GlutaMAXÊ Supplement and pyruvate) with 10% FBS, 5 

Õg/mL Plasmocin and pen/strep (50 U/mL). HDFA dermal fibroblasts cells were 

grown in DMEM (with high glucose, GlutaMAXÊ Supplement and pyruvate) with 

20% FBS, 5 Õg/mL Plasmocin and pen/strep (50 U/mL). 

2.5 Bioinformatic analysis 

Analysis was performed in R unless otherwise stated (v4.5.1; R Core Team, 

2021). Statistical tests are described under the relevant sections. Across all 

analysis, packages used for data manipulation and visualisation were:  
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2.6 DNA analysis 

2.6.1 DNA Qubit 

DNA was diluted to between 0.1 ng/Õl and 120 ng/Õl based on NanoDrop 

quantification. 1 Õl was then quantified using QubitÊ dsDNA High Sensitivity 

Quantification Assay Kit (Thermo Fisher Scientific, Q32851) on a Qubit 

Fluorometer (Thermo Fisher Scientific) as per manufacturer's instructions. New 

standards were prepared with every master mix. 

2.6.2 PCR 

Primers were resuspended to 1 ȉg/ȉl in TE buffer for storage at -20ÁC. They 

were diluted to 100 ng/ȉl in UltraPureÊ DEPC-Treated Water (Thermo Fisher 

Scientific, 750023) for PCR. Generally, BIOTAQ polymerase (with NH4 Reaction 

Buffer, Meridian Bioscience, BIO-21040) was used for DNA or cDNA and 

IMMOLASE polymerase (with ImmoBuffer, Meridian Bioscience, BIO-21047) was 

used for bisulfite converted DNA. Each 11.5 ȉl PCR mix consisted of 1.25 ȉl 10x 

buffer, 0.375 ȉl 50 mM MgCl2 (Meridian Bioscience, BIO-21040 or BIO-21047), 

0.25 ȉl 2mM dNTPs (Promega, U1511), 0.25 ȉl 100 ȉg/ȉl forward primer (Merck 

Life Science UK), 0.25 ȉl 100 ȉg/ȉl reverse primer (Merck Life Science UK), 3.75 

ȉl 5M Betaine (Merck Life Science UK, B2629-100G), 5.7 ȉl UltraPureÊ DEPC-

Treated Water (Thermo Fisher Scientific, 750023), 0.1 ȉl polymerase and 1 ȉl 

DNA or cDNA. The standard PCR cycle was: 95ÁC 10 minutes, {95ÁC 30 seconds, 

53-60ÁC (temperature dependent on primer set) 30 seconds, 72ÁC 1 minute} for 

32-45 cycles (dependent on primer set), 72ÁC 5 minutes. 

PCR primer sequences can be found in the Appendix. 

2.6.3 Agarose gel electrophoresis 

PCR products were visualised on a 1% agarose gel made with 1.2 g agarose 

(Thermo Fisher Scientific, 10366603) and 120 ȉl 0.5X TAE buffer (diluted from 
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10X, made in 1 l: 48.4 g Tris base, 11.42 ml glacial acetic acid, 40 ml 0.5 M 

EDTA pH 8.0) with 2% ethidium bromide (Merck Life Science, E1510) in 0.5% 

TAE buffer (1 l 10X TAE: 48.4g Tris base dissolved in 11.42 glacial acetic acid 

and 40 ml EDTA (0.5M, pH = 8.0) with double distilled water (ddH20) up to 1 l).  

Gels were run for 20 to 30 minutes at 120 V. To separate similar sized 

fragments, a 2% or 4% gel was used and run time increased accordingly. To 

determine fragment size, gels were run with 3 ȉl of 100 bp DNA ladder 

(Promega, G2101). 2-10 ȉl of sample was loaded per well depending on the 

experiment with appropriate amount of Orange G loading dye (Thermo Fisher 

Scientific, J60562.AC). Electrophoresis was run in aHU15 Standard Horizontal gel 

tank unit (Scie-Plas Ltd) with the PowerPacÊ Basic Power Supply (BIO-RAD) and 

photographed by the UVP 310 GelDoc-It2 system. 

2.6.4 Phenol/chloroform DNA extraction 

Tissue or cells were homogenised in 1 ml lysis buffer (10 mM Tris pH 8.0, 100 

mM NaCl, 10 mM EDTA pH 8.0) and either processed straight away or stored at -

80ÁC. It was mixed with 15 ȉl 10% SDS and 15 ȉl 20 mg/ml Proteinase K 

(Thermo Fisher Scientific, EO0491) and incubated overnight at 56ÁC. 

Phase lock tubes (MaXtract High Density 15 ml phase lock tubes, Qiagen, 

129065) were prepared by spinning at 1500g for 2 minutes. Alternative, 2 mL 

tubes were used (MaXtract High Density, Qiagen, 129056), in which case other 

volumes were adjusted. 

1 ml of sample was added to the phase lock tube and mixed by shaking with 1ml 

of equal phenol/chloroform mixture (UltraPureÊ Phenol:Chloroform:Isoamyl 

Alcohol, Thermo Fisher Scientific, 15593031). The mixture was spun (1500g, 2 

minutes) and this was repeated a total of three times. Then 1 ml of chloroform 

was added, shaken and spun for (1500g, 2 minutes), again repeated a total of 

three times. The sample from above the phase lock gel was transferred into a 

fresh tube with 2.5 ml 100% ethanol and gently mixed. DNA precipitated and 

was hooked out and transferred to a fresh tube. The DNA was covered with 300 

ȉl 70% ethanol and spun (1300g, 5 minutes) to pellet DNA. The ethanol was 
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removed and the DNA resuspended in UltraPureÊ DEPC-Treated Water (Thermo 

Fisher Scientific, 750023). DNA was stored at -20ÁC. 

2.6.5 DNA column extraction 

DNA was extracted using Macherey-NagelÊ NucleoSpinÊ Tissue kit (Thermo 

Fisher Scientific, 10498961) as per manufacturer's instructions. DNA was stored 

at -20ÁC. 

2.6.6 Saliva DNA extraction 

DNA was collected and extracted with a prepIT-L2P kit (PT-L2P, DNA Genotek) 

following manufacturerôs instructions. 

2.6.7 Bisulfite DNA conversion 

DNA was extracted using methods above and then 1 ȉg in 20 ȉl water was 

bisulfite converted using EZ DNA Methylation-DirectÊ Kit (Cambridge Bioscience, 

D5020) or EZ-96 DNA Methylation-DirectÊ Kit (Shallow-Well, Cambridge 

Bioscience, 10363327) as per manufacturer's instructions. Converted DNA was 

stored at -20ÁC. 

2.6.8 Bioanalyzer 

To determine fragment sizes, a DNA ScreenTape Assay was performed on a 2100 

Bioanalyzer Instrument (Agilent Technologies). DNA was diluted to 0.1-1 ng/ȉl 

as per NanoDrop quantification. DNA was loaded as per manufacturer's 

instructions with High Sensitivity D1000 Sample Buffer (Agilent Technologies, 

5067-5603), TapeStation Loading Tips (Agilent Technologies, 5067-5598) and 

High Sensitivity D1000 ScreenTape (Agilent Technologies, 5067-5584). Most 

samples were run with electronic ladder, if ladder was used it was High 

Sensitivity D1000 Ladder (Agilent Technologies, 5067-5585). 
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2.6.9 Sanger sequencing 

PCR products were sequenced with the BigDye Terminator v3.1 Cycle 

Sequencing Kit (4337456; Thermo Fisher Scientific Inc.) in 96-well PCR plates. 

An appropriate amount of cleaned PCR product (based on size: 200 bp; 6 ng, 

400 bp; 12 ng, 600 bp; 18 ng, 800 bp; 25 ng) measured by NanoDrop, was 

diluted in UltraPure DEPC-Treated Water (750023; Thermo Fisher Scientific) to 

make a total volume of 5.7 ȉl. This was mixed with 0.3 ȉl of 0.1 ȉg/ȉl  

appropriate sequencing primer (Merck) and 4 ȉl of BDT mix (500 ȉl: 100 ȉl 

BigDye Terminator v3.1 Ready Reaction mix, 100 ȉl 5 x Sequencing buffer, 300 

ȉl UPW). The plate was briefly centrifuged and put into a ThermoCycler for: 96ÁC 

5 minutes, {96ÁC 30 seconds, 53ÁC 30 seconds, 60ÁC 4 minutes} for 28 cycles, 

60ÁC 7 minutes. Product was stored at -20ÁC. 

Samples were purified and sequenced by generated by RevGenUK ï Molecular 

Genetics platform at John Innes Centre, Norwich, UK on the 3730xl DNA 

Analyzer (A41046; Thermo Fisher Scientific Inc). Data was analysed using 

CodonCode Aligner V11.0.2 DEMO (CodonCode Corporation, USA) or SnapGene 

V7.2.1 (GSL Biotech LLC, USA). 

2.6.9.1 Cloning 

For single molecule Sanger sequencing, the PCR products were sub-cloned into 

the pGEMÈ-T Easy Vector Systems (Promega). PCR products were ligated using 

3 ȉl of PCR, 1 ȉl pGEMÈ-T Easy Vector (Promega, A137A), 5 ȉl Rapid Ligation 

Buffer (Promega, C671A) and 1 ȉl, 3 U/ȉl T4 DNA Ligase (Promega, M180A) and 

incubated at 4ÁC at least overnight. 

25 ȉl of Single-use JM109 Competent Cells (L2005; Promega UK Ltd) were 

transformed with 2.5 ȉl of ligation product using heat shock. Cells were 

incubated on ice for 30 minutes, at 42ÁC for 45 seconds then on ice for 2 

minutes. The bacteria were then grown in 200 ȉl LB broth (1 l: 10 g Tryptone 

(Merck), 10 g Sodium chloride (Merck), 5 g Yeast extract (Merck), 1 l double 

distilled water (ddH2O)) at 37ÁC for 1 hour with shaking. The cells were then 

spread on LB-agar plates with ampicillin (1 l: 1 l LB broth, 15 g Agar (Merck), 1 
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ml 50 ȉg/ml Ampicillin (Merck), 2 ml 20 ȉg/ml X-gal (ForMedium), 1 ml 0.1mM 

IPTG (Thermo Fisher Scientific)) and grown at 37ÁC overnight. The integration of 

the ligation product interrupts lacZ expression, preventing the production of ȁ-

galactosidase to catalyse X-gal, which would produce a dark blue precipitate. 

Thus, transformed colonies appear white and can be hand-picked into 50 ȉl of 

pre-warmed LB without ampicillin and further grown for a minimum of 1 hour in 

an incubator at 37ÁC. 1 ȉl of LB from grown colonies was then genotyped with 

PCR primers flanking multiple cloning and insertion sites in the pGEMÈ-T Easy 

Vector. DNA from positive colonies was precipitated as per Section 2.3.2 and 

prepared for Sanger sequencing with M13, SP6 or T7 primers. 

2.6.10 EPIC array 

DNA from EDEN placenta samples was analysed on the Illumina Infinium 

Methylation Array EPICv2 by Eurofins Genomics. EPIC data was analysed with R 

(v4.5.1; R Core Team, 2021) using in-house bioinformatics pipelines using the 

minfi package. One sample (EDN0310-C) was removed due to detection p value 

> 0.01. Values were normalised with preprocessQuantile. Cross-reactive probes, 

probes from sex chromosomes and probes containing single nucleotide 

polymorphisms (SNPs) were discarded. This left 888,491 probes. 

Samples were analysed for cell composition using the planet package (Yuan et 

al., 2021; Yuan, 2025). Yuan and colleagues (2021) produced cell type 

methylation reference datasets using Illumina EPIC arrays on four cell types 

from first and third trimester placenta. The cells were separated using 

fluorescence-activated cell sorting (FACS) and were trophoblasts 

(EGFR+/KRT7+), stromal (VIM+), endothelial (CD34+/CD31+) and Hofbauer 

cells (CD14+/CD68+). These were used to generate reference CpGs which are 

differentially methylated between cell types and build the planet package which 

estimates the proportion of different cell types based on the methylation status 

of these CpGs. As the samples were from term placenta, I used the reference for 

third trimester placenta. 
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One sample (EDN0005-K) was excluded from further analysis due to a large 

difference in cell composition compared to the other samples (Figure 4.1). 

Overlaps between genomic ranges were found with the GenomicRanges and 

IRanges packages. 

2.6.10.1 Statistics 

Differences in methylation between seasons was tested with linear models, 

which does not require testing for normality. These were used due to the option 

to add more terms to assess the impact of multiple factors within the same test. 

For example, to calculate the effect of PMDs another term was added for PMD. I 

tested comparisons with both beta values and z scores. Beta values represent 

proportion of methylation at each probe. Z scores normalise the data by 

representing the number of standard deviations a data point is away from the 

mean. This allows better comparison across array probes which have different 

mean beta values and range. For each probe in each sample, it is calculated as: 

ᾀ  
ὢ  ‘

„
 

X = beta value 

ȉ = mean beta value at probe across all samples 

ů = standard deviation of beta value at probe across all samples 

The difference in seasonal change at each probe with PMDs was calculated with 

either a t test or a Mann Whitney U Test if the data were not normally 

distributed. Data was considered normally distributed if a Shapiro-Wilk test 

determined p > 0.05. 

Changes at individual probes were calculated with a linear model including terms 

for season of conception and sex. As these included multiple tests, adjusted p 

values were calculated with Benjamini and Hochberg correction. 

Comparisons between probe sets with and without significant seasonal change 

were performed with non-parametric tests as the data was not normally 

distributed. For two groups, this was a Mann Whitney U test. For three groups, 
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this was a Kruskal-Wallis test. If this indicated a significant difference between 

groups, a pairwise Wilcon test was used to determine which groups were 

different. The p values within this test was adjusted with Benjamini and 

Hochberg correction. 

2.6.11 Bisulfite amplicon sequencing 

2.6.11.1 Amplicon selection 

CoRSIV locations were taken from Gunasekara et al. (2019). PMDs were from 

Schroeder et al. (2013) Where necessary, genome liftovers were performed into 

GRCh38 with Ensembl Assembly Converter (Dyer et al., 2025). Regions were 

selected as described in Section 4.3.1. Primers were designed to these regions 

and tested to find the optimal annealing temperature. 

2.6.11.2 First round PCRs 

DNA was bisulfite converted in 96-well plates and made to a final volume of 40 

ȉl per well. 24 ȉl reactions were performed for each amplicon in each sample 

with primers with adaptor sequences (primer details in Appendix) using 

previously optimised PCR conditions. The adaptor sequences were: 

forward 5ô-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3ô 

reverse 5ô-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3ô 

Template used was 2 ȉl of either 25 ng/ȉl bisulfite converted DNA, or PCR 

product from an initial reaction using primers without adaptor sequences (for 

RASSF1, C-PF, C+PK, C+PE, OOEP, SoCC, C+PC, PAX8, ZNF714, ACTL10). 

Amplification was confirmed by visualising 4 ȉl product on a 1% agarose gel. 
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2.6.11.3 Cleaning first round PCR 

PCR products for each sample were pooled by a visual approximation of band 

intensity (1 ȉl, 3 ȉl, 6 ȉl or 10 ȉl each). Mixtures were purified with 1.25X 

AMPure XP beads (Beckman Coulter). The bead concentration was based on 

manufacturer's recommendations to remove primers below 70 bp but retain 

amplicons above 150 bp. 

1.25X sample volume of vortexed, room temperature beads were added, 

m567ixed and incubated for 5 minutes. The sample was applied to the magnet 

and the supernatant removed once clear. 180 ȉl 80% ethanol was added, 

incubated for 30 seconds and removed, a total of 3 times. Ethanol was allowed 

to evaporate until the beads turned from shiny to matte. The magnet was 

removed and 20 ȉl DNA Purification Elution Buffer (Qiagen) added. The sample 

was vortexed, incubated for 5 minutes and added to magnet. Once clear, the 

supernatant with eluted DNA was collected. 

2.6.11.4 Indexing PCR 

A second PCR was performed to add indexes to the purified PCR product using 

Nextera XT index kit (Illumina). The reagents were mixed using the Biomek NXP 

at the Earlham Institute.  Each well used: 10 ng DNA in 6 ȉl, 10 ȉl NEBNext 

Ultra II Q5 Master Mix, 2 ȉl i7 Primer, 2 ȉl i5 Primer, with a different combination 

of primers for each well. The PCR cycle was: 98ÁC 30 seconds, 7x {98ÁC 10 

seconds, 63ÁC 30 seconds, 65ÁC 45 seconds}, 65ÁC 5 minutes. The PCR 

products were purified with 1.25X AMPure XP beads (Beckman Coulter) as 

before. This clean was done by the Biomek NXP at the Earlham Institute. 

A selection of 16 products from across the plate were run on a DNA ScreenTape 

Assay to calculate average library size using: 

ÓÉÚÅ ÉÎ ÂÐ  Ϸ ÉÎÔÅÇÒÁÔÅÄ ÁÒÅÁ 
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and check primers had been removed. This was used with Qubit 2.0 (Invitrogen) 

quantification for each sample to mix amplicons for all samples together with 

equal molarity, calculated as: 

ὧέὲὧὩὲὸὶὥὸὭέὲ Ὥὲ ὲὫȾόὰ

φφπ ὫȾάέὰ ὥὺὩὶὥὫὩ ὰὭὦὶὥὶώ ίὭᾀὩ Ὥὲ ὦὴ
 ὧέὲὧὩὲὸὶὥὸὭέὲ Ὥὲ ὲὓ 

The final library was cleaned with 1.2X AMPure XP beads as before and 

quantified with Qubit. It was then diluted to 4 nM for sequencing. 

2.6.11.5 Sequencing 

Sequencing was performed on an Illumina MiSeq using MiSeqÈ Reagent Kit v2 

(300 cycle; Illumina, MS-102-2002) with 50% PhiX Control (Illumina, V3 KIT FC-

110-3001), using manufacturer's instructions for 4 nM library. The sequencing 

was done in collaboration with Rachel Hurst at the Norwich Medical School. 

2.6.11.6 Bioinformatics and statistics 

Sequencing data was analysed with a custom in house pipeline by Leighton 

Folkes to calculate the total number of methylated and unmethylated counts for 

each CpG in each region in each sample. 

Subsequent analysis was performed in R (v4.5.1; R Core Team, 2021). 

Comparisons between tissue were assessed with Pearsonsô test. These were 

assessed with p value and r, as the correlation between tissues was the key 

outcome. Differences in Pearsonôs correlation coverage at varying coverage were 

assessed with R2 because the aim was to compare the two and this calculates 

the proportion of the variance explained by the regression line. 
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2.7 RNA analysis 

2.7.1 RNA Trizol extraction 

All samples were stored at -80ÁC. Cells were prepared by adding 1 ml TRI-

reagent (Sigma, T9424). Tissue was prepared by adding 1 ml TRI-reagent and 

homogenising. Samples were either processed straight away or stored at -80ÁC. 

200 Õl of chloroform was added and the sample mixed vigorously. It was left at 

room temperature for 5 minutes before mixing vigorously and centrifuging for 

(15 minutes, 12,000rpm, 4ÁC). The upper aqueous phase was added to 320 Õl 

(0.8X) isopropanol and mixed. The sample was left at room temperature for 10 

minutes before mixing and centrifuging (60 minutes, 12,000rpm, 4ÁC). The 

pellet was washed with 200-500 Õl 70% ethanol and centrifuged for (5 minutes, 

12,000rpm, 4ÁC), then air dried. The pellet was resuspended in UltraPureÊ 

DEPC-Treated Water and the RNA concentration and quality tested by Nanodrop. 

If the 260/230 ratio was below 1.8 nucleic acid precipitation was performed 

(Section 2.3.2). RNA was stored at -80ÁC. 

2.7.2 RNA integrity (RIN) 

RIN was tested using an RNA ScreenTape Assay on a 2100 Bioanalyzer 

Instrument (Agilent Technologies). RNA was diluted to 25-500 ng/ȉl as per 

NanoDrop quantification. It was loaded as per manufacturer's instructions with 

RNA ScreenTape Sample Buffer (Agilent Technologies, 5067-5577), TapeStation 

Loading Tips (Agilent Technologies, 5067-5598) and RNA ScreenTape (Agilent 

Technologies, 5067-5576). Most samples were run with electronic ladder, if 

ladder was used it was RNA ScreenTape Ladder (Agilent Technologies, 5067-

5578). 
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2.7.3 cDNA conversion 

1 Õl 10x DNase reaction buffer (Thermo Fisher Scientific, 10694233) and 1 Õl 

DNase I enzyme (Thermo Fisher Scientific, 10694233) were added to 8 Õl of 

0.125 Õg/Õl RNA and incubated at room temperature for 15 minutes before 

adding 1 Õl 25 mM EDTA (Thermo Fisher Scientific, 10694233). The mixture was 

incubated at 70ÁC for 10 minutes then put onto ice. A master mix was added 

containing 4.0 Õl MMLV RT 5x buffer (Promega, M1705), 1.0 Õl random primers 

(Promega, C1181), 2.0 Õl UltraPureÊ DEPC-Treated Water (Thermo Fisher 

Scientific, 750023), 1.0 Õl 10mM dNTPs (Promega, U1511), 1.0 Õl MMLV Reverse 

Transcriptase (Promega, M1705) and 0.25 Õl RNasinÈ Plus Ribonuclease 

Inhibitor (Promega, N2611). It was incubated at 37ÁC for 90 minutes and then 

75ÁC for 10 minutes. PCR for ACTB was used to test successful cDNA conversion. 

cDNA was stored at -20ÁC. 

2.7.4 Quantitative real-time reverse-transcription 

PCR (qRT-PCR) 

qRT-PCR was run in MicroAmpÊ Optical 384-Well Reaction Plates (4309849; 

Thermo Fisher Scientific) in the QuantStudioÊ 5 Real-Time PCR System (Fisher 

Scientific, A34322) or in 96-well on the 7500 Fast Real-Time PCR System (Fisher 

Scientific) on standard quantitative Ct setting. Each well contained 5 ȉl diluted 

cDNA, 5.5 ȉl Power SYBRÊ Green PCR Master Mix (4367659; Thermo Fisher 

Scientific Inc.), 0.25 ȉl 0.1 ȉm/ȉl forward primer and 0.25 ȉl 0.1 ȉm/ȉl reverse 

primer. 

All primers for qRT-PCR were tested before use. Genes were selected specific to 

each cell type in placenta using single cell data (Human Protein Atas, 

proteinatlas.com, Karlsson et al., 2021). Primers were designed new, selected 

from previous publications or from PrimerBank (Spandidos et al., 2010). Each 

primer pair was run on a PCR and had to work with an annealing temperature of 

60ÁC. Then a qRT-PCR standard curve was run using five serial dilutions of cDNA 

from tissues where the gene is expressed. Standard curves were analysed using 

Design and Analysis software (DA2, Thermo Fisher Scientific). Three replicates 
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were run for each concentration of cDNA, of which a standard curve was made of 

at least two of each three for a minimum of three concentrations of cDNA. 

Primer pairs were accepted if they had an efficiency 90-100% and R2 > 0.98. 

Samples were run in triplicate with non-template control for each gene and two 

control genes (usually ACTB and RPL19). The closest two of each triplicate were 

used for analysis. Relative quantification, or fold change, was calculated using 

the comparative ǧǧCt method. Samples were normalised against a mixed cDNA 

sample or highly expressed sample on the same plate. If plates were combined 

for analysis, the same mixed cDNA was included on each plate and used to 

normalise on all plates. Samples were normalised against two reference genes: 

ACTB and RPL19 unless otherwise specified. 

2.7.5 Biomark HD Fluidigm 

Plates of DNA and primers were prepared and sent to Plateforme Gentyane 

(National Research Institute for Agriculture, Food and the Environment, INRAE, 

Clermont-Ferrand, France) for analysis on the Biomark HD Fluidigm. The DNA 

plates contained 10 ȉl of 5 ng/ȉl DNA in UltraPureÊ DEPC-Treated Water per 

primer plate of each sample alongside platform control cDNA, a negative control 

and four wells of mixed sample cDNA. Primer plates contained 10 ȉl per sample 

plate of each mixed forward and reverse primer diluted in TE alongside a 

platform control primer (RNAseP). 

2.7.5.1 Bioinformatic analysis and statistics 

Data was processed with Fluidigm Real Time PCR Analysis (Biomark HD) to 

produce Ct values for each sample and primer pair using default settings for 

flagging unsuccessful amplification. All flagged results were removed before 

further analysis using in-house R bioinformatic pipelines. All tests were run in 

duplicate and removed if there was >1 difference in Ct or only one replicate. 

Fold change was calculated using the comparative ǧǧCt method. Samples were 

normalised against mixed cDNA from the same plate were possible. For some 



81 
 

genes where mixed cDNA had not amplified, samples were normalised against 

another sample with high expression. For each cohort, each gene was 

normalised against the same sample to ensure valid comparison. Reference 

genes were tested as per Section 5.6.1.1 and three reference genes were used 

for all Fluidigm plates: MLF2, RPL19 and TRIR1. Outliers were defined as fold 

change >3 times the standard deviation above the mean and removed. In the 

EDEN cohort, genes were included if there were at least four successful samples 

per season. In the IUGR cohort, genes were included if there were at least nine 

successful samples per group. 

Relationships between expression and groups were tested with linear models, 

including sex as a covariate. Heatmaps were generated with ComplexHeatmap 

package. Correlations were calculated with Pearsonôs correlation. Where multiple 

tests were performed at the same time, adjusted p values were calculated with 

Benjamini and Hochberg correction. 
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3.1 Introduction 

The placenta is a vital tissue for appropriate development, providing nutrients 

and removing waste from the growing fetus alongside other functions 

(Hemberger, Hanna and Dean, 2020). The core structure of the human placenta 

is formed of villi, where the exchange between fetal and maternal blood takes 

place. They are made of a stromal core, containing a blood vessel with 

endothelial cells. This is surrounded by a layer of cytotrophoblast cells and then 

a multinucleated syncytiotrophoblast layer over which exchange takes place 

(Boss, Chamley and James, 2018). 

The placenta has a unique DNA methylome, including placenta-specific imprinted 

genes and large partially methylated domains (PMDs; Schroeder et al., 2013). 

Imprinted genes are expressed only from one allele specific to parent of origin, 

generally control by differential methylation at imprinting control regions (ICRs). 

They are often important for appropriate growth and development (Monk, 2015; 

Monk et al., 2019). Placenta-specific imprinted genes maintain parent-of-origin 

specific allelic methylation and expression only in the placenta (Hamada et al., 

2016; Hanna et al., 2016; Sanchez-Delgado et al., 2016). A subset of these 

sites are cell-type specific, which in most cases leads to differential methylation 

only in trophoblasts cells, not in stromal, endothelial or Hofbauer cells (Yuan et 

al., 2021). 

This makes it important to have methods for separating different placenta cell 

types, in order to accurately characterise methylation and expression. The first 

objective of my project was to optimise a protocol for extracting specific cell 

types from human term placenta, building on protocols used for other studies 

(Monk et al., 2006).  
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3.2 EDEN study 

3.2.1 Study plan 

Much of this PhD project was part of the EDEN project in collaboration with the 

MRC Gambia. The aim of the EDEN study was to further investigate the putative 

human MEs identified in Gambian cohorts responsive to season of conception 

(SoC), especially their potential links to imprinting due to overlap with oocyte-

derived methylation and the association of both with transcription factors 

including ZFP57, TRIM28 and CTCF (Silver et al., 2022). 

The project aims included characterising methylation at environmentally 

responsive sites, defining the influence of nutritional and other exposures, 

investigating gene-by-environment effects and investigating links to PofOm and 

imprinting. To avoid the attenuation of effects with age found previously, the 

study planned to use cord blood and placenta. The study aimed to include 600 

conceptions across three years, 300 from the peak of each season, recruited and 

collected by the MRC Keneba field station. The initial project timeline was to 

gather conceptions from the rainy season 2020 to the rainy season 2022, 

encompassing 100 conceptions from each of three rainy seasons and 150 from 

each of two dry seasons, due to the historic higher conception rates in the dry 

seasons. 

The study also planned to gather data on nutritional and other exposures as 

close to conception as possible. To achieve this, the EDEN study aimed to recruit 

1500 women at risk of pregnancy with monthly visits to collect blood, urine and 

faeces and complete an exposure questionnaire. If pregnancy was confirmed 

with conception within season peaks, the closet sample to conception could be 

retrieved and analysed to give exposures within 15 days of conception. There 

would be a targeted methylation-pathway metabolome and exposure screen 

from plasma and metagenomic analysis on faeces. 

At birth, cord blood and placenta tissue would be collected. Growth and health 

would be monitored in the first year of life until a final blood sample was taken in 
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the March after the childôs first birthday. The methylation in placenta and blood 

samples would be analysed with custom methylation arrays, to address sites of 

interest not covered on the standard array including SoC-associated DMPs 

(Figure 3.1). As well as SoC associations, this would allow analysis of tissue 

specificity between cord blood and placenta, longitudinal stability in cord blood 

and blood taken at one year, and associations with the maternal exposures 

measured. Offspring would also be genotyped on the Illumina H3Africa Array, 

allowing exploration of mQTL effects.  

The first 50 placentas from each season would be subject to isolation of specific 

cell types (Figure 3.1). Trophoblast cells would be analysed with the custom 

methylation array and RNA-seq. For imprinted loci, samples would undergo 

targeted SNP genotyping and allele specific RT-PCR. Mesenchymal cells would be 

tested with targeted qRT-PCR and amplicon bisulfite sequencing for informative 

loci. My first PhD aim was to optimise a protocol to isolate trophoblast and 

mesenchymal cells which could be used at the MRC Keneba. 

3.2.2 Samples collected 

The project was initially due to start in July 2021. This was delayed due to the 

COVID-19 pandemic. It was further delayed due to proposed changes in UK 

government funding in early 2021 which would have significantly decreased the 

budget for this project. This was ultimately reversed, and the project was set up 

in late 2021 in time to recruit 2022 dry season conceptions. The project 

continued through to 2025 dry season conceptions but due to the timeline of my 

PhD I included samples up to 2023 rainy season conceptions. 

The number of project participants was lower than predicted for various reasons. 

Recruitment of women at risk of pregnancy was lower due to lower uptake than

Figure 3.1: Overview of genomic analysis on placenta tissue in initial 

EDEN project plan. Green: sample collection at the MRC Keneba. Blue: 
laboratory analysis; Orange: bioinformatic analysis; SoC: season of 

conception; SoC-DMPs: season of conception differentially methylated probes 
(Silver et al., 2022); ME: metastable epiallele; DMR: differentially methylated 

region; PoO: parent of origin; DEG: differentially expression gene. 
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expected from the communities involved and various logistical issues. 

Furthermore, the conception rates during these years were lower than predicted 

by historic levels and there were high proportions of women declining to 

participate or withdrawing from the study. The reasons for which were complex 

and not fully understood but included effects of participation on status within the 

community and stigmatisation of not conceiving. 

As described in this chapter, I successfully optimised a protocol for isolating 

trophoblasts and fibroblasts from placenta tissue and transferred the protocol to 

the MRC Keneba. Unfortunately, due to staffing and logistical challenges, no 

material was available from isolated cell types from EDEN study placentas. I 

have therefore analysed bulk placenta tissue in subsequent chapters. 

We received a cohort of placenta tissue collected in The Gambia from placentas 

conceived across 2022 and 2023. We received 88 placenta samples from 

conceptions at the peak of the seasons, 30 from rainy and 58 from dry season 

(Figure 3.2, Table 3.1), To create a comparable cohort, we used the 30 from the 

rainy season with 30 from the dry season matched for sex where possible (full 

sample details in Chapter 4). 

Due to project delays, data from other parts of the project is not currently 

available, such as maternal exposures and cord blood methylome. It may be 

feasible in future to take the results presented here and perform comparisons 

Figure 3.2: Samples collected at MRC Keneba by month of conception. 
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Table 3.1 Placenta samples collected in The Gambia for the EDEN 
project. 

 
Dry  Rainy  

Total  
2022  2023  2022  2023  

Number of 

Samples  

15  36  20  10  
81  

51  30  

 

between placenta and blood, as well as exploring correlations with exposures 

such as maternal nutrition. I have focused instead on comparisons between 

seasons of conception, described in Chapters 4, 5 and 6. 

3.3 Cell-type markers 

The initial aim was to develop a protocol to isolate trophoblast cells and a non-

trophoblast cell type, to be able to explore differential methylation and 

expression. For non-trophoblast, we selected stromal cells as the next most 

common cell type. We then selected markers differentially expressed between 

cell types both for antibody selection and a qRT-PCR panel to test cell-type 

composition. Primers for all genes were tested with a temperature-gradient PCR 

using combined cDNA from placenta and the highest expressed tissue. The best 

primers for qRT-PCR were selected from melt curves and standard curves. 

Cells are separated using antibodies from a single cell suspension, so selection 

markers need to be expressed on the cell surface and have appropriate 

antibodies commercially available. For trophoblast cells, the focus is on collecting 

cytotrophoblast cells and possibly extravillous trophoblasts, though many of 

these are not present in the core placenta tissue. It is also possible to collect 

fusing-cytotrophoblasts but not fused syncytiotrophoblasts. For these, we 

selected two options for antibodies. Previous studies have used HLA-A/B/C as a 

negative marker, as they are expressed in all placenta cell types except 

trophoblasts (Figure 3.3; Monk et al., 2006). More recent analysis has shown 

that HLA-B shows low expression in endothelial cells and HLA-C is expressed in 
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extravillous trophoblasts, though HLA-A remains a good non-trophoblast marker 

(Derisoud et al., 2024). 

As a positive marker, we selected EGFR which is expressed highly in the majority 

of cytotrophoblasts, and expressed in some extravillous trophoblasts and 

syncytiotrophoblasts (Figure 3.3; Liu et al., 2018; proteinatlas.com, Karlsson et 

al., 2021; Derisoud et al., 2024). It is also commonly used as a marker for 

trophoblasts (Yuan et al., 2021). For stromal cells, we selected CD90, which is 

expressed in placental fibroblast cells (Figure 3.3). It is a classic mesenchymal 

stromal cell marker, both in placenta and other tissues (Sheng, 2015; Beeravolu 

et al., 2017; Consentius et al., 2018). 

For verification of trophoblast selection, I used KRT7, which is expressed across 

all trophoblast types but not elsewhere and a commonly used trophoblast 

marker (Liu et al., 2018; Derisoud et al., 2024). As a non-trophoblast marker, I 

used VIM, which has also been widely used (Derisoud et al., 2024). I selected 

additional genes for different cell types to allow further testing for: 

cytotrophoblasts (PAGE4), syncytiotrophoblasts (CGB3), extra-villous 

trophoblasts (HLA-G), endothelial cells (CD34), stromal and perivascular cells 

(COL3A1), and Hofbauer cells (CD14; proteinatlas.com, Karlsson et al., 2021; 

Derisoud et al., 2024). 

3.4 Protocol to single cell suspension 

As the protocol was designed to be used at the MRC Keneba, it needed to be 

possible with the equipment available at that site. We used reagents which could 

be shipped at room temperature or frozen wherever possible, as shipping at 4ÁC 

is challenging. We also prioritised reagents with a long shelf-life and reliable 

supply. The protocol could not utilise flow-activated cell cytometry (FACS), which 

is a common method for separating cells based on cell surface markers and has 

been used in previous placenta studies (Yuan et al., 2021). Instead I built on 

established protocols used by our lab and others which used magnetic-activated 

cell sorting (MACS; Monk et al., 2006; Soares and Hunt, 2006). This uses an 
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antibody conjugated to a magnetic bead and a strong magnet to separate 

labelled cells, and does not require any other specialised equipment. For this 

study, I aimed to collect trophoblast and stromal cells. 

Briefly, the protocol involves dissecting placenta to remove the chorionic 

membrane and potential maternal contamination before digesting with enzymes 

to create a single cell suspension (Figure 3.4). The single cell suspension is then 

processed to remove red blood cells. Desired cells are selected with MACS using 

antibodies for cell-type specific markers. I tested many aspects of this protocol 

to find the best conditions. To test the cell types selected, I also developed a 

Figure 3.3: Placenta cell-type specific gene expression. Graphs of single 
cell expression data from proteinatlas.org. nTPM: normalised transcripts per 
million. a Positive trophoblast markers. b Negative trophoblast markers. c 

Stromal markers. 
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qRT-PCR panel of gene markers for each cell type. We tested the final cell types 

further with immunohistochemistry, flow cytometry and methylation arrays.  

Across the protocol testing, I have found variable results between different 

placentas. This is a common observation in our lab across many protocols using 

human placentas. We also do not have high numbers of repeats due to 

limitations on the number of samples we could collect and process, as a result of 

periods of COVID-19 restrictions at NNUH (Norfolk and Norwich University 

Figure 3.4: Protocol optimised for isolating specific cell types from 
fresh placenta tissue. Three methods of red blood cell removal were trialled, 

with discontinuous Percoll gradient as the most successful. 
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Hospital) and the timeline of the project in The Gambia which this protocol was 

for. This timeline did change during the time I was optimising the protocol, so we 

were able to do more than initially planned. Due to this, it is challenging to 

compare different conditions between different placentas. I have therefore 

mostly used direct comparisons of conditions within the same placenta, 

performed in parallel. This has reduced the ability to perform statistical testing 

on the results. 

3.4.1 Enzyme digestions 

The first stage of the protocol digests placenta tissue to a single cell suspension. 

I tested different enzyme digestions, judging effectiveness by the number of 

single cells produced. The original protocol used trypsin for trophoblast isolation 

(Soares and Hunt, 2006). Other protocols have also used collagenase to isolate 

mesenchymal and other cell types (Beeravolu et al., 2017; Lasch et al., 2022). I 

tested trypsin and collagenase together and combined, which produced similar 

numbers of cells, but the best overall was the combination of the two (Figure 

3.5a). The enzymes also have different targets so may release different types of 

cells, so I tested the products from two placentas with qRT-PCR to determine 

what cell types were present. I tested on two trophoblast markers (EGFR and 

KRT7) and two stromal markers (CD90 and VIM). I tested RNA extracted from a 

trypsin digest and combined products from trypsin then collagenase digest. The 

two placentas showed differing results on all markers for which digest gave the 

most cells, so it was not clear if the enzymes released different cell types (Figure 

3.5b). The final protocol used sequential trypsin and collagenase digestions. 

I also tested different versions of the enzymes, for example trypsin in a powder 

or a solution. The final protocol uses trypsin solution in the final protocol as it 

produced more cells than trypsin powder (Figure 3.5c). 

3.4.2 Red blood cell removal 

After a single cell suspension is produced, the red blood cells (RBCs) need to be 

removed before cell enrichment. Our original protocol used centrifugation with a  
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Figure 3.5: Comparing placenta tissue enzyme digestions. a Comparing 
trypsin and collagenase digestions together and separately. b qRT-PCR, 
normalised to placenta tissue for each sample. c Comparing trypsin powder 

and trypsin solution. d Comparing methods for red blood cell removal. 
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40% Percoll solution, which separates cells by density, leaving RBCs below the 

Percoll and the desired cells above. The first alternative I tested was RBC lysis, 

which should lyse all red blood cells but will not remove them from the solution.  

The Percoll recovered more cells than the RBC lysis but still recovered a low 

proportion of cells (Figure 3.5d). Research suggests trophoblast and 

mesenchymal cells are found in Percoll concentrations of 55% to 30%, which 

means many may be lost below the 40% Percoll (Soares and Hunt, 2006). The 

solution from red blood cell lysis was also ineffective when taken forward to 

MACS, as the columns clogged precenting the cells flowing through. I concluded 

that a step which also removed cell debris along with unwanted cells was 

necessary, as this could block the matrix in the MACS columns despite filtering 

first. 

Therefore, a broader Percoll gradient is better, as it removes more dense red 

blood cells and less dense cell debris. I tested two more conditions: equal layers 

of 55% and 30% Percoll, collecting all cells in the 30% fraction and interface, 

and a discontinuous gradient with concentrations every 5% from 70% to 5%, 

collecting all cells in the 55% to 30% fractions (Figure 3.4). The full Percoll 

gradient produced more cells when compared to the 55% and 30% Percoll 

(Figure 3.5d), so I used it for future procedures. It also leaves the possibility of 

adapting the protocol to collect different cell types in future. 

3.5 Cell-type selection 

3.5.1 Trophoblast selection 

The desired placenta cells are selected from the suspension by MACS, which 

utilises an antibody attached to a magnetic bead and a column on a magnet to 

separate labelled cells. Due to this, the marker needs to be expressed on the cell 

surface. We selected antibodies based on the single cell expression data from 

human protein atlas, as with the qRT-PCR panel. The previous protocol used 

negative selection with an HLA ABC antibody for the trophoblast cells so this was 

the first test. We also tested an EGFR antibody for positive selection to see if it 
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gave a purer population. For the stromal cells, we initially used a CD90 antibody 

for positive selection. 

I optimised the initial antibodies on cell lines, due to COVID-19 restrictions on 

obtaining placenta samples. For each antibody, I selected two cell lines which 

differentially expressed the marker protein. One of each set of cell lines 

expressed a fluorescent protein, so we could analyse the results with flow 

cytometry without further antibody incubations. To verify the cell selection, I 

used qRT-PCR markers differentially expressed in the cell lines. 

3.5.1.1 HLA-ABC antibody selection on cell lines 

HLA A, B and C are not expressed in trophoblasts but are expressed in other 

cells. It can therefore be used for MACS and the negative fraction should contain 

trophoblast cells. We tested the negative selection with HLA ABC antibody using 

JEG3 cells (trophoblast line, no HLA ABC expression) which had permanent GFP 

expression from GFP-lentiviral transfer (previously developed in our lab). The 

JEG3 cells were mixed with D3131 cells (no fluorescence, HLA ABC expression). 

With qRT-PCR, we tested for expression of two proteins expressed by JEG3 but 

not D3131 (EGFR, KRT7) and one the opposite (CD45). The flow cytometry and 

qRT-PCR both showed the expected differential expression of GFP and the 

markers between the cell lines (Figure 3.6a-b). After MACS, the positive fraction 

is depleted for D3131 markers and the negative fraction enriched for JEG3 

markers. Different incubation times with the antibody did not change the amount 

of separation. 

Despite the correct cells being selected, the separation is imperfect. The 

negative fraction still contains positive cells, as it is very difficult to have all cells 

successfully labelled with the antibody and selected. For this reason, I was keen 

to find antibodies that could perform positive selection instead, as positive 

fractions are likely to be purer. 
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Figure 3.6: Testing trophoblast antibody conditions for MACS protocol 
on cell lines. a-b HLA-ABC antibody test using cell lines D3131 (HLA-ABC 

positive, GFP negative) and JEG3 (HLA-ABC negative, GFP positive). a Flow 
cytometry results. b qRT-PCR results. c-d EGFR antibody test using cell lines 

D3131 (EGFR negative, GFP negative) and JEG3 (EGFR positive, GFP positive). 
c Flow cytometry results. d qRT-PCR results. All flow cytometry performed by 

Dr Louise Maor. 
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3.5.1.2 EGFR antibody selection on cell lines 

To test the EGFR antibody, we used the same JEG3 line (trophoblast line, EGFR 

expression, GFP expression) against D3131 (no fluorescence, no EGFR 

expression). We tested for the same marker proteins with qRT-PCR (EGFR, KRT7, 

CD45). As before, the cell lines show the expected expression, and the MACS 

products are enriched for JEG3 markers in the positive fraction (Figure 3.6c-d). 

We tested two antibody concentrations and two sets of incubation times, none of 

which changed the results. Compared to the HLA ABC selection, the trophoblast 

fraction (HLA ABC negative or EGFR positive) is closer to the pure JEG3 results 

with EGFR selection, suggesting a purer cell population is obtained. We have 

therefore used EGFR in the protocol for placentas. 

3.5.1.3 EGFR antibody selection on placenta 

Having established the best antibody conditions on cell lines, I moved onto 

testing on placenta samples after Percoll separation. Due to the advantages of 

positive selection over negative, I used the EGFR antibody. 

Across eight placentas with the final version of the protocol and EGFR selection 

performed, I tested the expression of trophoblast and stromal markers to 

confirm the expected enrichment and depletion (Figure 3.7a). As expected, 

EGFR and KRT7 are increased in the EGFR positive fraction compared to the 

input and to the negative fraction. The negative fraction is not completely 

depleted as the antibody selection is imperfect. The expression of stromal 

markers is less clear, possible because EGFR is expressed in some stromal cells. 

CD90 and VIM are depleted in some positive fractions, but often at a similar 

level to the negative fraction. 

I also tested the yield by counting the cells collected in the EGFR positive 

fraction. Across these eight placentas, the mean yield was 1,185,000 cells per 

10g (Figure 3.7b). I have normalised to starting weight as different amounts of 

tissue were used on each placenta, depending on other tests being performed at 

the same time. For the final protocol, we used 80g of tissue total, which means  
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Figure 3.7: Testing trophoblast selection from placenta with MACS. a-b 
EGFR selection. c-d HLA-ABC selection. a,d qRT-PCR for expression of two 

trophoblast markers (EGFR and KRT7) and two stromal markers (CD90 and 
VIM). b Number of EGFR positive cells obtained from eight samples. c Number 
of cells obtained in both fractions. 
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40g of tissue can be used to select for each cell type. This then gives over 4 

million cells on average, which is sufficient for the planned downstream DNA and 

RNA analysis. 

3.5.1.4 HLA-ABC antibody selection on placenta 

Although the cell line selection showed positive selection was better than 

negative selection, I tested the HLA-ABC antibody on a placenta to ensure the 

results were applicable. The yield from the HLA-ABC negative fraction, which 

should contain trophoblasts, was very high at around 12.5 million cells (Figure 

3.7c). However, the qRT-PCR showed all four tested markers were enriched in 

the negative fraction (Figure 3.7d), where VIM and CD90 should be higher in the 

positive fraction. I did not test the HLA-ABC antibody any further. 

3.5.2 Stromal cell selection 

3.5.2.1 CD90 antibody selection on cell lines 

As with the trophoblast markers, I first tested the antibody selection on cell 

lines. I selected CD90 as the stromal marker. The CD90 antibody was tested with 

a HDFA mesenchymal cell line (fibroblast, CD90 expression) which had 

previously had a RFP gene inserted. This was mixed with D3131 (no 

fluorescence, no CD90 expression). For qRT-PCR, we used two genes expressed 

only in HDFA (CD90, VIM) and one expressed only in D3131 (CD45). Again, the 

flow cytometry and qRT-PCR suggest there is good separation of the cells and 

there was no difference between the different antibody conditions tested (Figure 

3.8). In all cases, the negative fractions show some positive cells are not 

collected, but the CD45 expression show the positive fraction is mostly pure. 

3.5.2.2 CD90 antibody selection on placenta cells 

I initially used the CD90 antibody to select from stromal cells, as it should be a 

good cell marker. According to the qRT-PCR, it was enriching stromal populations 

(Figure 3.9a). The selected cells are enriched for CD90 and VIM expression, and  
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have decreased KRT7 expression. The EGFR is mixed, with some samples having 

an increase in the CD90 population. This was expected, as EGFR is also 

expressed in some fibroblast cells. 

The larger issue was the number of cells. Following the same protocol as the 

trophoblast selection, which gave over a million cells per 10g of tissue, the CD90 

selection gave around consistently low yields with a mean of 296,500 cells 

Figure 3.8: Testing antibody conditions for CD90 MACS on cell lines. 
Using cell lines D3131 (CD90 negative, RFP negative) and HDFA (CD90 

positive, RFP positive). a Flow cytometry results. b qRT-PCR results. All flow 
cytometry performed by Dr Louise Maor. 
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(Figure 3.9b). This would be very limiting for downstream analysis, so I 

searched for alternative selection antibodies. 

3.5.2.3 Fibroblast on placenta 

We discovered a fibroblast antibody from Miltenyi, which is directly conjugated to 

a magnetic bead, removing the need for a secondary antibody. MACS with this 

fibroblast on fresh placenta cells gave a much better yield, with a mean of 

2,697,000 cells per 10g tissue across four placentas tested (Figure 3.9c). The 

manufacturer was not able to provide any information on what the antibody was 

targeting, so it was not possible to check cell-type expression from single-cell 

expression data. However, the qRT-PCR panel allowed me to test for enrichment 

as with the previous antibodies. The qRT-PCR testing on these cells also showed 

a good enrichment for stromal cell markers (Figure 3.9d). CD90 and VIM are 

higher in the selected cells than the negative cells and the input, and EGFR and 

KRT7 are decreased. I therefore used the fibroblast antibody going forward. 

3.5.3 Verification with qRT-PCR markers 

On one placenta, I tested the full panel of cell-type markers with qRT-PCR 

(Figure 3.10). The fold change is all calculated relative to MACS input, which 

should already be enriched for trophoblast and stomal cells. This showed an 

enrichment of all trophoblast markers in the EGFR positive cells and decrease in 

fibroblast cells except HLA-G, with the largest enrichment in PAGE4, a 

cytotrophoblast marker. HLA-G was lower in EGFR positive than the input, but 

still higher than fibroblast positive cells, where it was undetectable. The stromal 

cell markers were enriched in the fibroblast positive fraction as expected. CD34,  

Figure 3.9: Placenta stromal cell selection with MACS. a-b Selection with 
CD90 antibody. c-d Selection with fibroblast antibody. a, d qRT-PCR for 
expression of two trophoblast markers (EGFR and KRT7) and two stromal 

markers (CD90 and VIM). b-c Number of positive cells obtained. 
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which is an endothelial cell marker, was enriched in the EGFR positive cells, 

which could indicate some non-trophoblast selection but this is only relative to 

input so may not represent a large number of cells. The Hofbauer cell marker, 

CD14, was very low in both selections. 

3.5.4 Verification with flow cytometry 

As additional verification of cell selection, we tested the final cell fractions with 

flow cytometry. This allowed us to quantify the number of positive cells, which is 

not possible with qRT-PCR. It also uses protein expression rather than qRT-PCR, 

as mRNA does not always equate to protein. The flow cytometry was performed 

by Dr Louise Chappell-Maor. 

For the trophoblast selection, we tested the KRT7 antibody but had difficulty 

using it for flow cytometry. On JEG3 cells, which should be entirely KRT7 

positive, we found only a slight shift in the fluorescence profile from an isotype 

control (Figure 3.11a). The isotype control should reflect the non-specific binding 

of the antibody, so gating should be set where there are no positive cells within 

Figure 3.10: qRT-PCR for markers for placental cell types on selected 
cells. Using placenta 23BR294. All samples are normalised to MACS input 

(dotted line). Markers are for pan-trophoblast (EGFR, KRT7), cytotrophoblast 
(PAGE4), extra-villous trophoblast (HLA-G), syncytiotrophoblasts (CGB3), 
stromal cells (CD90), non-trophoblast (VIM), stromal and perivascular cells 

(COL3A1), endothelial cells (CD34), and Hofbauer cells (CD14). 
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the isotype control stained cells. Dr Louise Maor did try different conditions and 

other trophoblast antibodies but was unable to improve the profile (data not 

shown). 

The flow cytometry on the stromal cell selection was more successful, which is 

reassuring as we cannot check expression of the antigen and the qRT-PCR 

results were less clear. When tested on HEK cells, which express VIM, the 

fluorescence profile of the VIM antibody stained cells was distinct from the 

isotype control, allowing confident detection of positive cells (Figure 3.11b). 

When tested on a placenta MACS selection with the fibroblast antibody, there 

was an increase in VIM positive cells in the fibroblast positive fraction compared 

Figure 3.11: Flow cytometry to verify cell selection. a Testing KRT7 
antibody on JEG3 cells (KRT7 expressing). b Testing VIM antibody on HEK cells 

(VIM expressing). c VIM positive cells from fibroblast MACS selection on 
22BR548. 
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to the MACS input, from 46.6% to 73.9%, and a decrease in the negative 

fraction (Figure 3.11c). The MACS input is high already as it should be enriched 

from the original placenta composition, as the Percoll gradient has partially 

selected for the desired cell types. Looking at the fluorescence profiles from the 

flow cytometry, there are three populations of VIM expression, of which the 

lowest is gone in the positive fraction and the middle is depleted. 

3.6 Placenta RNA 

There are two measures commonly used to assess RNA extracted from human 

placenta: the amount of RNA and RNA integrity (RIN). RNA extracted from 

placenta is commonly reported to give low yields and low quality, it is thought 

this may be due to high levels and activity of RNases causing tissue degradation 

(Haimov-Kochman, Fisher and Winn, 2006). Hypoxia and tissue disruption could 

both increase the activity of lysosomal RNases, degrading RNA (Barton et al., 

1993; Hynd et al., 2003). Further, labour can cause hypoxia stress, decrease 

placental pH and increase apoptosis, which increases with duration of labour 

(Cindrova-Davies et al., 2007). 

RNA yield from placenta tissue is often low, with Arthurs et al. (2023) finding 

RNA yield around 10 times lower in placenta tissue than mouse kidney or 

HEK293T cells. They found yield was better with cryofreezing than immersion in 

in RNAlater and with extraction using TRIzol reagent than RNeasy Kit. In all 

cases, the range of yield was large with some very low samples. They found a 

mean yield of 0.06 ȉg/mg tissue, which is very different from another study who 

achieved 0.25 ȉg/mg tissue extracted with RNAeasy midi Kit (Fajardy et al., 

2009). RNA yield was not affected by time after delivery or mode of delivery 

(Arthurs et al., 2023). 

For storage of one or 10 months, two studies found RNAlater preserved RIN 

better than flash freezing (Reiter et al., 2013; Martin et al., 2017). They differed 

in their RNA quality assessment, one using RQI and one RIN, but these methods 

should be comparable (Riedmaier, Bergmaier and Pfaffl, 2010). They both found 

values around 8 for preservation with RNAlater and 3-4 with flash freezing. 
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However, other studies have achieved a RIN of 6-7 with flash freezing (Huang et 

al., 2013), or even a RQI of 9 (Arthurs et al., 2023). 

One study found placentas can be stored for up to 48 hours at 4ÁC in RNAlater 

without affecting RIN (Fajardy et al., 2009). This is in contrast to a previous 

study in The Gambia, where RIN decreased from around 8 to 6 after two hours, 

though yield and qRT-PCR analysis of TFR1 was not affected (Jobarteh et al., 

2014). This may be due to the RNase activity, as storage at 4ÁC is not enough to 

prevent degradation by lysosomal acid RNases (Albrecht and Yanagihara, 1979). 

Generally, RNA quality is an important factor for qRT-PCR analysis (Fleige and 

Pfaffl, 2006). Low quality RNA can increase the range of relative expression 

found and changes with the housekeeping gene used to normalise (Lanoix et al., 

2012; Huang et al., 2013). Overall, placenta RNA is often low yield and low 

quality, but the influence of different factors varies between studies. Many 

studies emphasise the importance of storage at a low temperature if not 

processing immediately to preserve yield and quality. 

3.6.1 Temperature 

The protocol was originally performed at room temperature, apart from 

centrifugations not including the Percoll step and antibody incubations which 

were done at 4ÁC. I decided to test if performing all steps in a cold room could 

increase the yield of cells and RNA. The total protocol took seven to eight hours, 

so I was concerned the time would cause the RNA to degrade. This difference 

could be particularly important for work in The Gambia, where the lab is often 

25-30ÁC. I tested one placenta with an EGFR selection, two with EGFR and CD90 

selection and one with EGFR and fibroblast selection. 

A direct comparison of cold and room temperature conditions was done on three 

placentas, each time performing the two in parallel with EGFR selection. The 

number of EGFR positive cells varied across the placentas, but in each case was 

similar between the two conditions (Figure 3.12a). However, there was a lot 

more RNA extracted from the cold condition than the room temperature in two of 

the three placentas (Figure 3.12b). 
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I tested both for expression of cell-type markers as well. This showed variable 

but good enrichment of EGFR and KRT7 in all conditions. CD90 was highly 

enriched in two of the samples in the room temperature condition, and VIM was 

decreased in all cases but better in the cold condition each time. Overall, the 

cold condition gave better results. 

I then did another test including fibroblast as well as EGFR selection. I also 

added an extra condition where the protocol was performed in the cold room 

until MACS, which was performed at room temperature. This gave similar yields 

for fibroblast positive cells in all conditions, and a better EGFR yield in the Cold 

condition (Figure 3.12c). 

On the qRT-PCR testing, EGFR and KRT7 were enriched in the EGFR positive cells 

but not in the fibroblast cells, with better results in the cold condition. CD90 

expression was mixed, showing lowest expression in the room temperature 

condition. VIM was relatively low in the EGFR fractions and only highly enriched 

in the cold condition (Figure 3.12). Again, this showed that keeping the whole 

protocol cold gave better results. 

3.6.2 RNA extraction 

Given the previous studies, I tested the RIN of extracted RNA from different 

stage of the cell isolation protocol in one placenta (Table 3.2). This placenta was 

processed in the cold room. The sample I tested on had an initially low RIN of 

3.9, which is below other studies and slightly lower than we generally observe in 

our group, of around 4 to 6. The RIN was much higher in RNA extracted after the 

enzyme digestions, increasing to 8.5 and increasing further to 9.5 after the 

Percoll separation. It may be that this process selects for live cells with better 

RNA integrity. Both MACS selected fractions on this placenta, EGFR and CD90  

Figure 3.12: Testing the effect of temperature on cell enrichment. a-b 

Comparison between cold and room temperature with EGFR MACS. a Cell and 
RNA yield. c-d Comparison of cold, room temperature, and cold with just MACS 
at room temperature, with EGFR and fibroblast MACS. b,d qRT-PCR results. 

Fold changes calculated as change from MACS input. c Cell yield. 
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Table 3.2: RNA integrity at different stages of the protocol on placenta 
22BR167. 

Stage  RIN  

Placenta  3.9  

Digest  8.5  

Post -Percoll  9.5  

EGFR+ 7.6  

EGFR- 9.0  

CD90+  9.4  

CD90 -  8.7  

 

showed higher RIN than the original placenta, 7.6 and 9.4 respectively. I was 

therefore reassured that the protocol resulted in high quality RNA and was not 

affected by the time taken during processing.  

I also tested the effect of extraction methods, comparing extractions with Trizol 

to those with a Qiagen AllPrep column, which allows extraction of DNA and RNA 

from the same sample. I used two placenta tissue samples to test the column 

against an alternative RNA extraction method using Trizol which produced much 

more RNA, and the RNA integrity was not affected (Table 3.3). I tested 2 million 

JEG3 cells as cell line RNA is generally good quality against 2 million cells after 

Percoll separation. The yield was around half from the AllPrep columns than 

Trizol for JEG3 cells, but much higher in the placenta cells. The RIN was also 

higher from the AllPrep in both cases (Table 3.3). I also tested the same on 

tissue from two placentas. These had much lower RIN than the cells, and lower 

yield and equivalent or higher RIN with the AllPrep column. 

Table 3.3: Effect of RNA extraction method on yield and RNA. 

Sample  
Trizol  AllPrep  

RNA ( ȉg)  RIN  RNA ( ȉg)  RIN  

Cells 
(2 million) 

JEG3 31. 2 7.30  15. 9 9.70  

Placenta post -Percoll  0.11  6.70  1.45  8.70  

Tissue  
PL7 8.96 4.4  1.97  4.1  

PL10 3.39 3.4  0. 397  4.6  



110 
 

Given the small amount of cells produced from the protocol and higher RINs 

achieved on this test, I used the AllPrep for all future extractions from tissue and 

selected cells. We also felt the AllPrep protocol was easier to follow and transfer 

to the MRC Keneba. 

3.7 Transferring protocol to MRC Keneba 

The original aim of optimising this protocol was for use at the MRC Keneba, The 

Gambia. I visited the site at the beginning of sample collection to both ensure 

the protocol was effective there and to train the laboratory staff to use it. The 

main difference was performing the protocol on ice instead of in a cold room, 

alongside a much higher room temperature in the lab. 

I was only able to perform the cell isolation protocol on two placentas on my first 

visit, in collaboration with the MRC Keneba staff. These were recruited 

specifically for protocol optimisation and not from EDEN study participants. It 

was expected that more samples would be available to facilitate training but this 

was not possible due to delays with project setup and logistical issues at the 

site. After my visit, three placentas were processed which were conceived in the 

dry season. Unfortunately cell counts were not available on these but MRC 

Keneba staff extracted RNA and made cDNA so I could test the cell enrichment 

by qRT-PCR. 

Most show an enrichment of EGFR and KRT7 expression in the EGFR selected 

cells and VIM in the fibroblast selected cells (Figure 3.13a). As with previous 

placentas, the enrichment is variable between samples. The exception is sample 

G2, which shows a reversal of the expected pattern in KRT7 and VIM. I believe 

this is likely due to a mix up with sample labelling, as the protocol otherwise 

shows consistent results with UEA. The qRT-PCR suggests the protocol is as 

effective at cell selection in The Gambia as at UEA. 

The two samples I processed were not part of the EDEN study so we were not 

able to do further analysis on them. Only a small quantity of RNA was extracted 

from the other three so there was only enough material to perform this one  
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qRT-PCR. This means these samples were not available for further analysis. On 

investigation, I believe this was due to improper storage of extracted cells and 

this was rectified for the following season.  

On my second visit, at the start of the rainy season I was able to process five 

placentas which were part of the EDEN study and count the cells selected. As 

observed at UEA, the cell count is variable across samples but is within the range 

Figure 3.13: Placenta MACS qRT-PCR results from The Gambia. a Five 
dry season placentas processed at MRC Keneba with one from UEA for 

comparison. qRT-PCR for expression of two trophoblast markers (EGFR and 
KRT7) and one stromal marker (VIM). Samples are all normalised to the MACS 

input of placenta 23BR291 to allow comparison between samples. b Cell yield 
from five rainy season samples processed at MRC Keneba with collated yields 

from UEA for comparison. 
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of those obtained at UEA (Figure 3.13b). We did not test these with qRT-PCR as 

we wanted to keep any material for fuller analysis. However, as there were no 

study samples collected in the dry season for comparison we have not currently 

performed any analysis on these. 

3.8 Epigenetic confirmation of cell-type 

enrichment 

Although the placenta cell-type isolation protocol was not used for the EDEN 

project, we were able to use it to investigate cell-type specific methylation at 

novel imprinted differentially methylated regions (DMRs). 

3.8.1 G0S2 and PIK3R1 

To investigate cell-type specific methylation, the cell isolation was performed by 

me and the methylation analysis by Dr Dagne Daskeviciute. 

The characterisation of novel imprinted candidates G0S2 and PIK3R1 was 

performed by Dr Dagne Daskeviciute and has been published in Daskeviciute et 

al. (2025). Briefly, the DMRs were found using methylomes from various tissues 

to be methylated in oocyte and partially methylated only in placenta and 

blastocyst. Placenta-specific, maternal methylation was confirmed using bisulfite 

PCR and sub-cloning from term placentas, and methylation sensitive genotyping. 

Both genes were also confirmed to have paternal expression with bisulfite PCR.  

Previous data on cell-type specific methylation suggested that intermediate 

methylation at G0S2 was conserved in all placental cell types except Hofbauer 

cells (Figure 3.14a; Yuan et al., 2021). This was tested using cells isolated using 

the protocol described here with MACS for EGFR (trophoblast) and CD90 

(stromal). Bisulfite PCR and Sanger sequencing confirmed allelic methylation was 
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maintained across both cell types (Figure 3.14b). Unfortunately maternal 

genotyping was not available for this sample to confirm the methylated allele 

was the maternal one. 

At PIK3R1, intermediate methylation should be confined to trophoblast cells (c). 

Unfortunately SNP rs932375 was homozygous in the available samples so allelic 

methylation could not be tested. However, intermediate methylation was 

confirmed in placenta tissue and trophoblast cells, with stromal cells being 

unmethylation (Figure 3.14d). 

Figure 3.14: Cell-type specific methylation of G0S2 and PIK3R1. 
Reproduced from Daskeviciute et al. (2025). a-b G0S2. c-d PIK3R1. a,c 
Methylation array data from Yuan et al. (2021). b,d CpG methylation in 

placenta tissue and cell types from MACS with EGFR (trophoblasts) or CD90 
(stromal) antibody. Each row represents one DNA strand. Å Methylated CpG,     

 ɐUnmethylated CpG. 
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3.8.2 KCNQ1 region 

The analysis of trophoblast and fibroblasts at these DMRs was performed by me. 

The analysis of placenta tissue was done by other members of the group (Keran 

Chen and Professor David Monk). 

KvDMR1 (also known as the KCNQ1OT1 DMR) is a well characterised maternally 

imprinted gDMR in mice. It controls the paternal expression of long non-coding 

RNA Kcnq1, which causes paternal silencing of the overlapping antisense 

(Kcnq1ot1) and nearby genes in cis by inducing repressive histone modifications 

(Lewis et al., 2004; Umlauf et al., 2004). In mouse placenta, at least 15 genes 

(Th, Ascl2, Tspan32, Cd81, Tssc4, Slc22a18, Phlda2, Nap1l4, Tnfrsf26, Tnfrsf22, 

Tnfrsf23, Osbpl5, Dhcr7, Shank2, Ano1) up to 7.7 megabases away are also 

silenced on the paternal allele (Hanna, 2020). The mechanism for this difference 

between somatic and placental tissues is not currently understood. 

In human tissue, KvDMR1 is also maternally imprinted and the paternal 

expression of KCNQ1OT1 controls paternal silencing of equivalent genes 

including CDKN1C, SLC22A18 and PHLDA2. However, the sDMR found at Cdkn1c 

in mouse is not conserved in humans (Monk et al., 2006). Further, beyond the 

three centromeric ubiquitously imprinted genes, the placenta-specific imprinting 

is not conserved so these genes are biallelically expressed in human placenta. 

Further characterisation of the region is needed in humans. 

I first confirmed the 50% methylation at the known kvDMR in placenta tissue in 

trophoblasts (EGFR+), stromal cells (CD90+) and fibroblast cells (fibroblast+; 

Figure 3.15b). I next used these samples to investigate cell-type specific 

methylation at two previously uncharacterised DMRs in the KCNQ1 region. These  

have been the subject of previous study by other members of the group who  

Figure 3.15: Cell-type specific methylation at DMRs in the KCNQ1 region. 

a UCSC browser showing transcripts in the region, plus methylation in sperm, 
oocyte and placenta at the three DMRs tested. b CpG methylation in placenta 

tissue and cell types from MACS with EGFR (trophoblast), fibroblast (fibroblast) or 
CD90 (stromal) antibody. Placenta 22BR294 was used unless otherwise indicated. 
Each row represents one DNA strand. Å Methylated CpG, ɐ Unmethylated CpG. 
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