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Abstract 

There is now considerable evidence indicating that risk of many complex diseases in 

adulthood may be influenced by exposure to environmental exposures in utero. A growing 

number of studies suggest epigenetic markers, including DNA methylation, are involved in 

this process. Understanding how DNA methylation is impacted by pregnancy exposures, 

and related to later health, may both contribute to unravelling the aetiology of complex 

disease risk in later life and provide a potential early-life biomarker for risk prediction. 

However, current evidence is limited. There has been a predominance of small, poorly 

powered studies, failure to consider the effects of genetic variation, and limited replication 

of previous findings. In addition, previous studies investigating the relationship between 

DNA methylation and offspring health have been primarily cross-sectional. 

For these reasons, I investigated the associations between pregnancy exposures (in 

particular, maternal smoking, nutrition and metabolic health, psychosocial stress, and 

adverse pregnancy conditions), birth outcomes, and offspring blood DNA methylation of 

the insulin-like growth factor 2 (IGF2) and H19, hypoxia-inducible factor 3α (HIF3A), leptin 

(LEP) genes. I also considered how genetic variation impacted on these associations. I then 

investigated the longitudinal relationship between early life methylation and 

anthropometry, as well as the association between early life methylation and later 

childhood measures of weight, adiposity, and cardiovascular health. 

To do this, the large, population-based longitudinal Barwon Infant Study pre-birth cohort 

(n=1,074) was used, with clinical and questionnaire measures from 28 weeks pregnancy, 

birth, 12 months post-birth and 4 years post-birth time points. DNA methylation of 

candidate regions was measured using the Sequenom EpiTyper mass-spectrometry 

platform in cord (birth) and peripheral (12-month) blood. Infant genetic variation in and 

near the candidate genes was considered. Infant adiposity was assessed as sum of triceps 

and subscapular skinfold thicknesses in infancy, and with DEXA scanning at 4 years of age. 
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We found evidence that exposure to maternal psychosocial stress, gestational diabetes, and 

pre-eclampsia was associated with differences in offspring methylation at the candidate 

regions, as was infant sex. Genetic variation showed strong effects on DNA methylation 

levels, with some evidence for the associations of pre-eclampsia and infant adiposity with 

LEP methylation differing by infant genotype. Early life methylation of HIF3A and LEP 

showed modest associations with four-year blood pressure and BMI, respectively. While 

these associations persisted with adjustment for potential confounding factors, they 

explained relatively little variance in the four-year phenotypes compared to traditional 

predictors, such as weight.  

These findings suggest that offspring DNA methylation of these candidate genes involved in 

regulation of growth and metabolism are sensitive to several environmental exposures and 

genetic factors. While there is modest evidence for methylation in infant blood associating 

with later phenotypes, methylation of these genes appears unlikely to have useful 

predictive utility in isolation.  

This study is the first to perform early life longitudinal analysis to investigate the association 

between anthropometry and methylation in infancy. It is also the first to report evidence of 

earlier methylation associating with later cardiovascular phenotypes. However, as gene 

expression data was not available, the functional consequences of the altered methylation 

observed in blood is unclear. Further work is required to replicate these findings in 

independent cohorts, to determine the nature of expression of these genes in blood, and 

to investigate if the relationship between early life methylation and later health persists 

into adulthood. 
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Chapter 1 Introduction 

1.1 Complex diseases 

Non-communicable diseases (NCDs), diseases not spread from person to person, are often 

referred to as ‘complex’ diseases due to their multi-factorial, or even unknown, aetiology 

(Craig 2008). They are estimated to be responsible for over two-thirds of all deaths globally 

(World Health Organization 2016). Complex diseases such as heart disease, stroke, cancer, 

and diabetes are major causes of death (World Health Organization 2016), and also 

represent a huge economic burden (Bloom, Cafiero et al. 2012).  

Growing evidence indicates that risk of complex diseases is influenced by both underlying 

genetic variation across many genes (‘polygenic’ risk) and cumulative environmental 

exposures across life (Craig 2008, Eichler, Flint et al. 2010). While the precise biological 

processes underpinning the onset of many complex diseases are poorly defined, the 

widespread use of ‘complex’ to describe these conditions is perhaps unhelpfully opaque. 

There has been much research now into what influences risk of complex diseases, with 

several environmental and lifestyle factors linked to increased risk of many diseases (Kontis, 

Mathers et al. 2014). Notable examples of risk factors include obesity, poor nutrition, and 

smoking (Khatib 2004, Benziger, Roth et al. 2016, Blüher 2019).  

Complex disease morbidity and mortality is highest in low- and middle-income countries 

(World Health Organization 2016), and within high-income countries, populations of 

greater socioeconomic disadvantage are at greatest risk (Sommer, Griebler et al. 2015). This 

is not only due to higher prevalence of risk factors, but also reduced access to health care 

for disease management. As such, addressing complex diseases represents both a biological 

and a societal challenge. Disease prevention is ultimately more desirable than treatment, 

so understanding what influences throughout life might impact risk of complex diseases 

prior to disease onset is critical for reducing disease on a population-wide scale (Balbus, 

Barouki et al. 2013). The earlier disease trajectory can be positively influenced the better, 

with recent evidence suggesting infancy, pregnancy, and even pre-conception offer 
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valuable windows for promoting offspring health (Godfrey, Reynolds et al. 2017, 

Schwarzenberg and Georgieff 2018, Stephenson, Heslehurst et al. 2018). 

 

1.2 Developmental Origins of Health and Disease (DOHaD) 

It is well-established that exposures early in life can impact growth and development, and 

also the risk of later disease (Capra, Tezza et al. 2013, Mund, Louwen et al. 2013). This was 

most famously demonstrated by David Barker, who observed an association between low 

birth weight and later-life cardiovascular disease and mortality in males (Barker and 

Osmond 1986). These findings led to the ‘thrifty phenotype’ hypothesis, whereby fetuses 

exposed to maternal malnutrition during pregnancy undergo ‘programming’ to adapt to a 

low-calorie intrauterine environment (Barker 1990). Consequently, the offspring may be 

maladapted to the relatively high-caloric postnatal environment, contributing to increased 

risk of health outcomes, such as type 2 diabetes, heart disease and obesity in adulthood 

(Barker 1997, Barker and Bagby 2005), as well as reduced reproductive fitness (Drukker, 

Haklai et al. 2018). Following further studies examining a broader range of exposures and 

time points, this hypothesis led to the Developmental Origins of Health and Disease 

(DOHaD) concept (Hanson 2015) that encompasses all exposures from pre-conception to 

adolescence that potentially shape development in a manner that can have long-term 

impacts on health.  

A contrasting hypothesis in the context of fetal programming is that, instead of adverse 

exposures programming development in a ‘predictive’ manner, organisms have evolved 

through natural selection to undergo modified development in resource-poor 

environments in a generic manner to promote early-life survival and reproductive fitness at 

the expense of long-term health (Monaghan 2008). To establish which hypothesis would be 

more accurate for a particular stressor, research would ideally investigate whether offspring 

who are exposed to a high-stress environment during pregnancy have improved long-term 

fitness in a high-stress postnatal environment compared to those exposed to a low-stress 
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environment pregnancy, or if those exposed to a high-stress environment during pregnancy 

have worse fitness regardless of the postnatal environment (Lea, Tung et al. 2018). While 

this has been investigated for specific stressors in specific animal models (Douhard, Plard et 

al. 2014, Pigeon, Festa-Bianchet et al. 2017), conducting such research in humans would be 

extremely difficult. However, both DOHaD- and natural selection-based hypotheses agree 

that early life exposures can trigger modified development. 

 

1.2.1 In utero exposures 

The period in utero remains of particular interest in DOHaD due to being the period of 

greatest developmental plasticity (Gluckman and Hanson 2009, Lea, Tung et al. 2018). 

Under the tenet of fetal programming, the fetus adapts to alterations in its in utero 

environment to minimise potentially adverse effects of environmental exposures, subtly 

modifying development to optimise growth (Gluckman and Hanson 2004). Despite being 

potentially adaptive, such programming may also have adverse implications on later health 

outcomes. 

There have been a wide range of pregnancy exposures investigated to determine possible 

influences on offspring health (Wadhwa, Buss et al. 2009, Haugen, Schug et al. 2015, 

Heindel and Vandenberg 2015), with strong evidence for key exposures impacting on 

offspring development and health. 

 

1.2.1.1 Maternal nutrition 

Maternal undernutrition 

As the link between in utero growth and adult health was first described in the context of 

maternal undernutrition and the thrifty phenotype, maternal nutrition has been widely 
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investigated as a key pregnancy exposure. Earlier epidemiological studies were based on 

the relationship between birth weight and adult health (Barker 1997), with maternal 

nutrition during pregnancy considered important for appropriate fetal growth (Kramer 

1987, Khashan and Kenny 2009). Retrospective studies of population-wide events, such as 

the Dutch Hunger Winter (Painter, Roseboom et al. 2005), considered proxy measures for 

maternal undernutrition, and found associations between famine and adult health. These 

include measures of cardiovascular health (Roseboom, van der Meulen et al. 2000), type 2 

diabetes (Li, Liu et al. 2016), depression (Stein, Pierik et al. 2009), respiratory disease 

(Lopuhaä, Roseboom et al. 2000), obesity (Ravelli, Van Der Meulen et al. 1999), altered lipid 

profile (Roseboom, van der Meulen et al. 2000), and premature brain aging (Franke, Gaser 

et al. 2018).  

Maternal obesity 

Longitudinal pregnancy cohorts with maternal diet and nutrition measures during 

pregnancy have allowed for investigation of prospective relationships with later offspring 

outcomes. Pre-pregnancy obesity has received considerable attention, as maternal obesity 

is increasingly prevalent globally (Guelinckx, Devlieger et al. 2008). While different 

anthropometric metrics such as waist circumference and body fat percentage have been 

used to define obesity (Kopelman, Caterson et al. 2009), the most widely-used classification 

in adults internationally is a body mass index (BMI) greater than 30 kg/m2 (World Health 

Organization 2000, Engin 2017). In Australia, 27% of women are classified as obese, based 

on BMI (body mass index), and a further 28% are classified as overweight (Huse, 

Hettiarachchi et al. 2018). Pre-pregnancy obesity is associated with risk of several adverse 

pregnancy outcomes, including stillbirth (Scott‐Pillai, Spence et al. 2013) and growth defects 

(McMahon, Liu et al. 2013). Pre-pregnancy obesity has also been linked to increased 

childhood body mass index (BMI), fat mass and insulin levels at six years of age (Gaillard, 

Steegers et al. 2014), as well as increased risk of obesity in adolescence and adulthood 

(Rooney, Mathiason et al. 2011). Similar to maternal undernutrition during pregnancy, 

increased maternal BMI during pregnancy is associated with risk of cardiovascular disease, 
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stroke, and diabetes in adult offspring (Eriksson, Sandboge et al. 2014), though this is 

potentially driven primarily by offspring BMI (Hochner, Friedlander et al. 2012). One meta-

analysis found maternal obesity is also linked to risk of childhood asthma or wheeze, 

independent of child BMI (Forno, Young et al. 2014), while a separate meta-analysis 

reported maternal obesity is associated with risk of autism spectrum disorder diagnosis in 

childhood (Li, Ou et al. 2016).  

Often, reproducible observational associations in epidemiological studies are mistaken for 

evidence of causality (Galea, Riddle et al. 2010). It bears noting that thus far studies have 

primarily found observational associations, rather than consistent evidence for a causal role 

of maternal obesity during pregnancy in offspring risk of disease in later life. In human 

studies, it is challenging to investigate the effects of maternal obesity separate from 

maternal postnatal effects on offspring diet and lifestyle. Meanwhile, animal models of 

maternal obesity often differ from humans in terms of developmental trajectories during 

pregnancy (Nathanielsz, Poston et al. 2007) or underlying biology of obesity (Kleinert, 

Clemmensen et al. 2018). 

 

1.2.1.2 Adverse pregnancy conditions 

Gestational diabetes 

Prevalence of gestational diabetes mellitus (GDM), diabetes first diagnosed during 

pregnancy, has increased over the last three decades (Lavery, Friedman et al. 2017). 

Internationally, different glucose tolerance cut-offs are used to diagnose GDM (Baz, Riveline 

et al. 2016). The criteria currently recommended by the World Health Organisation and also 

by the Australian Diabetes in Pregnancy Society is diagnosis of GDM if a mother has a plasma 

glucose concentration greater than 5.1 mmol/L when fasting or greater than 8.5 mmol/L 

two hours after a 75-g oral glucose load (Nankervis, McIntyre et al. 2013, Agarwal 2015). An 
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estimated 13.8% of pregnancies globally will experience diagnosis of GDM (Ogurtsova, da 

Rocha Fernandes et al. 2017), and prevalence in Australia varies from 10% to up to 30% in 

high-risk populations (Moses, Morris et al. 2011). GDM is characterised by insulin resistance 

and consequently increased circulating glucose in pregnancy (Chiefari, Arcidiacono et al. 

2017), which in turn increases glucose in the developing fetal circulation (Hay Jr 2006). In 

addition to the health consequences to the mother, which include predisposition to later 

cardiovascular disease and type 2 diabetes (Reece 2010), GDM has been linked to increased 

birth weight (Metzger, Contreras et al. 2008), higher offspring adiposity (Group 2009), and 

risk of preterm birth (Davis, Scifres et al. 2018). Further, exposure to GDM in utero is also 

linked to a variety of later health conditions in childhood (Bider‐Canfield, Martinez et al. 

2017). This includes increased fat mass and risk of obesity in childhood (Philipps, 

Santhakumaran et al. 2011, Zhao, Liu et al. 2016), even after adjustment for maternal BMI 

(Lowe, Scholtens et al. 2018), and also elevated blood pressure and heart rate, altered 

metabolic profile, and earlier onset of female puberty (Grunnet, Hansen et al. 2017). GDM-

exposed offspring may also have lower cognitive function (Bolaños, Matute et al. 2015) and 

increased risk of autism spectrum disorder diagnosis (Xiang, Wang et al. 2015).  

Pre-eclampsia 

Pre-eclampsia is also a relatively common condition, arising in between 1.2 and 4.2% of all 

pregnancies globally (Abalos, Cuesta et al. 2013). In pre-eclampsia, the decidual spiral 

arteries, which ensure adequate maternal blood flow to the placental intervillous space, do 

not develop correctly during placentation (Al-Jameil, Aziz Khan et al. 2014). This results in 

impaired placental function, maternal hypertension, and proteinuria (Phipps, Prasanna et 

al. 2016). The current International Society for the Study of Hypertension in Pregnancy 

(ISSHP) criteria for pre-eclampsia diagnosis are high blood pressure (greater than 140/90 

mmHg) and proteinuria (greater than 0.3 g in 24 hours) after 20 weeks of gestation 

(Tranquilli, Dekker et al. 2014). In Australia, pre-eclampsia is also classified using a modified 

version of the International Classification of Diseases Coding (ICD-10-AM) (Roberts, Innes et 

al. 1998).  
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Pre-eclampsia is widely associated with preterm birth (Lisonkova and Joseph 2013) and 

impaired fetal growth (Ota, Ganchimeg et al. 2014), both of which have been linked to a 

range of adverse health conditions in later life, including cardiometabolic and 

neurodevelopmental outcomes (de Jong, Monuteaux et al. 2012, Serenius, Källén et al. 

2013, Carr, Cnattingius et al. 2017, Mericq, Martinez-Aguayo et al. 2017, Raju, Buist et al. 

2017, Twilhaar, Wade et al. 2018). 

Exposure to pre-eclampsia in utero has also been linked to increased blood pressure (Davis, 

Lazdam et al. 2012), altered cardiovascular structure (Lazdam, de la Horra et al. 2010), risk 

of epilepsy (Wu, Sun et al. 2008) and autism spectrum disorder (Mann, McDermott et al. 

2010) in childhood, and elevated blood pressure (Davis, Lazdam et al. 2012) and risk of 

stroke in adulthood (Kajantie, Eriksson et al. 2009). These associations with later offspring 

health generally persist, even after adjustment for birth outcomes such as lower 

birthweight and preterm birth (Wu, Sun et al. 2008, Lazdam, de la Horra et al. 2010, Mann, 

McDermott et al. 2010, Davis, Lazdam et al. 2012).  

 

1.2.1.3 Psychosocial stress and depression 

As the understanding and awareness of the chemical and physiological changes involved in 

neurological and emotional health has increased, so has interest in how maternal 

‘psychosocial’ health (Martikainen, Bartley et al. 2002) might impact on the development 

of the fetus and later health outcomes in offspring (Brunton 2013). A diverse range of 

psychosocial exposures have been considered, including stressful life events, such as 

domestic violence, natural disasters, or war trauma (Mulligan, D'Errico et al. 2012, Chen, Li 

et al. 2014), substance abuse (Cornelius, Goldschmidt et al. 2007, Devlin, Brain et al. 2010), 

clinical diagnosis of conditions such as depression and anxiety (Non, Binder et al. 2014), self-

reported mood and mental health (Conradt, Lester et al. 2013, Vidal, Benjamin Neelon et 

al. 2014), and direct measurement of cortisol (a stress signalling hormone) concentrations 
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(Goedhart, Vrijkotte et al. 2010, Braithwaite, Kundakovic et al. 2015). While there are 

several different diagnostic tools for depression that have been used by different countries, 

typically involving clinical interviews or questionnaires (Patten 2003), current clinical 

guidelines for depression (major depressive disorder) diagnosis in Australia is reporting at 

least 5 of 8 depression symptoms specified in the latest Diagnostic and Statistical Manual 

of Mental Disorders (DSM-5) for at least two weeks during a structured clinical interview 

(American Psychiatric Association 2013). There are several different anxiety disorders that 

are similarly diagnosed through DSM-5 criteria. However, many epidemiological studies 

consider mothers as depressed and/or anxious using other questionnaires relating to 

depressive/anxious symptoms or by using self-reported classification, instead of a formal 

clinical diagnosis. 

Maternal psychosocial stress has been associated with preterm birth and low birth weight 

(Berle, Mykletun et al. 2005, Goedhart, Vrijkotte et al. 2010, Grote, Bridge et al. 2010), 

neurodevelopmental delays (Grote, Bridge et al. 2010, Grigoriadis, VonderPorten et al. 

2013), internalising symptoms, attention problems (Sharp, Hill et al. 2014), depressive 

symptoms (Slykerman, Thompson et al. 2014), attention deficit hyperactivity disorder 

(Rodriguez 2005), and altered immune function (Fang, Höglund et al. 2011). Exposure to 

maternal psychosocial stress during pregnancy continues to impact on offspring health 

through life course, with evidence for increased risk of depressive symptoms and 

behavioural problems (Lewinsohn, Olino et al. 2005, Betts, Williams et al. 2015), autism 

spectrum disorder diagnosis (Class, Abel et al. 2014), and suicide (Mittendorfer-Rutz, 

Rasmussen et al. 2004) in adult offspring. 

 

1.3 Epigenetics 

There is now a large body of epidemiological evidence for the relevance of in utero 

exposures impacting development and later health. There is now growing interest in 

identifying the biological mechanisms underpinning these relationships. Such mechanisms 
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would need to be sensitive to the environment, able to embed effects in a manner that 

could persist throughout life course, and also be sensitive to genetic variation (Gluckman, 

Buklijas et al. 2016). For these reasons, epigenetics was considered as a potential biological 

mediator (Ong, Lin et al. 2015). Mounting evidence implicates epigenetic modifications in 

this complex process of environment exerting influence on development and health 

(Gicquel, El-Osta et al. 2008, Gluckman, Hanson et al. 2011, Ong, Lin et al. 2015). 

‘Epigenetics’ was a term introduced by Conrad Waddington in 1939 (Goldberg, Allis et al. 

2007) to describe the concept of genes and gene products interacting in a manner that 

influences phenotype. This idea was the basis of research leading to more modern 

definitions of epigenetics. In 1996, epigenetics was defined as heritable DNA modifications, 

other than sequence change, that influence gene activity (Fincham 1997) and in 2007, “the 

structural adaption of chromosomal regions so as to register, signal or perpetuate altered 

activity states” (Bird 2007). Epigenetics encompasses a multitude of mechanisms that 

regulate changes in DNA accessibility and chromosomal conformation and are involved in 

development and aging processes, as well as complex disease. While an individual’s DNA 

sequence is essentially constant between cells, epigenetic profiles are different between 

cells and are intrinsically linked to cell identity and function (Boland, Nazor et al. 2014). 

Epigenetics has been shown to be dynamic during development, and crucial in regulating 

developmental processes including cell fate and gene silencing (Kiefer 2007). The 

developing epigenetic profile is sensitive to in utero exposures, and disruptions in epigenetic 

profiles established during development can persist into later life (Heijmans, Tobi et al. 

2008, Tehranifar, Wu et al. 2018). 

While there are many epigenetic mechanisms, the three which are most understood are 

histone modifications, noncoding RNAs, and DNA methylation (Figure 1.1). Nucleosomes, 

units of packaged DNA that form chromatin, contain an octamer of histone proteins (Luger, 

Mader et al. 1997). Histones have N-terminal tails that can be modified through the addition 

of molecules, with modifications including acetylation, methylation, phosphorylation and 

ubiquitylation. Histone modifications can change the conformation of chromatin and the 
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accessibility of transcription factors to the packaged DNA, consequently leading to gene 

activation or suppression (Peterson and Laniel 2004). Noncoding RNAs (ncRNA), RNA 

molecules that are not translated into proteins, include microRNA (miRNA) and short 

interfering RNA (siRNA); which both direct gene silencing in a highly-specific manner by 

promoting degradation or cleavage of mRNA (Kaikkonen, Lam et al. 2011). DNA methylation 

has been the most widely studied and well-characterised epigenetic mechanism thus far, 

primarily because of its stability in a variety of samples and ease of measurement.  
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Figure 1.1. A visual representation of types of epigenetic processes 
DNA (in purple) is packaged around histones to make up nucleosomes, and the three epigenetic mechanisms 

discussed above: DNA methylation, histone modifications, and sequence-specific noncoding RNA. Adapted 

from Yan et al., 2010 (Yan, Matouk et al. 2010). 

 

1.3.1 DNA methylation 

Methylation of cytosine in cytosine-guanine dinucleotides, referred to as CpG sites, is the 

most common form of DNA methylation and is known to play a significant role in regulating 

gene expression (Jones and Liang 2009). DNA methylation initially garnered interest as the 

first epigenetic mechanism to be associated with cancer (Nyce, Weinhouse et al. 1983), and 

consequently was found to be involved with gene expression both in development and in 

complex diseases (Teperino, Lempradl et al. 2013). It also has the advantage of being highly 

stable (due to its covalent nature) and can be quantified with small amounts of DNA relative 

to other epigenetic mechanisms (Kurdyukov and Bullock 2016).  
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DNA methylation is mitotically heritable, with mammalian DNA methyltransferases 

DNMT3A and DNMT3B establishing de novo methylation and DNMT1 maintaining 

methylation patterns following DNA replication (Jin and Robertson 2013). Regions of CpG-

rich DNA, termed ‘CpG islands’, are often in proximity to promoter and gene regulatory 

regions (Fatemi, Pao et al. 2005). The methylation status of CpG islands in gene regulatory 

regions is often directly linked to gene expression levels (Schübeler 2015), with increased 

methylation of CpG islands in upstream promoter regions generally associated with 

downregulation of the gene. It is believed that methylation of CpG islands could prevent 

the recruitment of transcription factors to DNA and consequently inhibit gene transcription, 

though whether methylation is causal or is part of a bigger chain of events leading to gene 

silencing remains unclear (Jones 2012). Methylation may also influence gene expression in 

combination with histone modifications (Cedar and Bergman 2009). The implications of 

methylation outside promoter regions is less characterised, and elevated methylation of 

CpG sites within gene bodies has been associated with increased expression (Hellman and 

Chess 2007) and altered splicing of genes (Maunakea, Chepelev et al. 2013).  

 

1.3.1.1 Cell specificity 

As mentioned above, an individual's DNA methylation patterns vary between cell types 

(Ziller, Gu et al. 2013), and it is well-established that epigenetics contributes to the process 

of differing cell phenotypes arising from a uniform genome (Reik 2007). Studies comparing 

methylation signatures between tissues have found that there are dynamic methylation 

differences at regions associated with cell pluripotency as stem cells differentiate 

(Meissner, Mikkelsen et al. 2008, Lister, Pelizzola et al. 2009, Laurent, Wong et al. 2010).  

There have been several efforts to create ‘atlases’ of DNA methylation by collating 

methylation profiles across large numbers of cell types, from both healthy (Moss, 

Magenheim et al. 2018) and cancerous (Paz, Fraga et al. 2003) tissues. However, it is also 



 

13 

clear that DNA methylation changes over time (Horvath 2013). Each of these factors 

complicates the interpretation of findings relating to the effects of in utero exposures on 

neonatal DNA methylation. Samples taken at birth are typically limited to umbilical cord 

blood (referred to hereafter as cord blood), placenta tissue, or saliva, and there remains 

some question as to how suitable these samples are to make inferences on changes in 

methylation patterns across other tissue types. For example, a study examining the effects 

of exposure to smoking in utero found decreased DNA methylation of the aryl-hydrocarbon 

receptor repressor (AHRR) gene in cord blood but not in buccal cells or placenta (Novakovic, 

Ryan et al. 2014), while another recent study examining methylation at seven candidate 

genes across cord blood, saliva and placenta, found very little correlation across tissues 

(Armstrong, Lesseur et al. 2014). While there have been post-mortem studies that have 

measured methylation in brain tissue and retrospectively considered the effects of early life 

exposures (McGowan, Sasaki et al. 2009, Nemoda, Massart et al. 2015), these have been 

limited by small sample sizes, and methylation in these post-mortem tissues may not 

accurately reflect methylation patterns in living equivalents. In combination, these factors 

complicate efforts to ascribe specific variation in DNA methylation patterns to specific 

exposures or outcomes (Ben-Dor, Bruhn et al. 2000). 

There are several approaches that may be useful in addressing the cellular heterogeneity 

within a specific sample. For example, cell sorting can be used to estimate proportions of 

cell populations within tissues, which can then be included in analyses as potential 

confounding factors (Reinius, Acevedo et al. 2012). The first methods to adjust for the 

estimated cellular composition samples based on genome-wide methylation data were 

developed for adult blood (Houseman, Accomando et al. 2012). By identifying differentially 

methylated regions (DMRs) that show distinct methylation patterns between different 

white blood cell types, these DMRs could be used as markers to estimate the relative 

proportions of each cell type in the measured sample.  

These methods were subsequently applied to cord blood samples (Koestler, Avissar-Whiting 

et al. 2013, Engel, Joubert et al. 2014, Kile, Houseman et al. 2014), but were shown to not 
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perform as well as in adults (Cardenas, Allard et al. 2016, Braid, Okrah et al. 2017). Cord 

blood cell composition varies according to gestational age (Kotiranta-Ainamo, Apajasalo et 

al. 1999, Glasser, Sutton et al. 2015) and environmental exposures (Hertz-Picciotto, Herr et 

al. 2005, Jauniaux and Burton 2007, Vargas-Rojas, Solleiro-Villavicencio et al. 2016). 

Nonetheless, comparable reference populations for estimation of composition of cord 

blood samples are now being developed (Bakulski, Feinberg et al. 2016, Gervin, Page et al. 

2016, Lin, Tan et al. 2018).  

Regarding placenta samples, there are many different maternal- and fetal-derived cell types 

present (Rossant and Cross 2001, Griffith and Wagner 2017), and the location of the sample 

can have a dramatic impact on cellular composition (Huppertz 2007, Burton and Jauniaux 

2017). Attempts to develop reference methylation panels for the varying cell types within 

a placenta and in cord tissue are now underway (Lin, Tan et al. 2018, Wilson, François et al. 

2019). 

 

1.3.1.2 Genetic variation 

Genetic variation is associated with many health outcomes of interest in offspring such as 

birth weight and gestational age (Clausson, Lichtenstein et al. 2000), later life cardiovascular 

disease (Atanasovska, Kumar et al. 2015), adiposity (Albuquerque, Stice et al. 2015) and 

psychopathology (Gill 2012, Anokhin 2014). Genetic variation is also a substantial influence 

on DNA methylation. Single-nucleotide polymorphisms (SNPs) can directly create or remove 

CpG sites via a change in nucleotide, but SNPs are also known to influence DNA methylation 

at both nearby CpG sites (cis) as well as CpG sites much further away (trans) on the same or 

different chromosomes (Daca-Roszak, Pfeifer et al. 2015, Gaunt, Shihab et al. 2016). An 

estimated 25% of variably methylated regions in umbilical cord tissue are best explained by 

genotype alone (Teh, Pan et al. 2014), with evidence that the genetic effects on methylation 

are persistent from birth into later life (Gaunt, Shihab et al. 2016). This makes genetic 
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variation a potential confounding factor when investigating the associations between 

epigenetics and health outcomes, and, as such, CpG sites suspected to be strongly 

influenced by common SNPs are typically excluded from analysis unless there is paired 

genetic data. While altered methylation driven by genetic variation could be anticipated to 

mediate the relationships between SNPs and differential gene expression, there is emerging 

evidence that this may differ between genomic regions and cell-types (Gutierrez-Arcelus, 

Lappalainen et al. 2013). Genetic loci across the genome that impact on gene expression 

(eQTLs) have been studied extensively (Morley, Molony et al. 2004, Consortium 2015), but 

up until recently the mechanisms by which they function have been unclear. Impacting any 

one of several epigenetic processes, including DNA methylation, represents a plausible 

mechanism. For example, many SNPs from genome-wide association studies (GWAS) are 

now known to disrupt enhancer (non-coding regions of the genome that promote gene 

transcription following factor binding) function in association with loss of a range of 

epigenetic markers (Parker, Stitzel et al. 2013, Tak and Farnham 2015).  

 

1.3.1.3 Genome-wide DNA methylation platforms 

DNA methylation has been measured in a variety of ways; historically with early methods, 

such as restriction enzyme digestion (Cedar, Solage et al. 1979), measuring only one or a 

small number of CpG sites at a specific locus. Later methods, such as mass-spectrometry 

(Ehrich, Nelson et al. 2005) and sequencing (Tost and Gut 2007), have allowed for wider 

genomic regions to be investigated, but these approaches are still locus-specific and need 

to be based on a pre-existing hypothesis to select which genomic region to measure DNA 

methylation. 

More recently, the development of cheaper and more detailed genome-wide platforms for 

methylation quantification, such as the widely used Illumina Infinium Human Methylation 

450K BeadChip (485,764 CpG sites) (Sandoval, Heyn et al. 2011) and Infinium 
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MethylationEPIC BeadChip (853,307 CpG sites) (Moran, Arribas et al. 2015) platforms, have 

allowed for cost-effective ‘epigenome-wide association studies’ (EWAS) that consider a 

subset of CpG sites across the genome, including the vast majority of CpG islands and known 

genes, using a relatively small amount of DNA (Murphy and Mill 2014). As such, EWAS have 

allowed for studies to rapidly scan large numbers of CpG sites in a hypothesis-free manner 

to identify potential genes or regions of interest in the context of multiple exposures or 

health outcomes. Once EWAS have identified specific regions of interest, locus-specific 

methods can be used to validate these initial findings and better characterise the 

relationship between methylation and relevant exposure/outcomes in different 

populations.  

 

1.4 Early life determinants of DNA methylation  

As there is evidence for epigenetics playing a role in developmental plasticity and 

embedding persistent information about environmental exposures in the genome (Bianco-

Miotto, Craig et al. 2017), early life DNA methylation is of interest for two broad reasons. 

Firstly, by understanding how environmental exposures in utero are associated with altered 

DNA methylation in infants, we can gain greater understanding of complex biological 

pathways the specific environmental exposures act upon. Secondly, if an in utero exposure 

is associated with altered DNA methylation of a particular gene or region, and that altered 

methylation is in turn associated with health outcomes at birth or later in life, there is a 

basis for investigating if altered DNA methylation is the casual mediator that exerts the 

effect between exposure and outcome. 

An example of where such studies have been fruitful is in investigating the effects of in utero 

exposure to maternal smoking. An initial EWAS of 1,062 newborns that examined exposure 

to maternal smoking during pregnancy (assessed by cotinine concentration in maternal 

plasma during pregnancy) reported that 26 CpG sites across 10 genes were differentially 

methylated in cord blood following smoking exposure, and that all 26 of these CpG sites 
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were also differentially methylated in the replication cohort (Joubert, Håberg et al. 2012). 

These findings have since been widely replicated in independent studies (Zeilinger, Kühnel 

et al. 2013, Lee, Richmond et al. 2014, Markunas, Xu et al. 2014, Richmond, Simpkin et al. 

2014, Kupers, Xu et al. 2015, Rzehak, Saffery et al. 2016, Tehranifar, Wu et al. 2018). In 

particular, the association between maternal smoking and lower cord blood methylation in 

the promoter region for the AHRR gene has been replicated both in cord blood studies 

(Novakovic, Ryan et al. 2014, Richmond, Simpkin et al. 2014, Kupers, Xu et al. 2015) and in 

studies investigating the persistent effect on later life offspring methylation (Richmond, 

Simpkin et al. 2014, Tehranifar, Wu et al. 2018). There is also evidence for altered DNA 

methylation playing a causal role in mediating the effects of maternal smoking on fetal 

growth from a study investigating birth weight (Kupers, Xu et al. 2015).  

While there are many studies considering a broad range of in utero exposures during 

pregnancy for effects on offspring DNA methylation, there has been limited replication. Of 

particular note to the studies described in this thesis are maternal nutrition, adverse 

pregnancy conditions, and maternal psychosocial stress. A review of existing evidence here 

(Section 1.3) is followed by discussion of current limitations (Section 1.4)  

 

1.4.1 Maternal nutrition 

Given the interest in effects of maternal diet and nutrition on the developing offspring, 

there have been many studies seeking to characterise the epigenetic effects of these 

exposures.  

EWAS studies have found evidence of many CpG sites with differential methylation in 

association with maternal famine (n=120, methylation measured in adult whole blood) 

(Tobi, Goeman et al. 2014), obesity (n=308, cord blood methylation) (Liu, Chen et al. 2014) 

or being underweight (n=1,018, cord blood methylation) (Sharp, Lawlor et al. 2015) prior 

(or during) pregnancy. Maternal eating disorders have been linked to lower average 
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methylation across the genome (n=190, cord blood methylation) (Kazmi, Gaunt et al. 2017). 

There is also evidence for the effects of maternal undernutrition on offspring methylation 

to persist for many decades into adulthood (n=120, whole blood methylation) (Heijmans, 

Tobi et al. 2008, Tobi, Lumey et al. 2009). Micronutrient status has also been linked to 

offspring methylation profile in several studies (James, Sajjadi et al. 2018). A recent meta-

analysis reported maternal folate deficiency is associated with wide-spread differences in 

methylation across the genome (two cohorts, total n=1,988, cord blood methylation) 

(Joubert, Herman et al. 2016). Maternal vitamin B12 and B6 deficiencies (n=496, cord blood 

methylation) (McCullough, Miller et al. 2016) and vitamin D supplementation (n=13, 

leukocyte methylation at 6 weeks of age) (Anderson, Gillespie et al. 2018) have also been 

associated with differences in offspring methylation across multiple genes.  

 

1.4.1.1 Hypoxia-inducible factor 3α gene (HIF3A) 

Multiple cross-sectional EWAS examining the link between adult BMI and DNA methylation 

have reported associations at multiple CpG sites within the hypoxia-inducible factor 3α 

(HIF3α) gene (HIF3A) (Dick, Nelson et al. 2014, Agha, Houseman et al. 2015, Demerath, Guan 

et al. 2015, Rönn, Volkov et al. 2015, Huang, Chu et al. 2016, Main, Gillberg et al. 2016, 

Pfeiffer, Krüger et al. 2016). Following an initial EWAS where BMI was associated with 

increase methylation of multiple CpG sites within the first HIF3A promoter region (referred 

to here as HIF3A.1) in both the discovery cohort (n=459) and the two replication cohorts 

(n=339 and 1789) in both whole blood and adipose tissue (Dick, Nelson et al. 2014). This 

cross-sectional association has since been replicated in both adult blood (Demerath, Guan 

et al. 2015, Huang, Chu et al. 2016, Main, Gillberg et al. 2016) and adipose tissue (Rönn, 

Volkov et al. 2015, Huang, Chu et al. 2016), and there is also evidence for change in BMI 

over adulthood (from age 25 to age 45-64) associating with HIF3A methylation (Demerath, 

Guan et al. 2015). 
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The HIF3α protein is part of a family of hypoxia-induced factors (HIFs) that are believed to 

regulate several growth and development processes, including angiogenesis, adipogenesis, 

and metabolism (Smith, Robbins et al. 2008, Zhang, Zhang et al. 2011, Shin, Drager et al. 

2012). Under normoxic conditions, other HIFs such as HIF1α and HIF2α are inhibited by 

hydroxylation of their two proline residues (Lando, Peet et al. 2002). In hypoxic conditions, 

this hydroxylation is impaired, freeing the transactivation domains of HIFs to induce gene 

expression. Similarly, HIF3α generally has a single hydroxylatable proline residue and under 

normoxic conditions undergoes hydroxylation, and consequently degradation, albeit 

incomplete degradation. As with HIF1α and HIF2α, this degradation is impaired in hypoxic 

conditions (Heikkilä, Pasanen et al. 2011). In contrast to other HIFs, HIF3α is poorly-

characterised in function (Duan 2016), though it is believed to act both as a repressor of 

other HIFs, as it lacks the C‐terminal transactivation domain that HIF1α and HIF2α both 

have, and as an independent transcription regulator (Ravenna, Salvatori et al. 2016). Part 

of the difficulty in characterising its function is having eight known transcription variants 

(Pasanen, Heikkila et al. 2010), which are differentially expressed across different tissue 

types and stages of life (Yamashita, Ohneda et al. 2008, Zhang, Lu et al. 2012, Duan 2016). 

The HIF3A gene is believed to have three promoter regions, with the majority of transcripts 

starting from HIF3A.1 and HIF3A.2 (the first and second promoter regions), shown in Figure 

1.2.  
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Figure 1.2. Composition of known HIF3A splice variants. 
HIF3A transcription variants starting from the first two transcription sites, corresponding to the HIF3A.1 

(orange) and HIF3A.2 (blue) promoters respectively. The structural motifs are shown by the coloured blocks 

in each variant: bHLH (basic Helix–Loop–Helix, involved in DNA binding, green), PASA and PASB (Per–ARNT–

Sim domains, involved in heterodimerization, red), ODDD (Oxygen‐Dependent Degradation Domain, involved 

in oxygen sensing, purple), NTAD (N‐terminal transactivation domain, purple) and LZIP (C‐terminal leucine 

zipper domain, involved in protein–protein interaction, black). Figure adapted from Ravenna et al., 2016 

(Ravenna, Salvatori et al. 2016). 

 

Following the strong evidence of the relationship between BMI and HIF3A methylation in 

adults, studies have begun to investigate if this relationship is present in early life by 

examining potential cross-sectional associations between birth weight and HIF3A 

methylation in umbilical cord tissue (Pan, Lin et al. 2015), cord blood (Agha, Hajj et al. 2016, 

Richmond, Sharp et al. 2016), and newborn peripheral blood spots (Van Dijk, Peters et al. 

2018, Kyaw, Yamaguchi et al. 2019). The umbilical cord (n=991) and blood spot (n=300 and 
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n=991) studies all found evidence of a positive association between HIF3A methylation and 

birth weight or birth weight adjusted for gestational age at the CpG sites in HIF3A.1 

previously identified in the cross-sectional adult studies. However, both cord blood studies 

(one EWAS, n=476 (Agha, Hajj et al. 2016), and one candidate gene study, n=974 (Richmond, 

Sharp et al. 2016) did not find any evidence of an association between HIF3A methylation 

and birth weight or childhood BMI, respectively. Although, the candidate gene study also 

investigated the association between maternal pre-pregnancy BMI and offspring HIF3A 

methylation, it reported that maternal pre-pregnancy BMI was inversely associated with 

methylation of several CpG sites in the second HIF3A promoter region (HIF3A.2) (Richmond, 

Sharp et al. 2016). As previous adult findings have been in HIF3A.1, methylation of HIF3A.2 

has yet to be examined in any more candidate gene studies, so this association between 

maternal pre-pregnancy BMI and cord blood HIF3A.2 methylation has yet to be replicated.  

 

1.4.1.2 Leptin gene (LEP) 

The leptin gene, LEP, has also been of interest due to its central role in regulating appetite 

and energy expenditure (Friedman 2010), and also as a regulator of placental function and 

maternal-fetal nutrient transfer (Jansson, Greenwood et al. 2003). The leptin hormone is 

produced primarily by adipose tissue, though other tissues are known to produce leptin as 

well (Green, Maffei et al. 1995, Bado, Levasseur et al. 1998), and acts on leptin receptors in 

the hypothalamus to regulate several processes related to energy intake and metabolism 

(Figure 1.3) (Pan and Myers Jr 2018). Obesity is linked to increased circulating leptin levels 

in serum due to increased adipose mass (Sainz, Barrenetxe et al. 2015), but also leptin 

resistance (Myers Jr, Leibel et al. 2010). Pregnancy is also associated with maternal leptin 

resistance (Grattan, Ladyman et al. 2007). LEP expression in cancer cell lines, adipocytes, 

and chondrocytes appears inversely correlated with promoter region methylation (Melzner, 

Scott et al. 2002, Iliopoulos, Malizos et al. 2007, Hogg, Robinson et al. 2014). However, it is 
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currently unclear if leptin is produced in blood, or if circulating leptin is entirely derived in 

other tissues.  

 

 

Figure 1.3. The impact of circulating leptin. 
The processes leptin promotes or suppresses when acting on the leptin receptors (LEPR) in the hypothalamus. 

Figure adapted from Pan and Myers Jr, 2018 (Pan and Myers Jr 2018).  

 

Neonatal birth weight has been inconsistently linked to LEP promoter methylation in cord 

blood and placenta. One study of 81 infants reported being born small for gestational age 

was associated with higher methylation in cord blood but not placenta (Lesseur, Armstrong 

et al. 2013), while a study of 101 infants reported macrosomia was associated with 

increased placenta methylation only under specific parity and gestational age conditions 

(Xu, Yang et al. 2014). Maternal exposures have also been linked to altered neonate LEP 

methylation, with maternal obesity (n=81) (Lesseur, Armstrong et al. 2013) and higher pre-

pregnancy BMI (n=485) (Allard, Desgagne et al. 2015, Kadakia, Zheng et al. 2017) associated 
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with lower cord blood LEP methylation, and increased placental LEP methylation (n=535) 

(Lesseur, Armstrong et al. 2014). There is also evidence for the effects of in utero exposures 

on LEP methylation persisting into later life for adult offspring, with exposure to maternal 

famine (Dutch Hunger Winter) during pregnancy and low birth weight associated with 

higher LEP methylation in adult blood (n=120) (Tobi, Lumey et al. 2009) and adipose (n=27) 

(Schultz, Broholm et al. 2014), respectively.  

 

1.4.2 Adverse pregnancy conditions 

Gestational diabetes 

While detailed metabolomic studies are only recently being published in the early life 

context, GDM and maternal hyperglycaemia during pregnancy have been more widely 

investigated. An initial, small study of GDM (n=50) reported an association with decreased 

average methylation across the genome in placenta tissue from GDM pregnancies 

compared to non-GDM placenta (Nomura, Lambertini et al. 2014), though a subsequent 

study (n=1030) found evidence of increased average methylation in placenta tissue from 

GDM pregnancies (Reichetzeder, Putra et al. 2016). A small EWAS of GDM (n=76) (Rong, Cui 

et al. 2015) reported 6641 CpG sites differentially methylated in placenta from GDM 

pregnancies compared to non-GDM placenta, with the strongest association seen at the 

glucose transporter 3 (GLUT3) gene, a transporter implicated in cerebral metabolism 

(Simpson, Dwyer et al. 2008). Another small EWAS investigating both placenta and cord 

blood (n=48) (Finer, Mathews et al. 2015) reported 1708 and 1485 differentially methylated 

CpG sites, respectively, with the majority of these sites showing increased methylation in 

both tissue types compared to non-GDM-exposed controls. More recently, a cord blood 

EWAS (n=132) (Haertle, El Hajj et al. 2017) reported 65 CpG sites across 52 genes with 

differential methylation in the GDM-exposed group, with insulin-treated GDM associated 

with larger differences in methylation than diet-treated GDM, likely due to the increased 

severity of GDM generally treated with insulin. There is evidence that exposure to GDM has 
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a persistent effect on offspring methylation, as an EWAS on peripheral blood from offspring 

aged 9 to 16 years of age (n=188) reported 76 CpG sites were differentially methylated in 

GDM-exposed children compared to non-exposed children, though this reduced to 13 CpG 

sites after adjustment for pre-pregnancy BMI (Hjort, Martino et al. 2018). 

GDM exposure has been linked to higher HIF3A.1 methylation in cord blood (n=132) 

(Haertle, El Hajj et al. 2017) and higher LEP promoter methylation in placenta tissue (n=535) 

(Lesseur, Armstrong et al. 2014) compared to non-exposed tissue, though a later study 

reported higher maternal fasting glucose during pregnancy was associated with lower LEP 

methylation in cord blood (n=485) (Allard, Desgagne et al. 2015). Other candidate gene 

findings have included exposure to GDM associating with lower mesoderm-specific 

transcript (MEST) and glucocorticoid receptor (NR3C1) gene methylation in both cord blood 

and placental tissue compared to non-GDM-exposed tissue (n=251) (El Hajj, Pliushch et al. 

2013), and lower placental lipoprotein lipase (LPL) gene methylation (n=126) (Houde, St-

Pierre et al. 2014). 

Pre-eclampsia 

As pre-eclampsia impacts placental function, the majority of studies investigating the 

effects of pre-eclampsia on DNA methylation have investigated placental tissue. Studies 

have generally been small (n<100), with contrasting findings. For example, exposure to pre-

eclampsia has been linked to lower placental global methylation compared to non-pre-

eclamptic placenta (n=50) (Nomura, Lambertini et al. 2014), whereas in another placental 

study (n=48), distinguishing between early-onset (<34 weeks gestation; EOPE) and late-

onset (≥34 weeks gestation; LOPE) pre-eclampsia, found that EOPE, but not LOPE, was 

associated with higher global methylation compared to control placenta (Gao, Li et al. 

2011). Similarly, one EWAS (n=57) reported EOPE was associated with decreased placental 

methylation at 34 CpG sites (Yuen, Peñaherrera et al. 2010), though a later EWAS (n=48) 

found evidence that exposure to both EOPE and LOPE was associated with differential 

placental methylation (Chu, Bunce et al. 2014). Small EWAS of severe pre-eclampsia (n=18) 
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(Jia, Zhang et al. 2012) and EOPE (n=40) (Blair, Yuen et al. 2013) reported placental 

methylation of hundreds of genes differed by exposure status. A small number of these 

genes were also identified in an EWAS (n=24) looking at any pre-eclampsia exposure (Yeung, 

Chiu et al. 2016), but generally there has been very little overlap in the findings of these 

small studies. Candidate gene studies have found evidence of pre-eclampsia associating 

with differential methylation of several genes related to angiogenesis (Sundrani, Reddy et 

al. 2013), cell differentiation (Zhuang, Li et al. 2014) and stress (Hu, Weng et al. 2014) 

compared to non-exposed placenta, but these findings similarly do not overlap with 

previous EWAS. 

There have been fewer studies considering the effects of pre-eclampsia exposure on cord 

blood methylation profile. One study measuring global methylation (n=50) found no 

association with pre-eclampsia (Nomura, Lambertini et al. 2014), though an EWAS on EOPE 

(n=20) reported that tens of thousands of CpG sites were differentially methylated following 

exposure compared to cord blood from non-pre-eclamptic pregnancies (Ching, Ha et al. 

2015). Candidate gene studies have reported an association between pre-eclampsia and 

lower cord blood methylation of insulin-like growth factor 2 (IGF2) gene (He, Zhang et al. 

2013), and also differential methylation of MEST and protein delta homolog 1 (DLK1) gene 

(Wang, Wan et al. 2018) compared to non-exposed cord blood. 

 

1.4.3 Maternal psychosocial stress 

Following a seminal rat study that linked early life stress exposure in pups to persistent 

differences in methylation and expression of Nr3c1 in the hippocampus (Weaver, Cervoni 

et al. 2004), there have been many subsequent human studies investigating the association 

between maternal psychosocial stress and methylation in offspring, primarily in cord blood. 

Evidence of exposure to psychosocial stress programming differential methylation of NR3C1 

has been less consistent in human studies, and have primarily focussed on cord blood 

(Oberlander, Weinberg et al. 2008, Mulligan, D'Errico et al. 2012, Conradt, Lester et al. 2013, 
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Hompes, Izzi et al. 2013, Non, Binder et al. 2014, Palma-Gudiel, Cordova-Palomera et al. 

2015, Mansell, Vuillermin et al. 2016, Conradt, Ostlund et al. 2019), with inconsistent sites 

of differential methylation, effect sizes (generally <2% difference in methylation) and 

direction of effect. Previous EWAS on cord blood have also been limited by small sample 

sizes, with two (n=201 and n=25) finding no differentially methylated CpG sites in 

association with maternal depression (Schroeder, Smith et al. 2012, Rodney and Mulligan 

2014), and two (n=58 and 18) reporting either ten (Non, Binder et al. 2014) or thousands 

(Nieratschker, Massart et al. 2014) of differentially methylated CpG sites, respectively, in 

association with maternal depression or anxiety. A placental EWAS (n=207) reported 

maternal cumulative lifetime stressful experiences were associated with methylation 

variation at over a hundred CpG sites (Brunst, Tignor et al. 2018). The largest and most 

recent cord blood EWAS (n=844) reported maternal depression during pregnancy was 

associated with differential methylation of two individual CpG sites but 39 differential 

methylated regions (Viuff, Sharp et al. 2018). 

 

1.4.3.1 Insulin-like growth factor 2 gene (IGF2) 

Another gene of interest in the context of maternal psychosocial stress is IGF2. The IGF2 

gene encodes for a growth hormone critical for fetal development (Baker, Liu et al. 1993), 

and is of interest due to the link between adverse maternal psychosocial health and 

impaired fetal growth (Sable and Wilkinson 2000, Rondo, Ferreira et al. 2003, Ciesielski, 

Marsit et al. 2015). Both IGF2 and the downstream H19 gene are imprinted genes (Vu, Li et 

al. 2000), meaning their alleles are methylated, and consequently expressed (Li, Beard et al. 

1993), in a manner specific to parental origin. IGF2 is expressed from the paternal allele, 

while H19 is expressed from the maternal allele (Smith, Choufani et al. 2007). The 

methylation patterns in both the IGF2 and H19 promoters are correlated with methylation 

at an imprinting control region (ICR) between the two genes (Delaval and Feil 2004). 
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Methylation at two DMRs in the IGF2 gene (DMR0 and DMR2) in placental tissue is 

reportedly associated with birth weight (n=50) (St-Pierre, Hivert et al. 2012). 

While there are some studies that have investigated relationships between maternal 

famine (Heijmans, Tobi et al. 2008) and micronutrient intake (Steegers-Theunissen, 

Obermann-Borst et al. 2009, Hoyo, Murtha et al. 2011, Loke, Galati et al. 2013, Neelon, 

White et al. 2018) during pregnancy and IGF2/H19 methylation, maternal stress and mental 

health during pregnancy has also received considerable attention as an exposure (Soubry, 

Murphy et al. 2011, Liu, Murphy et al. 2012, Chen, Li et al. 2014, Vidal, Benjamin Neelon et 

al. 2014, Vangeel, Izzi et al. 2015, Montoya-Williams, Quinlan et al. 2018). As with NR3C1, 

findings have been inconsistent, potentially due to small cohort sizes, differing measures of 

maternal psychosocial stress, differing methods of assessing DNA methylation used, and 

differences in the specific CpG sites considered across studies. Two candidate gene studies 

(n=49 and n=80) have reported various measures of psychosocial stress are associated with 

increased IGF2/H19 ICR methylation in either placenta or cord blood (Chen, Li et al. 2014) 

or decreased IGF2 DMR0 methylation in cord blood (Vangeel, Izzi et al. 2015). However, 

other candidate gene studies (n=436, n=922, n=79, and n=24) reported no association 

between various maternal psychosocial stress measures and offspring IGF2 and/or H19 

methylation in cord blood (Soubry, Murphy et al. 2011, Liu, Murphy et al. 2012, Vidal, 

Benjamin Neelon et al. 2014, Montoya-Williams, Quinlan et al. 2018) or placenta (Montoya-

Williams, Quinlan et al. 2018). 

 

1.4.4 Genetic variation as a modifier of exposure-methylation effects 

As discussed above, genetic variation is a strong influence on DNA methylation. In addition 

to the effect of genetic variation alone, there is a large body of evidence for genetic 

variation modifying the effects of environmental exposures on DNA methylation as well 

(Meaney 2010). A recent study (n=2,365) that considered the relative effects of genetics 

and a range of maternal exposures during pregnancy, including pre-pregnancy BMI, 
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gestational diabetes, hypertension, and depression and anxiety scores, on genome-scale 

methylation in neonate cord blood reported that methylation of the majority of measured 

CpG sites was best explained by both genetics and environment, with approximately 40% 

best explained specifically by the interaction (multiplicative) effect between genetics and 

environment rather than the independent (additive) effects (Czamara, Eraslan et al. 2019). 

This proportion is concordant with a previous study on umbilical cord tissue (n=237) that 

reported that genetics alone best explained methylation at 25% of CpG sites and the 

remaining 75% was best explained by both genetics and environment (Teh, Pan et al. 2014). 

Another study reported that the effects of genetic variation on DNA methylation remain 

consistent through life course, though their relative contribution diminishes due to 

cumulative environmental effects (Gaunt, Shihab et al. 2016). 

 

1.5 Current limitations 

In spite of the considerable amount of studies into the effects of in utero exposures on 

offspring methylation, as discussed above, there remains a long way to go to establish if 

epigenetic variation, including DNA methylation, plays an important and causal role in 

establishing fetal programming as described by the DOHaD concept. Importantly, there are 

no studies to date on key pregnancy exposures of interest (above) that have established 

early life DNA methylation as a mediator of the effects of maternal exposure on later 

offspring phenotype, potentially modulated by genetic variation. While there have been a 

small number of studies that have reported DNA methylation plays a role in mediating the 

effects of maternal exposures (smoking, pre-pregnancy BMI, and famine) on infant health 

(birth weight and adolescent metabolic health, adolescent adiposity, and adult metabolic 

health, respectively), this has been based on cross-sectional phenotypes and methylation 

data (Kupers, Xu et al. 2015, Sharp, Lawlor et al. 2015, Tobi, Slieker et al. 2018, Rauschert, 

Melton et al. 2019). 
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1.5.1 Replication 

One of the key limitations in the field to date is the lack of replicated findings. With some 

exceptions, such as the link between maternal smoking and offspring AHRR methylation, 

there are few strong and reproduced associations between maternal exposure and 

offspring methylation in the current literature. This can be potentially due to several factors.  

 

1.5.1.1 Sample size 

One key factor demonstrated above is the prevalence of small study sizes in the field. This 

results in low power to identify true effects (Sterne and Smith 2001), including that 

‘significant’ findings are less likely to reflect true effects (Ioannidis, Tarone et al. 2011). In 

addition, the magnitude of true associations identified in low-powered studies are likely to 

be inflated compared to their true magnitude (Ioannidis 2008). That means previous low-

powered studies in this field have been ill-equipped to both accurately identify novel 

associations and to replicate previously reported associations.  

 

1.5.1.2 Exposure definition 

For each of the main categories of exposures discussed above, there has been a variety of 

measures considered. This includes the same exposure analysed differently (such as 

maternal pre-pregnancy BMI either as a continuous measure (Richmond, Sharp et al. 2016) 

or as a categorical measure (Lesseur, Armstrong et al. 2014)), or associated measures that 

are not the same but aim to capture a similar type of exposure (such as self-reported 

maternal depression (Soubry, Murphy et al. 2011) versus a stressful life events 

questionnaire (Vangeel, Izzi et al. 2015)). As mentioned above, there are several different 

diagnostic criteria used across time and across countries for these conditions, so the same 
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condition or exposure reported by two studies could have dissimilar underlying biology. By 

not considering the same exposure measured the same way as previous studies, a new 

study runs the risk of exploring a different biological nuance of an exposure, and 

consequently a (potentially subtly) different effect on DNA methylation. Even with the exact 

same measure, studies may be investigating different effects by virtue of the source of the 

sample. For example, studies that are looking at extreme forms of the exposure such as BMI 

in a severely obese cohort are likely to see stronger effects than BMI in the general 

population. Clearly, the measure to use needs to be considered carefully by new studies.  

While ‘gold standard’ measurements may not always be feasible for a large cohort, well-

defined exposures will allow for a greater capacity for later replication. Prospective cohorts 

can avoid the increased measurement error and recall bias issues surrounding retrospective 

studies (Scott and Alwin 1998), and use of clinical criteria, clinically validated measures. 

However, even rigorous clinical criteria are challenged and changed over time, so any 

phenotype in longitudinal studies will inherently be based on a ‘snapshot’ of guidelines at 

the time of data collection. This is an issue for the field, especially as reproducibility 

becomes increasingly important. One area that offers potential as objective measures of 

exposure is molecular measures (such as direct measurement of metabolites) which are 

more ‘absolute’ and not subject to clinical interpretation. Even then, platforms for 

molecular quantification change and improve over time, so high-quality measurements 

with low technical variation are crucial for accurate comparisons with future studies. 

 

1.5.1.3 DNA methylation measurement 

Just as there are differences in exposure measures between studies, differences between 

how and where DNA methylation is measured are likely to be a contributing factor to the 

lack of reproducible findings. The available genome-wide platforms have been valuable for 

the hypothesis-free EWAS that generate novel data for future hypothesis-driven candidate 
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gene studies, but these platforms typically only sample a very small proportion of CpG sites 

in any given gene or region. For example, the two HIF3A CpG islands contain 43 and 55 CpG 

sites, but the Illumina 450k platform measures methylation at only 8 and 4 CpG sites, 

respectively. As such, they may be missing stronger effects at other nearby CpG sites. Other 

platforms used for locus-specific analysis, such as pyrosequencing and mass-spectrometry 

provide a more detailed pattern of methylation at a candidate region. Both have been used 

by previous studies in the field, though they are not directly comparable in most cases. 

Pyrosequencing can only measure considerably shorter genomic regions (generally 150bp 

or less) but can typically measure each CpG site in the region (Tost and Gut 2007). Mass-

spectrometry can be limited in which CpG sites it measures by how the genomic region is 

cleaved to produce the fragments it analyses but can cover a wider region (generally 500bp 

or less) (Ehrich, Nelson et al. 2005). These methods allow for more detailed analysis of DNA 

methylation in the region, though studies also differ by whether they analyse DNA 

methylation of each CpG site individually or as average methylation across the measured 

region. There may only be specific CpG sites relevant to the exposure, and analysing average 

methylation across the region may result in these distinct signals being missed, but when 

methylation is strongly correlated across the CpG sites in the region, analysing each CpG 

separately will unnecessarily increase the number of tests being performed without 

meaningfully increasing the biological data being considered. 

Additionally, due to the tissue-specificity of epigenetics, as discussed above, effects of 

maternal exposures on infant DNA methylation that are present in one sample type (such 

as cord blood) may not be present in another (such as placenta). Indeed, there is evidence 

that direction of effect can differ between sample types (Lesseur, Armstrong et al. 2014, 

Allard, Desgagne et al. 2015, Kadakia, Zheng et al. 2017). 
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1.5.1.4 Covariates and potential confounders 

Yet another aspect of analysis that may be driving the lack of replication across studies is 

the consideration, or lack thereof, of covariates and potential confounders. Despite the 

evidence for genetic variation having effects both on DNA methylation and health 

outcomes, thus making it a potential confounding factor, infant genetic variation in or near 

candidate regions is widely unmeasured in previous studies. As discussed above, genetic 

variation also interacts with environmental exposures to influence DNA methylation at a 

large proportion of CpG sites in the neonate. Therefore, genetic variation may be 

confounding both relationships between maternal exposures and infant DNA methylation 

and between DNA methylation and infant health outcomes. Among the studies which have 

considered genetic variation, only a portion have considered gene-environment interaction 

effects (Devlin, Brain et al. 2010, Pan, Lin et al. 2015), potentially due to small sample sizes 

impairing capacity to detect interaction effects. Other potential confounders, such as 

maternal age, BMI, pregnancy health and drug use, as relevant, infant gestational age and 

birth weight, along with other important technical variables such as measurement batch 

and cellular composition, have only been inconsistently considered in analysis in previous 

studies.  

 

1.5.2 Temporality 

The vast majority of studies in this field that have considered the relationship between 

offspring DNA methylation and health have been cross-sectional. As such, a key piece of 

missing evidence that is required to position DNA methylation as a casual mechanism of 

fetal programming is linking earlier DNA methylation to later measures of offspring health 

of development. It is unclear if changes in DNA methylation contribute to altered health 

outcomes, or if they are only biomarkers for altered development caused by other 

mechanisms.  
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Relating to this, another aspect that requires more evidence is how persistent the effects 

of disrupted DNA methylation in early life are on ongoing health. A cross-sectional 

association between DNA methylation and infant growth at birth may only be temporary, 

as both epigenetic profile and growth are dynamic in early postnatal life, and as such may 

not be indicative of any programming of later life health outcomes. There is some evidence 

for specific maternal exposures having persistent effects on DNA methylation into 

adulthood (Heijmans, Tobi et al. 2008, Schultz, Broholm et al. 2014, Tobi, Slieker et al. 2015, 

Tehranifar, Wu et al. 2018), but the health implications of this has yet to be established. 

While the ultimate aim will be to establish links between DNA methylation at birth and adult 

risk of disease, there are currently few cohorts that have access to matched birth DNA 

samples for adult cohorts. With the large prospective birth cohorts currently established, 

such analyses may be more feasible in the future, but in the interim the aim should be to 

identify potential links between birth DNA methylation and measures of health and 

development in childhood, as precursors to later health, to build the evidence base for 

future studies with the capacity to look beyond into adolescence and adulthood. 

 

1.6 This study 

While many findings across previous studies have found evidence supporting elements of 

the fetal programming concept, including links between maternal exposures and offspring 

methylation and associations between maternal exposures and fetal outcomes, further 

work is required to more comprehensively investigate and characterise the pathway from 

exposure > differential methylation > offspring phenotype. As discussed above, the majority 

of previous studies have been small (n<100) and would lack the power to accurately detect 

the small changes in methylation that have been reported for some exposures (<2%). 

Furthermore, only more recently have DNA methylation studies started to include genetic 

variation as a modifying factor or potential confounder. There is thus a need for more 

comprehensive and focussed studies to consider how these different elements of fetal 
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programming come together. This study aims to address these issues in a large, well-

characterised, longitudinal study with extensive exposure and outcome data, plus paired 

genetic variation data to provide a comprehensive analysis of maternal exposures, infant 

health outcomes, genetic variation, and DNA methylation together. 

 

1.6.1 Aims and hypothesis 

The overarching hypothesis for this study is that in utero exposures, particularly maternal 

metabolic health during pregnancy, adverse pregnancy conditions, and psychosocial stress, 

influence the developing offspring DNA methylation profile in a manner that can persist and 

shape later health and can also be influenced by underlying genetic variation.  

Specifically, this project will aim to: 

1. Investigate the effect of maternal psychosocial stress during pregnancy on 

candidate loci methylation (IGF2/H19) in infant cord blood (Chapter 3). 

 

2. a) Investigate the effect of maternal health (BMI and adverse pregnancy 

conditions) during pregnancy on candidate loci methylation (HIF3A) in infant cord 

blood; 

 

b) Investigate the relationship between early life HIF3A methylation and childhood 

measures of cardiovascular development at four years of age, and; 

 

c) Measure the impact of genetic variation on the relationships between exposure, 

HIF3A methylation and outcome (Chapter 4). 

 

3. a) Conduct a longitudinal assessment of LEP promoter locus methylation in cord 

blood and 12-month peripheral blood in association with growth and adiposity at 
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birth and 12-months; 

 

b) Investigate the relationship between early life LEP methylation and growth and 

adiposity at four years of age, and; 

 

c) Measure the impact of genetic variation on the relationships between exposure, 

LEP methylation and outcome (Chapter 5). 
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Chapter 2 Materials and Methods 

2.1 Materials  

The equipment, reagents and kits, and solutions used in this study are listed in Table 2.1, 

Table 2.2, and Table 2.3, respectively. 

  



 

37 

2.1.1 Equipment 

Table 2.1. Study equipment. 

Equipment Supplier City 

1.5mL microcentrifuge tubes Eppendorf AG Hamburg, Germany 

384-well microplates Axygen Union City, USA 

96-well 0.8mL Deepwell plate Abgene Portsmouth, United 
States 

96-well microplates Axygen Union City, USA 

Sigma Centrifuge 4-15 SciQuip Newtown, UK 

Centrifuge 5804 Eppendorf AG Hamburg, Germany 

Dry block heater Ratek Instruments Melbourne, Australia 

Dimple plate Agena Bioscience San Diego, USA 

Filtered pipette tips (20µL, 200µL, and 
1000µL) 

Fisher Biotec Perth, Australia 

Gene Amp Thermocycler 9700 Applied Biosystems Melbourne, Australia 

Kimwipes Kimtech Science Milsons Point, Australia 

Manual multichannel pipette Pipet-
Lite XLS+ 

Mettler Toledo Port Melbourne, 
Australia 

MassARRAY MALDI-TOF spectrometer SEQUENOM San Diego, USA 

MassARRAY nanodispenser SEQUENOM San Diego, USA 

MicroAmp® clear adhesive film Applied Biosystems Melbourne, Australia 

Micro centrifuge Tomy Kogyo Tokyo, Japan 

Midi Gel tank kit Plaztek Scientific Melbourne, Australia 

Molecular Imager ChemiDoc XRS Bio-Rad Laboratories Sydney, Australia 

NanoDrop™ ND-1000 
spectrophotometer 

Thermo Fisher Scientific Washington, USA 

Pipette tips (200µL and 1000µL) Axygen Union City, USA 

Multichannel pipette tips (20µL and 
200µL) 

Mettler Toledo Port Melbourne, 
Australia 

Pipettes (10µL, 200µL, and 1000µL) Gilson Middleton, USA 

QIAcube HT liquid handler Qiagen Hilden, Germany 

Reagent trough (70mL and 170mL)  Qiagen Hilden, Germany 

SpectroCHIP® II-G384 Agena Bioscience San Diego, USA 

Thin wall strip cap tubes Pacific Laboratory Products Blackburn, Australia 

Veriti 96-well thermal cycler Applied Biosystems Melbourne, Australia 

Vortex Ratek Instruments Melbourne, Australia 
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2.1.2 Reagents and kits 

Table 2.2. Study reagents and kits. 

Reagent Supplier City 

1 kb Plus DNA ladder Invitrogen Mulgrave, Australia 

10 mM dNTP Mix Life Technologies Oregon, USA 

10x PCR Buffer Qiagen Hilden, Germany 

2x FastStart™ PCR Master Mix Sigma-Aldrich Castle Hill, Australia 

5x T7 Polymerase Buffer Agena Bioscience San Diego, USA 

Absolute ethanol Merck Millipore Kilsyth, Australia 

Agarose powder Bioline London, UK 

Dithiothreitol (DTT) Agena Bioscience San Diego, USA 

Ethylenediaminetetraacetic Acid (EDTA) Merck Millipore Kilsyth, Australia 

EZ-96 DNA Methylation-Lightning  
MagPrep Kit 

Zymo Research Irvine, USA 

GelRed™ Biotium Hayward, USA 

Nuclease-free water Ambion Austin, USA 

Proteinase K Qiagen Hilden, Germany 

QIAamp 96 DNA QIAcube HT Kit  Qiagen Hilden, Germany 

QIAamp DNA Mini Kit Qiagen Hilden, Germany 

Resin Agena Bioscience San Diego, USA 

RNase A Agena Bioscience San Diego, USA 

RNase-free water Agena Bioscience San Diego, USA 

Shrimp Alkaline Phosphatase (SAP) Agena Bioscience San Diego, USA 

T7 RNA and DNA polymerase Agena Bioscience San Diego, USA 

T-cleavage mix Agena Bioscience San Diego, USA 

 

 

2.1.3 Solutions 

Table 2.3. Study solutions. 

Solution Contents 

1x TE Buffer 10mM tris-hydrochloride (pH 8.0), 1mM EDTA, stored at 
room temperature 

6x Gel Loading Dye 40% (v/v) glycerol, 0.05% (v/v) xylene cyanol, 0.05% (v/v) 
bromophenol blue, stored at room temperature 
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2.2 Barwon Infant Study 

2.2.1 Cohort overview 

The Barwon Infant Study (BIS) is a population-based pre-birth cohort based in the Barwon 

region of Victoria, in the south-east of Australia (Vuillermin, Saffery et al. 2015). The Barwon 

region has approximately 3,000 births per year, the vast majority occurring at either the 

public University Hospital Geelong or the private St John of God Hospital. BIS was 

established to investigate how early life environmental exposures might influence risk of 

later health outcomes, with a focus on non-communicable diseases.  

Recruitment of mothers for BIS occurred over the three-year period from June 2010 to June 

2013. Mothers were approached for participation at their antenatal appointment at 

approximately 15 weeks of pregnancy, with 1,158 out of 3,933 eligible women ultimately 

recruited. At 28-32 weeks pregnancy, eligible mothers provided written consent and 

formally enrolled in the study (n=1,064 mothers, 1,074 infants with 10 pairs of twins). 

Eligibility criteria are shown in Table 2.4. The study protocol was approved by the Barwon 

Health Human Research Ethics Committee (HREC 10/24). Of the 1,074 infants in the 

inception cohort at birth, 880 remained at the 12-month postnatal time point, and 679 at 

the 4-year time point. 
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Table 2.4. Eligibility criteria for the Barwon Infant Study. 

Inclusion criteria Exclusion criteria 

1. Residents of the Barwon Statistical 
Division 

1. Not an Australian permanent 
resident 

2. No more than 28 completed weeks 
pregnant at time of enrolment 

2. Unable to complete questionnaires 
in English without an interpreter 

3. Planning to give birth at either University 
Hospital Geelong or St John of God 
Hospital 

3. Unable to give informed consent, or 
informed consent not given 

4. Intention to be available for duration of 
study (4 years post-birth) 

4. Less than 18 years of age at the 28 
weeks pregnancy blood collection 
time point 

 5. Previous participant in the Barwon 
Infant Study with a child already in 
the cohort 

 6. Plans to store cord blood privately 

 
   Mother-infant dyads were subsequently 
   excluded from the study after birth if: 

 7. Moved out of the Barwon Statistical 
Division by the time the baby was 
born 

 8. Infant born before 32 completed 
weeks gestation 

 9. Infant identified as having a serious 
illness in first few days of life 

 10. Infant has major congenital 
malformation or genetically 
determined disease 
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2.2.2 Measures and biospecimens 

Biospecimens, clinical information, and questionnaire data were collected at multiple time 

points from mother and child throughout pregnancy and after birth.  

 

2.2.2.1  Maternal measures 

Maternal characteristics were measured from questionnaires completed by mothers during 

the 28-32 weeks pregnancy time point, and from hospital records. Maternal anthropometry 

measures included age, pre-pregnancy weight, weight at 28 weeks of pregnancy, and 

height. Questionnaire measures included maternal and paternal educational attainment, 

residential address, alcohol consumption and smoking during pregnancy.  

Educational attainment was classified into four levels: less than or up to Year 10 (the 

minimum mandatory level of educational attainment in Australia), Year 11 or 12 

(completion of high school certificate), university graduate or higher, or other. Residential 

address was used to determine maternal socio-economic status based on the Australian 

Socio-Economic Indexes for Areas (SEIFA) (Pink 2013), a widely-used measure in Australian 

research, and mothers were grouped into SEIFA tertiles. While mothers provided detailed 

information on the average number of alcoholic beverages and average number of 

cigarettes they had consumed at each trimester, due to the small number of mothers 

reporting drinking or smoking, this study considered maternal smoking or drinking during 

pregnancy as binary (any/none) measures.  

Psychosocial stress 

The Edinburgh Depression Scale (EDS) (Cox, Holden et al. 1987) and Perceived Stress Scale 

(PSS) (Cohen, Kamarck et al. 1983) questionnaires were introduced about a year after 

recruitment had commenced. Approximately two-thirds of the BIS cohort completed the 
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questionnaires. These were used to assess prenatal maternal psychosocial stress at the 28-

32 weeks pregnancy time point. The EDS is a 10-item questionnaire that asks mothers to 

respond to a series of questions about the previous week (self-report), with each item 

scored from 0 to 3 depending on the frequency of symptoms. It is a validated screening 

measure for both depression (Bunevicius, Kusminskas et al. 2009, Bergink, Kooistra et al. 

2011) and anxiety (Matthey, Fisher et al. 2013) during pregnancy. A score of 10 or more on 

the EDS was used to categorise mothers as having substantial depressive symptoms in a 

binary measure, as this cut-off is used widely in the literature and has been reported to 

show the greatest balance of sensitivity and specificity (Bergink, Kooistra et al. 2011). Three 

of the items on the EDS provide a measure of anxiety (Matthey 2008). A cut-off of 5 or more 

was used to categorise mothers as anxious (Swalm, Brooks et al. 2010). The PSS is a 14-item 

questionnaire of perceived stress experienced over the last month (Cohen, Kamarck et al. 

1983), with items scored 0 to 4 depending on the frequency reported. A higher total score 

corresponds to greater perceived stress. The PSS has been shown to better reflect the 

biological effect of psychosocial stress compared to measuring stressful life events 

(Hedegaard, Henriksen et al. 1996).  

Pregnancy conditions 

Maternal hypertension, pre-eclampsia, and gestational diabetes mellitus (GDM) were 

recorded from hospital records at birth. All three conditions were defined according to 

standard criteria. Hypertension and pre-eclampsia were classified according to 

International Society for the Study of Hypertension in Pregnancy criteria (Tranquilli, Dekker 

et al. 2014). Hypertension was defined as greater than 140mmHg systolic blood pressure or 

greater than 90mmHg diastolic blood pressure. Pre-eclampsia was defined as onset of 

hypertension and proteinuria (greater than 3g of protein excreted per day) after 20 weeks 

gestation. GDM was classified, using International Association of Diabetes and Pregnancy 

Study Groups criteria (Nankervis, McIntyre et al. 2013), as plasma glucose greater than 8.5 

mmol/L two hours after a 75g oral glucose load, or greater than 5.1 mmol/L while fasting. 
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2.2.2.1 Infant measures 

Infant characteristics were measured at birth, 12 months of age, and four years of age by 

BIS staff and nurses. In addition, a questionnaire completed by mothers prenatally provided 

information on the ancestry of the infant’s grandparents. This was used to classify infant 

ancestry into British (all four grandparents with British backgrounds), non-British (all four 

grandparents with non-British backgrounds), or mixed (one to three grandparents with 

British backgrounds). 

Anthropometry 

Relevant measures collected during an in-hospital visit within the first two days after birth 

were sex, gestational age, weight, and triceps and subscapular skinfold thicknesses as a 

measure of adiposity. Skinfold thickness was measured using Holtain callipers (de Onis, 

Onyango et al. 2004). In addition to considering weight as a raw measure, weight 

standardised for sex and gestational age (weight z-score) was calculated using the 2009 

revised British United Kingdom World Health Organisation (UK-WHO) growth charts (Cole, 

Williams et al. 2011). Weight and triceps and subscapular skinfold thicknesses were 

measured again at the 12-month time point. The 12-month weight z-score was standardised 

by sex and postnatal age, using the WHO child growth standards (Group and de Onis 2006). 

At the four-year time point, both weight and height were recorded, enabling BMI to be 

calculated. Body fat percentage was calculated using dual energy X‐ray absorptiometry 

(DEXA) scanning (Haarbo, Gotfredsen et al. 1991) as a measure of adiposity.  

Four-year cardiovascular measures 

Cardiovascular measures were assessed at the four-year time point. Systolic and diastolic 

blood pressure and heart rate were measured using a cuff, with the average value across 

three measurements used for analysis. All analyses with systolic or diastolic blood pressure 

was also adjusted for sex, age, and height by including them as covariates. Ultrasound was 
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used to measure pulse wave velocity (Eriksson, Greiff et al. 2002), a measure of arterial 

stiffness, as well as aortic and carotid intima-media thicknesses (aIMT and cIMT). For 

analysis, mean aIMT and cIMT were used, averaging the thickness across five images each 

(McCloskey, Ponsonby et al. 2014). All analyses using mean aIMT were adjusted for aortic 

diameter.  

 

2.2.2.2 Summary of measures 

A summary of the key clinical and questionnaire data relevant to this study are shown in 

Table 2.5. 
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Table 2.5. Summary of maternal and infant clinical and questionnaire data used in this 
study. 

Timepoint Maternal Infant 

Pregnancy  
(28-32 weeks) 

Age  

 Self-reported anthropometry 
(weight, height, pre-pregnancy 
weight) 

 

 Psychosocial stress  

 Maternal and paternal ancestry  

 Maternal and paternal education  

 Maternal socioeconomic index 
based on residential area 

 

 Smoking and drinking during 
pregnancy 

 

Birth Clinical records (gestational 
diabetes, pre-eclampsia and 
hypertension status) 

Gestational age 

  Sex 

  Anthropometry (weight, triceps 
and subscapular skinfold 
thicknesses) 

12 months  Anthropometry (weight, triceps 
and subscapular skinfold 
thicknesses) 

4 years  Anthropometry (weight, height, 
body fat %) 

  Blood pressure and heart rate 

  Pulse wave velocity 

  Aortic and carotid vessel 
structure 



 

46 

2.2.2.3 Biospecimens 

Samples collected in BIS include blood, hair, faeces, urine, breastmilk, and birth tissues 

(placenta). Biospecimens relevant to this study were infant blood collected at birth (cord 

blood), 12 months of age and 4 years of age (peripheral blood). Aliquots of blood samples 

at each time point were fractionated to serum, plasma and blood cell pellet components by 

BIS staff (processing described below).  

 

2.3 DNA extraction from blood 

2.3.1 Blood processing 

DNA was extracted from infant blood collected at birth and at 12 months of age. At delivery, 

umbilical cord blood was collected and subsequently processed within 18 hours. Blood 

processing was performed by BIS staff. Mononuclear cells were isolated in the cord blood 

samples by using density gradient centrifugation (Lymphoprep medium, AxisShield, 

Dundee, UK). Peripheral blood was collected at the 12-month time point. Cell viability and 

number were assessed by Trypan Blue (0.4%, Sigma-Aldrich, Castle Hill, Australia) staining. 

The cellular composition of cord and peripheral blood samples was assessed using flow 

cytometry (FACsCalibur, Becton Dickinson, Fraklin Lakes, NJ, USA) (Collier, Tang et al. 2015) 

by Dr. Fiona Collier, using CD3-FITC, CD4-PE and CD45-PerCP antibodies (BD Biosciences, 

San Jose, CA, USA). Proportions of monocytes, lymphocytes and erythrocytes, as 

percentages of total white cells, were included in analysis, as were activated and naïve 

regulatory T cell (Treg) populations as percentages of total CD4+ cells. Blood samples were 

stored at -80°C until DNA extraction. 
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2.3.2 DNA extraction 

There were two methods of DNA extraction used as detailed below.  

Cord blood mononuclear cell DNA extraction using QIAamp DNA Mini Kit 

Initial DNA extraction was performed on isolated mononuclear cord blood cells, using the 

QIAamp DNA Mini Kit and following the manufacturer’s protocol. Starting with the pelleted 

mononuclear cells, 20µl proteinase K and 4µl of RNase A (100mg/mL concentration) was 

added, followed by 200µl of Buffer AL. After mixing by vortexing, this solution was 

incubated at 55°C for 10 minutes to lyse the cells. After incubation, 200µl of ethanol was 

added, and then the mixture was transferred to a QIAamp Mini column in a 1.5mL 

microcentrifuge collection tube to collect the DNA. The filtrate was discarded after 

centrifuging for 1 minute at 6,000 x g, before 500µl of Buffer AW1 was added to the column. 

After another centrifugation for 1 minute, filtrate was again discarded. Next, 500µl of Buffer 

AW2 was added to the column, before being centrifuged for 4 minutes at 20,000 x g. The 

column was transferred to a 1.5mL microcentrifuge tube, and 200µl of nuclease-free water 

was added to elute DNA. After incubation for 1 minute at room temperature, the column 

was centrifuged for 1 minute at 6,000 x g. After elution, the DNA was stored at -20°C. 

Cord blood and 12-month whole blood DNA extraction  

Subsequent DNA extraction from cord blood and 12-month whole blood samples was 

performed using the QIAamp 96 DNA QIAcube HT Kit according to the manufacturer’s 

protocol. The QIAamp 96 DNA QIAcube HT Kit was used with the QIAcube HT liquid handler 

to automate DNA extraction. First, a mixture of 2.28mL proteinase K added to 9.12mL Buffer 

VXL was made. Then 200µl of whole cord or 12-month peripheral blood was added to each 

well of the 96-well S-Block, and the standard ‘Q Protocol’ was run to perform the extraction. 

The proprietary Q Protocol uses the proteinase K/Buffer VXL mixture for lysis of cells, then 

Binding Buffer ACB for binding DNA to the filtration plate that the lysates are transferred 

to. Wash Buffer AW1, Wash Buffer AW2 and 96% ethanol are added to wash the DNA in 
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successive vacuum steps that draw the lysate/wash buffers through the membranes in the 

plate, and then Elution Buffer AE and TopElute Fluid are added for elution of DNA in 200µl 

elution volume. After extraction, DNA was stored at -20°C. 

 

2.3.3 Measurement of DNA yield and quality 

A NanoDrop ND-1000 spectrophotometer was used to assess the quantity and quality of 

extracted DNA prior to any downstream applications (Desjardins and Conklin 2010). This 

device uses a wide light spectrum of 220nm to 750nm to evaluate quantity and purity of 

DNA, RNA and protein samples. As DNA has a different peak absorbance wavelength 

(260nm) to contaminants such as protein and phenol (280nm and 230nm, respectively), 

two measures of quality the spectrophotometer calculates are the 260nm/280nm ratio 

(measure of protein contamination) and the 260nm/230nm ratio (measure of phenol 

contamination). The optimal values for these two ratios, indicating no contamination of the 

DNA sample, are 1.8 and 2.0, respectively. Lower ratios indicate contamination. Following 

blanking with 1µl of nuclease-free water and calibration with 1µl of the relevant elution 

buffer, 1µl of extracted DNA solution was measured on the spectrophotometer. The 

calculated DNA concentration, 260nm/280nm ratio, and 260nm/230nm ratio were 

recorded and purity noted. 

 

2.4 Locus-specific DNA methylation  

The SEQUENOM MassArray EpiTYPER (Sequenom) mass-spectrometry platform was used 

to quantify DNA methylation of candidate genomic loci (Ehrich, Nelson et al. 2005). The 

process for EpiTYPER analysis is shown in Figure 2.1, with the method described in detail 

below.  
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In brief, bisulphite conversion is a process through which unmethylated cytosines are 

deaminated and converted into uracil bases. Methylated cytosines (5-methylcytosines) are 

protected from conversion. In polymerase chain reaction (PCR) amplification of the uracil 

bases are substituted with thymine, so in the amplified genomic product there will either 

be a cytosine (if the original cytosine was methylated) or a thymine polymorphism (if the 

original cytosine was unmethylated). This PCR product then undergoes transcription and 

the product is cleaved to make fragments. Due to the mass difference between the 

complement bases to thymine and cytosine (adenine and guanine), a cytosine base that was 

originally methylated will result in a fragment of 16 Dalton greater mass compared to a 

cytosine that was originally unmethylated. The mass of these fragments can be measured 

using matrix assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-

TOF MS), and the methylated proportion of copies of each fragment can be calculated in 

each sample. In this study, this is expressed as a percentage of methylation from 0% to 

100%. As a fragment can contain multiple CpG sites, the fragments are referred to as ‘CpG 

units’. The methylation value of a CpG unit is the average methylation across all the CpG 

sites it contains. 
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Figure 2.1. Analysis of DNA methylation with MALDI-TOF MS using the Sequenom platform. 
Genomic DNA is extracted from cells and undergoes bisulphite conversion. This converts unmethylated 

cytosines into uracil (red sequence), while methylated cytosines are protected (orange sequence). During PCR 

amplification, the uracil bases are substituted with thymine analogues and a T7 transcription start site is 

introduced with specific primers. Following in vitro transcription, the resulting RNA is cleaved at uracil. Due to 

the 16 Dalton mass difference between guanine and adenine, fragments corresponding to methylated 

cytosines (orange) are heavier than those corresponding to unmethylated cytosines (red) when measured 

using MALDI-TOF MS. Each fragment is referred to as a ‘CpG unit’ in this study. Figure adapted from (Ehrich, 

Nelson et al. 2005). 

 

2.4.1 Bisulphite conversion 

The EZ-96 DNA Methylation-Lightning MagPrep Kit was used to perform bisulphite 

conversion on 500ng of extracted DNA, according to manufacturer’s protocol. DNA aliquots 
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were made up to 20µl with nuclease-free water if required. After 130µl of Lightning 

Conversion Reagent was added to the DNA samples, the samples were incubated on a 

thermal cycler at 98°C for 8 minutes, followed by 54°C for 1 hour. The DNA samples were 

then transferred to a Collection Plate containing 600µl M-Binding Buffer and 10µl 

MagBinding Beads. After mixing by pipetting, the plate was transfer to a magnetic stand 

and left for 5 minutes to allow beads to collect at the bottom of the wells. The supernatant 

was discarded, before 400µl M-Wash Buffer was added to each well. Each well was mixed 

by pipetting, before the plate was placed back onto the magnetic stand to let the beads 

collect at the bottoms of the wells again. After the supernatant was discarded again, 200µl 

L-Desulphonation Buffer was added to each well. After mixing with pipetting, the plate was 

incubated for 15 minutes at room temperature. After incubation, the beads were again 

collected to the bottom of the wells on the magnetic stand, and the supernatant was 

discarded. This was followed by two identical wash steps of adding 400µl M-Wash Buffer, 

mixing by pipetting, collecting the beads on the magnetic stand, and discarding the 

supernatant. After this, the plate was incubated at 55°C for 30 minutes to thoroughly dry 

the beads. This was followed by the addition of 25µl Elution Buffer, resuspension by 

pipetting, and incubation at 55°C for 4 minutes. After collecting the beads at the bottom of 

the wells on the magnetic stand, the supernatant, now containing the eluted DNA, was 

transferred to an Elution Plate. The eluted DNA was stored at -20°C. 

 

2.4.2 Primer design 

For each genomic locus of interest, primers were designed to allow for the amplification of 

the specific regions of interest. The assayed regions considered in this study and the primers 

used for amplification are shown in Table 2.6. 

Candidate regions of interest were identified based on previous literature reporting 

evidence of associations between pregnancy exposures and altered methylation in 

offspring, and/or associations between methylation and early life health. The University of 



 

52 

California Santa Cruz (UCSC) genome browser (Kent, Sugnet et al. 2002) was used to extract 

the genomic sequence for the region and 300bp up- and downstream. This sequence was 

imported into the EpiDesigner software (Agena Bioscience, San Diego, California, United 

States), which generates potential pairs of primers to amplify the selected region. 

EpiDesigner also provides information on estimated melting point of primers. From the 

generated pairs of primers, those selected for further investigation had the following 

characteristics: pairs that covered all or most of the region of interest; contained a minimal 

number of CpG sites in the primer sequences; and shared melting temperatures within 1°C 

of each other. These selected primer pairs were then analysed with the MassArray package 

(Thompson and Greally 2009) in R (Team 2013). The MassArray package performs an in 

silico prediction of which CpG units would be measurable by the Sequenom platform, by 

taking into consideration the site where the DNA would be cleaved (as discussed below), if 

the mass of the CpG units were within the detectable range, and whether CpG units would 

have overlapping masses (and therefore not resolvable as distinct peaks). Primers pairs that 

were predicted to allow for the measurement of the maximum number of CpG units 

containing CpG sites of interest were selected for use in PCR amplification.  

To allow for in vitro transcription of the region as part of the Sequenom preparation process, 

the T7 tag (5’ CAGTAATACGACTCACTATAGGGAGAAGGCT 3’) was added to the reverse 

primer. A balancing tag (5’ AGGAAGAGAG 3’) was added to the forward primer to equalise 

the melting temperature of the primers. The primers were ordered from Bioneer (Daejeon, 

South Korea) as a Bio-BP purified dry form and made up to a 100µM stock with nuclease-

free water. Working aliquots of 10µM concentration were made from this with a 1:10 

dilution, and stored at -20°C. The primers and the sequence of the assayed region were 

imported into the EpiTYPER software for use by the Sequenom platform during methylation 

quantification, as described below.
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Table 2.6. Assay and primer information for the regions assessed with Sequenom in this study.  

 

Region Length 

(bp) 

CpG 

units 

CpG 

sites 

Location (hg19) Forward primer (5’-3’) Reverse primer (5’-3’) 

IGF2 DMR0 338 4 5 chr11:2,169,459-

2,169,796 

TGGATAGGAGATTGAGGAGAAA AAACCCCAACAAAAACCACT 

IGF2/H19 

ICR 

316 7 12 chr11:2,020,978-

2,021,293 

TATGGGTATTTTTGGAGGTTTTTTT AACTTAAATCCCAAACCATAACACT 

HIF3A.1 238 6 11 chr19:46,801,530-

46,801,772 

AGGTTTTGGTTTTGGGTTTAATAAG TAAAATAACAACCAACCCCAACTAA 

HIF3A.2 333 13 20 chr19:46,807,121-

46,807,453 

GGGGTTTTGTTAGAATAAGGTTTT AATCACCACCAATAAATACTACCCA 

LEP 145 10 14 chr7:127,881,231-

127,881,375 

CGGGGCGGGAGTTGGCGTTAGA CGGCGCGTTTTTTTTTTTTTTTTTGTT 

All forward primers had the balance tag (5’-AGGAAGAGAG-3’) and all reverse primers had the T7 tag (5′- CAGTAATACGACTCACTATAGGGAGAAGGCT-3′) 

added. DMR = differentially methylated region, ICR = imprinting control region, IGF2 = Insulin-like growth factor 2 gene, HIF3A.1 = first promoter region 

of the Hypoxia-inducible factor 3αgene, HIF3A.2 = second promoter region of the Hypoxia-inducible factor 3α gene, hg19 = human genome assembly 

GRCh37, LEP = Leptin gene 

5
3 
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2.4.3 Polymerase chain reaction amplification 

To confirm that the selected primers worked and to determine their optimal annealing 

temperature for PCR amplification, a gradient PCR was performed. The composition of the 

PCR is shown in Table 2.7. For the gradient PCR, each pair of wells was subject to different 

pairs of annealing temperatures in 2°C increments (Table 2.8). Each pair of wells were a 

negative control (nuclease-free water) and a positive control (bisulphite-converted DNA). 

After PCR amplification, the products were observed on an agarose gel (2% agarose, TBE 

buffer, stained with GelRed, 120V for 60 minutes). The annealing temperature that 

produced the greatest visible amount of amplified PCR product and a minimal amount of 

primer dimer was selected for amplifying the cohort samples. 

For PCR amplification of the DNA samples, each sample was prepared in triplicate in 96-well 

plates to reduce measurement variability (Coolen, Statham et al. 2007). After PCR, using the 

optimal temperature conditions determined in the gradient PCR, the product for each of 

the triplicates was observed on an agarose gel (as previously described), to determine the 

success of the PCR amplification.  

 

Table 2.7. Composition of PCR amplification reaction. 

Reagent Volume for 1 reaction (µL) 

2x FastStart PCR master mix 7.5 

Forward primer (10µM) 0.6 

Reverse primer (10µM) 0.6 

DNA (1ng/µl) 1.0 

Nuclease-free water 6.3 

Total volume 15.0 
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Table 2.8. Temperature conditions for gradient PCR amplification. 

Step Cycles Temperature Time 

1 1 95oC 10 min 

2 5 
95oC 

54 to 58oC1 
72oC 

10 sec 
30 sec 
2 min 

3 40 
95oC 

56 to 62oC1 
72oC 

10 sec 
30 sec 

1.5 min 

4 1 72oC 7 min 

5 1 4oC Indefinitely 
1The optimum temperature combination that best amplified DNA differed between 
primer pairs. 

 

2.4.4 Sequenom preparation 

After PCR amplification, 5µl of the product was transferred to a 384-well plate. For each 

384-well plate, three randomly selected wells were negative controls (water). The PCR 

product was firstly cleaned with Shrimp Alkaline Phosphatase (SAP) to remove terminal 

phosphate groups. First, an SAP master mix was prepared by adding 901µl nuclease-free 

water to 159µl of SAP solution, and then 2µl of this SAP mix was added to each well. The 

plate was centrifuged at 3000 x g for 1 minute, and then incubated in a thermocycler for 20 

minutes at 37°C, followed by 5 minutes at 85°C (Ehrich, Nelson et al. 2005). 

After this, a T-cleavage RNase cocktail was used to both perform in vitro transcription of the 

amplified region and cleave the resulting RNA at uracil bases (the RNA analogue of thymine 

bases in DNA). For this, a new 384-well plate was prepared with 5µl of an RNase cocktail 

(Table 2.9), and 2µl of the DNA/SAP mixture was transferred to each well and mixed with 

gentle pipetting, before centrifuging at 540 x g for 1 minute. The plate was then incubated 

at 37°C for 3 hours, followed by another centrifuging at 540 x g for 1 minute. Finally, 20µl 

of nuclease-free water was added to each well. 
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After the T-cleavage RNase reaction, 6mg of resin was prepared in a dimple plate, and 

incubated for 20 minutes at room temperature to dry. The sample plate was inverted over 

the resin plate, and then the two plates were inverted again so the resin would fall into each 

well. The sample plate was then sealed and rotated on a vertical carousel for 15 minutes, 

and then centrifuged at 3,200 x g for 5 minutes. The contents of the sample plate were then 

transferred to a SpectroCHIP using a MassArray nanodispenser by Dr. Benjamin Ong, the 

head of the Sequenom facility at Murdoch Children’s Research Institute. The SpectroCHIP 

was then transferred to the MALDI-TOF MS for analysis. 

 

Table 2.9. Composition of T-cleavage RNase cocktail. 

Reagent Volume for 1 reaction 
(µl) 

Volume for 384 
reactions (µl) 

RNase A 0.06 30 

T7 RNA & DNA polymerase 0.40 200 

T-cleavage mix 0.22 110 

DTT (100 mM) 0.22 110 

5x T7 polymerase buffer 0.89 444 

RNase-free water 3.21 1602 

Total volume 5.0 2496 

 

2.4.5 Methylation data output and cleaning 

The primer and region sequences and the plate layout uploaded to EpiTYPER are used to 

interpret the MALDI-TOF MS readings, allowing the methylated percentage of each CpG 

unit to be calculated for each sample by the Sequenom platform. These values were 

exported from EpiTYPER, and then imported into Stata 15 for quality control, cleaning and 

analysis. 
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The final methylation value used for each CpG unit in each sample was the average value 

across the triplicate measurements. If one replicate had greater than 10% difference from 

the other two, it was excluded and the average of the remaining two replicates was used. 

If a sample didn’t have two replicates within 10%, it was excluded entirely from analysis. 

After this cleaning, if a sample had a methylation value for all measured CpG units in the 

region, the average methylation for the region was calculated by taking the mean of all the 

CpG units and also used in analysis.  

 

2.5 Genotyping 

Genetic variation (SNPs) in and around candidate genes were considered in the analyses. 

Using DNA extracted from cord blood or 12-month blood, 500ng of DNA for each BIS infant 

was transferred to 96-well plates. As this genotyping was done as part of the Erasmus Global 

Screening Array consortium, plates were sent to QIMR Berghofer Medical Research Institute 

(Brisbane, Australia), who co-ordinated shipment to the Erasmus University Medical Center 

(Rotterdam, Netherlands) for genotyping using the Infinium Global Screening Array-24 v1.0 

BeadChip platform (Illumina, San Diego, California, United States). 

 

2.5.1 Data imputation and cleaning 

Genetic imputation is a process that estimates the alleles for SNPs that were not directly 

genotyped. This is done by utilising linkage disequilibrium, the correlation between SNPs 

that do not associate independently (Li, Willer et al. 2009). Imputation uses the measured 

genotypes in the sample and compares it to a reference population with complete genotype 

data for all the SNPs to be imputed, to estimate what the most likely genotype for each 

missing SNP is based on the known sample genotypes. As such, there are two quality control 

steps involved: one to clean the directly genotyped data prior to using it for imputation, and 

then one after imputation. 
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Pre-imputation quality control 

Genotyping was performed on all 1,074 BIS infants, capturing 692,367 SNPs. If more than 

5% of SNPs failed in their sample, infants were genotyped again using a new source of 

extracted DNA. These two waves of genotyping were combined prior to quality control 

(Anderson, Pettersson et al. 2010), using the PLINK software (Chang, Chow et al. 2015). If 

any participants still had missing data for greater than 5% of SNPs, they were excluded (4 

participants). Participants were also excluded if they had a heterozygosity rate (proportion 

of SNPs with two different alleles) greater than 4 standard deviations from the sample mean 

heterozygosity rate (as high heterozygosity can indicate a poor quality sample (Marees, de 

Kluiver et al. 2018)) (15 participants). The relatedness of samples (identity by descent) was 

also calculated to determine if there were any unexpected duplicate samples (the 10 twins 

in the BIS cohort were included in genotyping). Individual SNPs were excluded from the 

dataset if they were missing in more than 5% of remaining samples (18,700 SNPs), if they 

were strongly out of Hardy-Weinberg equilibrium (p<10-6, 15,382 SNPs) (Marees, de Kluiver 

et al. 2018), or if they were rare (minor allele frequency (MAF) <0.01, 164,442 SNPs). This 

reduced the final dataset to 1,055 infants, each with 496,103 SNP genotypes.  

To prepare the genotype data set for imputation, strand alignment was performed in PLINK 

to flip allelic reads from the reverse stand to their forward strand complements as 

necessary, using the reference file for the Global Screen Array BeadChip provided by 

William Rayner of the Wellcome Trust Centre for Human Genetics. After strand alignment, 

the genotype data was transformed from .bed/.bim./.fam file format to .vcf (Variant Call 

Format) using PLINK. The BCFtools v1.9 software (Danecek, Auton et al. 2011) was used to 

ensure that the SNPs within the dataset were correctly aligned to their genomic positions 

on Genome Reference Consortium Human Build 37 (GRCh37/hg19). A subset of the 

genotype data including only the autosomal (chromosomes 1 to 22) SNPs was created for 

imputation. 
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Imputation 

The cleaned data set of autosomal SNPs was uploaded to the Sanger Imputation Service 

(Wellcome Sanger Institute, Hinxton, United Kingdom) using the Globus file transfer client. 

The selected imputation pipeline used EAGLE2 v2.0.5 (Loh, Danecek et al. 2016) for pre-

phasing prior to imputation with Positional Burrows-Wheeler Transform (PBWT) (Durbin 

2014), using the Haplotype Reference Consortium (release 1.1) (McCarthy, Das et al. 2016) 

as the reference population. This reference population has 32,470 participants, 

predominantly of European ancestry, with measured genotypes at 40,405,505 SNPs.  

The phasing process assigns an individual’s alleles at each SNP to one of their two predicted 

haplotypes by comparing their alleles to the haplotypes in the reference population. This 

allows each individual’s haplotype to be imputed separately (Figure 2.2). The PBWT 

imputation estimates the most likely allele for each SNP on each haplotype by comparing it 

to the reference population and calculates various measures on the confidence of the 

imputation including an ‘information’ score for each imputed SNP. This information score 

ranges from 0 to 1, with 0 reflecting essentially a completely random prediction based on 

reference population allele frequency, and 1 representing a completely confident 

prediction based on the reference population haplotypes (Marchini and Howie 2010). After 

imputation, the imputed genotype data set was downloaded from the Sanger Imputation 

Service in .vcf format. 
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Figure 2.2. Diagram of genetic imputation using a reference population. 
(a) First, an individual’s genotype is directly measured at a fraction of SNPs. (b) The two alleles that make up 

their genotype at each SNP were used to estimate the blocks of associated SNPs that make up their two 

haplotypes by comparing their genotype to the reference population, in a process called ‘phasing’. (c) These 

haplotype blocks are used to impute (estimate) the missing allele at each SNP in each haplotype. Figure 

adapted from (Li, Willer et al. 2009). 

 

Post-imputation quality control 

The imputed genotype data set was converted to a PLINK .bed/.bim/.fam file type prior to 

quality control. Following standard pipelines (Turner, Armstrong et al. 2011), SNPs were 

excluded if they: were duplicate SNPs with different identifiers (159,004 SNPs), had an 

imputation information score less than 0.8 (10,735,561 SNPs) (Mitt, Kals et al. 2017), were 

rare (MAF <0.01, 21,676,343 SNPs), were strongly out of Hardy-Weinberg equilibrium 

(p<10-6, 364,336 SNPs), or if the minor allele frequency was greatly divergent from the 
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reference population (MAF >0.2 difference from reference population, 2,044 SNPs). This 

left 7,468,217 SNPs remaining in the cleaned data set.  

 

2.5.2 Candidate gene tag SNPs 

SNP genotypes were extracted from the genome-wide imputed data set by using PLINK to 

create a subset of SNPs within gene coordinates (determined using the UCSC genome 

browser) as well as 20kb up and downstream. This typically resulted in over one hundred 

highly correlated SNPs in high linkage disequilibrium. As including each of these remaining 

SNPs in the analysis could potentially inflate the number of (highly correlated) tests being 

performed, the Haploview software (Barrett, Fry et al. 2005) was used to select ‘tag’ SNPs 

that can act as proxies for clusters of highly correlated SNPs, thereby capturing all or most 

of the genetic information (Ke and Cardon 2003). This has the potential to reduce the 

number of SNPs included in an analysis from hundreds to a much lower and more 

manageable number. 

The PLINK software was used to convert the subset of candidate gene SNPs into a Haploview 

compatible format. This included both a ‘pedfile’ file containing the genotypes of each 

individual at each SNP, and an ‘info’ file containing the genomic position of each of the SNPs. 

These files are used in Haploview with the ‘tagger’ function to identify a minimum set of tag 

SNPs by setting a R2 cut-off of 0.1 for defining clusters. In other words, such that every SNP 

in the region was associated with one of the tag SNPs with strength R2>0.1 in our sample. 

As part of this function, specific SNPs of interest based on the literature could be selected 

for forced inclusion as a tag SNP. 

Following Haploview, PLINK was used to extract tag SNPs from the candidate gene data set 

and convert the genotypes into allelic score (number of minor alleles (0, 1 or 2)). These 

allelic scores were exported in .csv format for analysis. 
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2.6 Data analysis 

2.6.1 Analysis size and power 

As recruitment for BIS occurred prior to this start of this study, power calculations for the 

specific exposures and outcomes investigated here did not influence the targeted sample 

size for BIS recruitment. All available data was used for each analysis to maximise statistical 

power. The exact numbers of participants for each analysis based on methylation and 

outcome data availability after quality control is shown in Figure 2.3. In post-hoc power 

calculations, for a general scenario of 850 participants with 5% exposed to a particular 

factor (with relevant exposures including GDM, pre-eclampsia or maternal smoking), this 

study had a power of 97.9% to identify a true methylation difference between groups of 5% 

with a standard deviation of 8% in methylation values for both groups and an alpha of 0.05. 

For analyses on a subset of 500 participants under the same conditions, this study had a 

power of 86.1%.
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Flowchart of participation, attrition, and data availability in BIS for each of the analyses in this study. The thick coloured boxes indicate each chapter, while the 

smaller coloured boxes indicate the relevant sample for the analyses within each chapter.

Figure 2.3. Summary of sample size in each analysis. 

6
3 
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2.6.2 DNA methylation analysis 

Evidence for associations between maternal/infant measures and DNA methylation were 

initially investigated in preliminary correlation analysis for continuous exposures, Student’s 

t-test for binary exposures, and one-way ANOVA for categorical exposures. If the analysis 

included exposure or methylation measures from the 12-month or 4-year time points, it 

was adjusted for actual infant postnatal age at the relevant time point in partial correlation 

tests or linear regression models, as appropriate. If the maternal or infant measure also had 

a strong a priori basis for adjustment (such as adjusting paediatric blood pressure by height 

and sex (Falkner, Daniels et al. 2004), this was also adjusted for in the relevant preliminary 

analysis.  

For cross-sectional analysis, methylation was considered as the outcome in the linear 

regression models. For sensitivity analysis on models including methylation measures, 

bisulphite conversion batch, and cellular composition of blood samples (proportions of 

lymphocytes, monocytes and granulocytes) were considered as technical covariates to 

determine if the findings of the analysis were influenced by batch effects or cell-specific 

methylation, respectively. Additionally, for longitudinal models including 12-month 

methylation, the corresponding methylation measure from birth was considered as a 

covariate to determine if an association between infant measures and 12-month 

methylation was independent of its association with birth methylation.  

 

2.6.3 Genotype analysis 

Genotypes of tag SNPs in candidate genes were of interest as potential ‘exposures’ 

influencing DNA methylation within that gene, or as modifiers of the relationship between 

other exposures and methylation. Preliminary evidence for associations between SNP 

genotype and methylation was investigated using one-way ANOVA tables (each genotype 
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at that SNP being its own category). In this way, an additive effect of minor alleles was not 

assumed. 

Genotype as exposure 

As tag SNPs within the same gene still had the potential to be correlated with each other, if 

multiple SNPs were associated with the methylation outcome in the preliminary univariate 

analysis, the correlation between these SNPs was considered. If the SNPs were correlated 

(r>0.3), the SNP with the largest estimated effect size was included in subsequent analysis. 

If the SNPs were not strongly correlated, linear regression models were used to determine 

if these genotype effects on methylation were independent. This was achieved by 

sequentially adding all the relevant tag SNPs into the same linear regression model to 

determine if there were key SNPs that remained associated with methylation even after 

adjusting for the other tag SNPs. These key SNPs that remained independently associated 

with methylation were included in the multivariable linear regression modelling as 

described in section 2.6.3. 

Genotype as effect modifier 

For determining if SNP genotype modified the relationship between exposure and 

methylation (or methylation and later infant outcome in longitudinal analysis), interaction 

(product) terms for the heterozygote and the homozygote minor allele genotypes were 

added to the linear regression model. The p-values for these interaction terms indicated if 

there was strong evidence for the effect of exposure on outcome differing according to SNP 

genotype, with homozygote major allele genotype used as the reference genotype.  
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2.6.4 Covariate selection for linear regression modelling 

Following preliminary analysis, multivariable linear regression modelling was used to 

consider covariates and potential confounders to determine if they influenced the 

association of interest, and if adjusting for them improved the precision of the model.  

Covariates of interest included those selected a priori based on previous studies, and 

covariates that also showed evidence of associating with the outcome (infant methylation, 

or four-year infant outcome in the relevant longitudinal analysis) in preliminary analysis. 

Covariates were individually added to linear regression models of key exposure predicting 

outcome, to determine the degree to which adjusting for the covariate altered the 

magnitude of the association between key exposure and outcome (adjusted effect size (β) 

differing by more than 10% of original effect size) and if adjustment improved the fit of the 

regression model (assessed as a likelihood ratio test p<0.05). If the covariate had missing 

data, the comparison between adjusted and unadjusted model was made only on 

participants with complete data, to avoid differences in sample size driving differences in 

model quality.  

Interaction effects 

Once covariates of interest had been included in the linear regression model, sex- and 

genotype-interaction effects were considered. Sex*exposure and genotype*exposure 

product terms were individually added to the linear regression model and compared to the 

model without interaction terms. If there was evidence of interaction effects, and inclusion 

of the terms improved the quality of the model (likelihood ratio test p<0.05), interaction 

terms were included in the final model. 

Relative contributions 

Once the final model was determined, the relative contribution of each exposure to 

explaining variance in the outcome was considered. This was calculated for each exposure 
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by removing the exposure term from the linear regression model and observing the 

subsequent reduction in the model R2 value. The reduction in R2 was considered to be the 

percentage variation independently explained by the exposure. 

 

2.6.5 Software 

All data analysis was performed in Stata 15. Stata 15 and GraphPad Prism 6 (GraphPad 

Software, San Diego, CA, USA) were used for data visualisation. 
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Chapter 3 Maternal psychosocial stress in pregnancy and neonatal 

IGF2/H19 DNA methylation 

3.1 Overview 

Mounting evidence suggests that offspring DNA methylation of the Insulin-like Growth 

Factor 2 gene (IGF2) and the antisense non-coding RNA H19 gene in cord blood is sensitive 

to environmental exposures during pregnancy (Heijmans, Tobi et al. 2008, Steegers-

Theunissen, Obermann-Borst et al. 2009, Loke, Galati et al. 2013, Lou, Le et al. 2019, Shen, 

Li et al. 2019). IGF2 plays a crucial role in promoting fetal growth (Baker, Liu et al. 1993), 

and its expression is negatively correlated with H19 expression (Leighton, Saam et al. 1995). 

Both these genes are imprinted (alleles expressed or silenced depending on parental origin), 

and expression of IGF2 is regulated by DNA methylation both at the imprinting control 

region (ICR), upstream of H19, and at differentially methylated regions (DMRs) in IGF2 

(Thorvaldsen, Duran et al. 1998, Bell and Felsenfeld 2000, Murrell, Heeson et al. 2004). As 

such, disrupted IGF2/H19 methylation would be anticipated to impact IGF2 expression, and 

consequently fetal growth. Indeed, it has been shown that there is a link between placental 

methylation of IGF2/H19 and birth weight (St-Pierre, Hivert et al. 2012, Su, Wang et al. 

2016). However, the corresponding relationship between methylation of IGF2/H19 in cord 

blood and birth weight is unclear (Burris, Braun et al. 2013, Gonzalez-Nahm, Mendez et al. 

2018).  

Some evidence suggests that as well as nutritional exposures during pregnancy, IGF2/H19 

methylation in cord blood is also sensitive to elevated maternal psychosocial in pregnancy 

(Soubry, Murphy et al. 2011, Liu, Murphy et al. 2012, Chen, Li et al. 2014, Vidal, Benjamin 

Neelon et al. 2014, Vangeel, Izzi et al. 2015). As such, disrupted methylation of IGF2/H19 

following prenatal psychosocial stress exposure may play a role in the established 

association between maternal psychosocial stress during pregnancy and impaired fetal 

growth (Rondo, Ferreira et al. 2003, St-Pierre, Laurent et al. 2016). However, previous 

findings regarding the effects of maternal psychosocial stress on IGF2/H19 methylation in 
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cord blood have been inconsistent, with little replication to date. This may be due to many 

of these previous studies being small and poorly powered (n<100) (Chen, Li et al. 2014, 

Vidal, Benjamin Neelon et al. 2014, Vangeel, Izzi et al. 2015), or considering all types of 

psychosocial stress equally (Soubry, Murphy et al. 2011, Liu, Murphy et al. 2012). As there 

is evidence that different forms of psychosocial stress can have differing long-term effects 

on offspring (Schetter and Tanner 2012, Stein, Pearson et al. 2014), there is a need for these 

forms of psychosocial stress to be considered as distinct measures.  

In order to gain an increasing understanding of these relationships, I have utilised the 

population-based prospective pre-birth Barwon Infant Study cohort (n=1,074) to 

investigate the potential impact of different measures of maternal psychosocial stress 

during pregnancy on offspring IGF2/H19 methylation in cord blood. Specifically, the effects 

of perceived stress, depression symptoms, and anxiety symptoms on methylation of the 

IGF2/H19 ICR and the IGF2 DMR0. Depression and anxiety were measured using the 

clinically-validated Edinburgh Depression Scale (EDS) (Bergink, Kooistra et al. 2011) and its 

anxiety-subscale (Swalm, Brooks et al. 2010), while perceived stress was measured with the 

Perceived Stress Scale (PSS) (Cohen, Kamarck et al. 1983). The analysis also considered the 

associations between IGF2/H19 methylation and pregnancy outcomes (gestational age and 

birth weight), as well as potential confounders such as antidepressant use and maternal 

smoking status. The summary of the analysis is shown in Figure 3.1. This resulting work has 

been published in Translational Psychiatry (Mansell, Novakovic et al. 2016), and the author-

accepted version of the manuscript and supplementary material are included in this 

chapter. The published version of the manuscript is included in the Appendices, and can 

also be accessed at https://www.nature.com/articles/tp201632. 

 

https://www.nature.com/articles/tp201632
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Figure 3.1. Summary of the IGF2/H19 methylation analysis. 
The primary investigation was the relationship between exposure to maternal stress during pregnancy (blue) 

and neonate methylation of the IGF2/H19 loci (green). Other associations with covariates were also 

considered (grey arrows). 

 

 

The findings from this work provide evidence for an association between exposure to 

maternal anxiety and lower DNA methylation of the IGF2/H19 ICR in neonatal cord blood, 

and more modest evidence for associations of perceived stress and depression with ICR 

methylation. While there was no evidence for an association between increased IGF2/H19 

methylation in cord blood and higher birth weight as reported previously in placenta tissue 

(St-Pierre, Hivert et al. 2012), the association between anxiety and decreased ICR 

methylation was stronger in infants of lower birthweight compared to those of higher 

birthweight. Similarly, while there was no association between infant sex and altered 
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IGF2/H19 methylation, the estimated effect of anxiety exposure on ICR methylation was 

greater in female infants compared to males.  

These findings could suggest that different forms of psychosocial stress have distinct effects 

on offspring DNA methylation in a sex-specific manner. Together with previous studies 

(Tobi, Lumey et al. 2009, Kippler, Engström et al. 2013), these findings emphasise the need 

to consider sex-specific effects of pregnancy exposures on offspring DNA methylation. 

However, these findings also suggest that pregnancy outcomes, such as fetal growth, may 

have a modifying effect on the relationship between pregnancy exposures and offspring 

DNA methylation. 
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3.2 Publication and supplementary material 
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ABSTRACT 

Compelling evidence suggests that maternal mental health in pregnancy can influence 

foetal development. The imprinted genes, insulin-like growth factor 2 (IGF2) and H19, are 

involved in foetal growth and each is regulated by DNA methylation. This study aimed to 

determine the association between maternal mental well-being during pregnancy and 

differentially methylated regions (DMRs) of IGF2 (DMR0) and the IGF2/H19 imprinting 

control region (ICR) in newborn offspring. Maternal depression, anxiety and perceived 

stress were assessed at 28 weeks of pregnancy in the Barwon Infant Study (n=576). DNA 

methylation was measured in purified cord blood mononuclear cells using the Sequenom 

MassArray Platform. Maternal anxiety was associated with a decrease in average ICR 

methylation (Δ -2.23%; 95% CI = -3.68 to -0.77%), and across all six of the individual CpG 

units in anxious compared to non-anxious groups. Birthweight and sex modified the 

association between prenatal anxiety and infant methylation. When stratified into lower 

(≤3530g) and higher (>3530g) birthweight groups using the median birthweight, there was 

a stronger association between anxiety and ICR methylation in the lower birthweight group 

(Δ -3.89%; 95% CI = -6.06 to -1.72%), with no association in the higher birthweight group. 

When stratified by infant sex, there was a stronger association in female infants (Δ -3.70%; 

95% CI = -5.90% to -1.51%) and no association in males. All linear regression models were 

adjusted for maternal age, smoking and folate intake. These findings show that maternal 

anxiety in pregnancy is associated with decreased IGF2/H19 ICR DNA methylation in 

progeny at birth, particularly in female, low birthweight neonates. ICR methylation may 

help link poor maternal mental health and adverse birth outcomes, but further investigation 

is needed.  
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INTRODUCTION 

Maternal mental health during pregnancy has been linked with poor foetal growth and 

lower birthweight (Sable and Wilkinson 2000, Rondo, Ferreira et al. 2003, Ciesielski, Marsit 

et al. 2015), as well as adverse health outcomes in childhood, including 

neurodevelopmental delay (Grote, Bridge et al. 2010, Grigoriadis, VonderPorten et al. 

2013), attention problems and depressive symptoms (Bureau, Easterbrooks et al. 2009, 

Sharp, Hill et al. 2014, Slykerman, Thompson et al. 2014). An adverse in utero environment 

is speculated to lead to ‘programmed’ changes in the fetus during development (Wadhwa, 

Buss et al. 2009), and epigenetic processes including DNA methylation are thought to play 

an important role (Wadhwa, Buss et al. 2009, Blaze and Roth 2015). Indeed, increasing 

evidence has shown that maternal mental well-being during pregnancy, influenced by 

factors such as stress, anxiety and depression, can influence DNA methylation levels of the 

glucocorticoid receptor gene in the neonate (Palma-Gudiel, Cordova-Palomera et al. 2015). 

Several recent studies also provide preliminary evidence the maternal mental health during 

pregnancy can result in differential methylation levels in imprinted genes in the offspring 

(Soubry, Murphy et al. 2011, Liu, Murphy et al. 2012, Vidal, Benjamin Neelon et al. 2014). 

Infants born to women with severe depression during pregnancy (n=32) had higher cord 

blood methylation of the MEG3 imprinted gene than infants born to 271 non-depressed 

women (Liu, Murphy et al. 2012). Similarly, cord blood methylation of another imprinted 

gene, MEST, was positively correlated with maternal perceived stress during pregnancy in 

a recent study of 79 mother-infant pairs (Vidal, Benjamin Neelon et al. 2014). 

Imprinted genes are involved in a number of pathways crucial for foetal growth (Plasschaert 

and Bartolomei 2014), and alleles for imprinted genes are expressed according to parental 

origin. DNA methylation levels differ between parental alleles at imprinted genes in 

association with differential gene expression (Li, Beard et al. 1993). Of particular interest 

are the reciprocally imprinted IGF2/H19 genes. IGF2 encodes insulin-like growth factor 2 

(IGF2), the major growth hormone during foetal life (Baker, Liu et al. 1993), expressed 

specifically from the paternal allele, while the downstream H19 gene is specifically 
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expressed from the maternal allele (Smith, Choufani et al. 2007). The imprinting pattern is 

regulated by methylation at the imprinted control region (ICR) and is associated with several 

differentially methylated regions (DMRs) in the IGF2 and H19 gene promoters (Delaval and 

Feil 2004). Of note, methylation of IGF2 DMR0 and DMR2 has been linked with infant 

birthweight (St-Pierre, Hivert et al. 2012). Offspring IGF2 and H19 methylation has been 

shown to be influenced by in utero exposures. For example, lower IGF2 DMR0 methylation 

has been reported in whole blood of adults born to mothers who experienced famine during 

the Dutch Hunger Winter (Heijmans, Tobi et al. 2008), while elevated DMR0 methylation 

(Steegers-Theunissen, Obermann-Borst et al. 2009) and lower H19 promotor DMR (Loke, 

Galati et al. 2013) has been found in infants exposed to folic acid supplementation during 

pregnancy. Higher H19 promoter DMR methylation has been found in association with 

macronutrient intake in a study that combined measurements from buccal, cord blood, 

umbilical vein endothelium, and placenta and granulocytes cells (Loke, Galati et al. 2013). 

Maternal smoking during pregnancy has also been shown to influence newborn IGF2 DMR0 

and H19 promotor DMR methylation (Soubry, Murphy et al. 2011, Bouwland-Both, van Mil 

et al. 2015).  

Two recent studies have found evidence of associations between maternal mental health 

and methylation of IGF2 and H19 methylation, however the direction and magnitudes of 

the identified associations differ. Chen et al. reported increased methylation of the ICR 

located upstream of H19 in cord blood and placenta tissue of infants born to mothers with 

high self-reported stress and anxiety (Chen, Li et al. 2014), while Vangeel et al. found 

decreased methylation of IGF2 DMR0 in association with maternal anxiety (Vangeel, Izzi et 

al. 2015). These findings have yet to be replicated and are reflective of the literature to date, 

not only at these gene regions, but also more generally in the field and this is likely due to 

a number of factors. For example, each of these studies had a relatively small sample size 

(n<100) and may not be an accurate representation of broader populations. Furthermore, 

associations between maternal mental well-being and IGF2/H19 methylation may differ 

across ethnic groups (Soubry, Murphy et al. 2011), and could vary depending on the infant’s 

gender and birthweight (Liu, Murphy et al. 2012, Vidal, Benjamin Neelon et al. 2014). Given 
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the multitude of factors known to influence DNA methylation both temporally and spatially, 

ascertaining the effects of any exposure in utero on infant outcome are best addressed 

using large, well-characterised population-based birth cohort studies with robust 

measurements of exposure and biospecimens collected at birth.  

In the current study we assessed whether maternal mental health during pregnancy 

(depression, anxiety and perceived stress) was associated with cord blood methylation, 

focusing on the IGF2/H19 ICR, one of the key imprinted loci, and IGF2 DMR0. These two 

regions are of particular interest given that they have been the most widely studied in 

previous studies and have been shown to be differentially methylated in response to other 

in utero exposures (Heijmans, Tobi et al. 2008, Hoyo, Murtha et al. 2011, McKay, Groom et 

al. 2012, Murphy, Adigun et al. 2012, Loke, Galati et al. 2013, Soubry, Schildkraut et al. 2013, 

Chen, Li et al. 2014). Secondly, we aimed to determine whether other key factors such as 

maternal smoking during pregnancy, infant gender and birthweight, influenced this 

association.  

 

METHODS 

Study population  

The prospective Barwon Infant Study (Horikoshi, Yaghootkar et al. 2013) is a population-

derived birth cohort of mother-infant dyads (n=1074). The study was established in 2010 to 

investigate the developmental and early life origins of non-communicable disease 

(Vuillermin, Saffery et al. 2015). The study protocol was approved by the Barwon Health 

Human Research Ethics Committee, and participants provided written informed consent.  

Women were recruited from two hospitals in the Geelong region of Victoria between 15 

and 28 weeks of pregnancy; Geelong Hospital (public) and St. John of God Hospital (private). 

Those invited to participate needed to be living in the Barwon region, an Australian citizen 
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or permanent resident, aged at least 18 years at 28 weeks of pregnancy, and able to 

complete questionnaires and provide informed consent. Women were excluded from 

participating if they already had another child in the study (with the exception of twins), or 

had planned to privately store their cord blood. Following birth, neonates were excluded if 

they were born before 32 weeks gestation, diagnosed with a serious illness at birth, or had 

a genetically-determined disease or major congenital malformation. Twins were also 

excluded from the current analysis. 

At 28 weeks gestation, mothers were administered comprehensive questionnaires to 

gather socio-demographic, clinical and health-related information. This included parental 

age, education levels and ancestry. Maternal alcohol consumption and tobacco smoking 

across pregnancy were also recorded, as were pregnancy-related health conditions, such as 

preeclampsia, hypertension, and gestational diabetes (based on standard criteria). At birth, 

information was gathered from medical records, including the neonate’s gender, 

gestational age and birthweight. 

 

Maternal mental well-being during pregnancy 

Specific aspects of maternal mental well-being during the 28th week of pregnancy were 

assessed using two validated and widely used self-report questionnaires. The 10-item 

Edinburgh Depression Scale (Lister, Pelizzola et al. 2009) is a questionnaire focused on mood 

and feelings over the past week (Cox, Holden et al. 1987). It provides an assessment of 

depression and anxiety symptoms, which can be distinguished from one another reliably 

((reviewed by Matthey et al., 2013, where Cohen’s d ranged from 0.61 to 1.41 across 5 

different studies (Matthey, Fisher et al. 2013)). We classified women as having clinically 

significant levels of depression if they scored 10 or more on the EDS, based on previous 

reports that this provided optimal sensitivity and specificity (Bergink, Kooistra et al. 2011). 

This cut-off is also the most widely used in the literature. Anxiety symptoms were defined 
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as a score of 5 or more on the EDS anxiety subscale, as previously described (Matthey 2008, 

Swalm, Brooks et al. 2010).  

Maternal psychological stress during pregnancy was assessed with the validated Perceived 

Stress Scale (PSS) (Cohen, Kamarck et al. 1983). This 14-item questionnaire focuses on 

perceived stress experienced in the last month, and has been shown to provide a more 

accurate reflection of the biological impact of psychological stress compared to measuring 

stressful life events (Hedegaard, Henriksen et al. 1996). PSS scores ranged from 0 to 50, with 

higher scores indicating greater distress. 

 

Cord blood processing 

Umbilical cord blood was collected at delivery and processed within 18 hours. Density 

gradient centrifugation (Lymphoprep, AxisShield) was used to isolate mononuclear cells 

(MNC) from the whole blood sample, and cell number and viability assessed by Trypan Blue 

staining. The cell composition of each cord blood MNC sample (lymphocyte, monocyte 

and/or contaminating erythrocytes) was determined by flow cytometry. Cells were 

stained with antibodies to CD3-FITC, CD4-PE and CD45-PerCP (BD Biosciences, San Jose, 

California). To evaluate the relative frequency of lymphocyte, monocyte and any 

contaminating nucleated erythrocytes, cell populations were gated based on 

CD45 positivity and granularity (SSC).  

 

DNA methylation 

Assays were designed using the EpiDesigner software (www.epidesigner.com) to cover key 

regions of IGF2 and H19 identified in previous studies (Ollikainen, Smith et al. 2010). 

Cleavage patterns were determined using the Bioconductor MassArray package in R 

http://www.epidesigner.com/
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(www.bioconductor.org). For IGF2 DMR0, the primers (forward 5’-

TGGATAGGAGATTGAGGAGAAA; reverse 5’-AAACCCCAACAAAAACCACT) amplified a 338bp 

DMR of the promoter (hg_18:chr11:2,126,035-2,126,372). For the IGF2/H19 ICR, the 

primers (forward 5’-TATGGGTATTTTTGGAGGTTTTTTT; reverse 5’-

AACTTAAATCCCAAACCATAACACT) amplified a 316bp DMR of the ICR 

(hg_18:chr11:1,977,554-1,977,869). For both assays, the forward primer contained a 

balance tag (AGGAAGAGAG) and the reverse primer a T7 tag (5’- 

CAGTAATACGACTCACTATAGGGAGAAGGCT). 

The QIAamp DNA Mini Kit (QIAGEN) was used to extract DNA. The EZ-96 DNA Methylation-

Gold kit (Zymo Research, Irvine, USA) was used for bisulphite conversion of 500ng of 

genomic DNA. SEQUENOM MassARRAY (San Diego, CA, USA) and the EpiTyper software 

(v.1.2; SEQUENOM) were used for quantification of DNA methylation (Ehrich, Nelson et al. 

2005). All samples were amplified and assayed in triplicate. Technical replicates which 

deviated from the mean by 10% or more were excluded, and the mean of the duplicates 

was used for subsequent analysis. If 2 or more of the triplicates deviated from one another, 

the sample was considered as missing and not used for subsequent analysis given that it 

was unreliable. If <70% of the mean values were successful measured for a given CpG site, 

or if <70% of CpG sites were successfully measured for a given sample, this was excluded.  

 

Statistical analysis 

The study sample was 576 mother-infant dyads with complete information on maternal 

mental well-being during pregnancy and DMR0 and/or ICR methylation data. Compared to 

the complete BIS population, participants included in this study did not differ in socio-

demographic or health status (data not shown).  



 

82 

Pair-wise correlations, t-tests, ANOVA and chi-squared tests (as appropriate) were used to 

determine the association between specific maternal mental health measures during 

pregnancy and characteristics of the mother-infant dyads, as well as the association 

between these characteristics and DNA methylation. Multiple linear regression models 

were constructed to examine the association between maternal mental health and CpG 

methylation while adjusting for potential confounding factors. While none of the maternal 

or infant characteristics (listed in Table 1) were associated with both the exposure and 

outcome at p<0.1, we ensured that their inclusion in the model did not influence the 

associations found. Cell composition as well as possible batch effects from individual 

SEQUENOM were also considered as potential confounding factors in the analysis. We also 

investigated the possibility that the association between maternal mental health and DNA 

methylation differed across strata of participants. First-order interaction terms were 

investigated with maternal smoking, infant gender and birthweight (both raw and adjusted 

birthweight, taking into account gestational age and infant sex (Dobbins, Sullivan et al. 

2012)) by including a product term in the regression models. If an interaction was found, 

stratum-specific results are reported. All statistical analysis was undertaken using Stata 14 

IC version (StataCorp, Texas, USA). 

 

RESULTS 

Mothers in the study had a mean age at delivery of 32.1 years (standard deviation, SD, 4.5) 

and 46.0% (265/576) were educated to at least a university graduate level. The prevalence 

of maternal smoking and drinking was 9.2% (53/576) and 11.6% (63/576) respectively. One-

hundred and six women reported depressive symptoms during pregnancy (18.4% of 576), 

and 19.3% (111/576) of women had anxiety symptoms (of which 76 had both anxiety and 

depressive symptoms). Mean perceived stress scores were 18.9 (SD 7.1), and ranged from 

2 to 44. The three mental health measures were highly correlated with one another 

(p<0.0001). In terms of the association between maternal mental health and maternal 
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health during pregnancy, anxiety during pregnancy was associated with increased incidence 

of hypertension (p=0.023) and perceived distress was associated with gestational diabetes 

(p=0.010). All mental health measures were associated with a small decrease in gestational 

age (p<0.02 for each) but there was no association between maternal mental health and 

birthweight (anxious, p=0.28; depressed, p=0.74; perceived distress, p=0.89) or birthweight 

adjusted for gestational age (anxious, p=0.70; depressed, p=0.21; perceived stress, p=0.36). 

The mean and standard deviation of IGF2 DMR0 and IGF2/H19 ICR DNA methylation levels 

in the sample as well as the mass spectrometry success rate at individual CpG units and the 

average level across the regions are shown in Supplementary Table 1. Methylation levels 

at all included CpG units were normally distributed. Within the DMR0 and ICR regions, 

methylation levels at individual CpG units were correlated with one another (p<0.01, data 

not shown). The characteristics of the participants and average DMR0 and ICR methylation 

are shown in Table 1. None of the characteristics were significantly associated with average 

DNA methylation of either region, however increased DMR0 methylation was observed in 

infants born to mothers with gestational diabetes (p=0.06), compared to those without. 
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Table 1. Average methylation of IGF2 DMR0 and IGF2/H19 ICR DMR according to participant 
characteristics. 

Characteristics 
Average IGF2 DMR0 

methylation  
Average IGF2/H19 ICR 

methylation 

 r p r p 
Maternal age (years) 0.021 0.64 0.025 0.60       

Mean % (SD) p Mean (SD) p 
Maternal education  0.26  0.17 
- ≤Year 10 52.55 (5.12)  44.20 (5.50)  
- Year 11 or 12 51.67 (6.43)  41.25 (6.44)  
- University graduate or above 52.86 (6.13)  41.92 (6.71)  
- Other 52.68 (5.74)  41.58 (5.04)  
Paternal education  0.96  0.59 
- ≤Year 10 52.22 (6.21)  42.55 (5.98)  
- Year 11 or 12 52.63 (6.00)  42.07 (6.18)  
- University graduate or above 52.36 (6.50)  41.36 (6.45)  
- Other 52.34 (5.54)  41.33 (7.23)  
Infant ancestry  0.15  0.21 
- British 52.04 (6.20)  42.18 (5.58)  
- Mixed 52.66 (6.18)  41.28 (6.76)  
- Non-British 53.59 (5.32)  42.60 (7.65)       
Smoking during pregnancy: No 52.49 (6.12) 0.69 41.91 (6.55) 0.39 
Yes 52.84 (5.52)  41.05 (4.54)       
Alcohol during pregnancy: No 52.51 (6.15) 0.80 41.75 (6.38) 0.63 
Yes 52.29 (5.86)  42.16 (6.07)       
Gestational diabetes: No 52.41 (6.10) 0.06 41.85 (6.30) 0.28 
Yes 54.74 (5.90)  40.29 (7.92)       
Hypertension: No 52.64 (5.88) 0.13 41.81 (6.31) 0.74 
Yes 51.22 (8.06)  41.48 (7.16)       
Preeclampsia: No 52.55 (6.00) 0.48 41.83 (6.24) 0.25 
Yes  51.34 (9.39)  39.58 (11.04)  
     
Child sex: Male 52.20 (5.85) 0.20 41.74 (6.26) 0.68 
Female 52.87 (6.38)  41.98 (6.60)       

 r p r p 
Child gestational age (days) -0.020 0.67 0.060 0.24      
Child birth weight (g) -0.011 0.80 -0.032 0.49 
     
Antenatal folate (nmol/L) 0.019 0.67 0.031 0.51 

We first investigated whether DMR0 and ICR mean methylation levels differed according to 

maternal mental health status during pregnancy. In unadjusted analysis maternal anxiety 

symptoms were found to be associated with a 2.23% decrease in average ICR methylation 

across the region (95% CI = 0.77 to 3.68%; p=0.003). At individual CpG units a number of 
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group differences were also observed, in each case with decreased methylation levels in 

the anxious group: 2.48% difference at CpG 1 (95% CI = 0.84 to 4.12%; p=0.003); 1.94% at 

CpG 5.6.7.8 (95% CI = 0.36 to 3.52%; p=0.02); 2.13% at CpG 11.12 (95% CI = 0.60 to 3.66%; 

p=0.01); and 2.38% at CpG 13.14 (95% CI = 0.80 to 3.96%; p=0.003) (Figure 1). At the other 

CpG units, 21.22 and 23, there was a trend of decreased methylation in the anxiety group 

(CpG 21.22: ∆ = -1.70%, 95% CI = -3.59 to 0.19%, p=0.078; CpG 23: ∆ = -1.79%, 95% CI = -

3.90 to 0.32%, p=0.096). Maternal anxiety was also associated with a 1.83% decrease at 

DMR0 CpG 3 specifically, (95% CI = 0.28 to 3.38%, p=0.02), but no association was observed 

between anxiety and average DMR0 methylation. There were similar associations with ICR 

methylation found for maternal depression and perceived stress (particularly at CpG 1, CpG 

11.12 and CpG 13.14), but these were weaker and less consistent than with anxiety 

(Supplementary Table 2). In linear regression models adjusted for key covariates previously 

reported to influence DNA methylation levels and possibly associated with maternal mental 

health, for example maternal age, smoking and folate, infant gender and birthweight (raw 

and adjusted z-scores), these associations persisted (Supplementary Table 3).  
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Figure 1. Population distribution of IGF2/H19 ICR DMR methylation levels in infants born to 
anxious and non-anxious mothers. * = p≤0.016. Error bars are standard 
deviation. 

 

There was also some evidence of effect modification in the association between anxiety and 

ICR methylation according to birthweight (p for interaction 0.03 for average methylation, 

0.10 for CpG 1, 0.05 for CpG 5.6.7.8, 0.08 for CpG 13.14, 0.02 for CpG 21.22) and infant sex 

(average methylation, p for interaction 0.07). To investigate how the association between 

maternal anxiety during pregnancy and ICR methylation varied according to birthweight, 

we repeated the analysis in groups stratified by birthweight. There were too few infants in 

the clinically defined low (<2500g) or high birthweight (>4500g) groups, so we created a 

 

* 

* * * 

* 
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binary group using the median (3530g) birthweight. The results, as shown in Table 2, 

indicate that maternal anxiety during pregnancy was strongly associated with lower ICR 

methylation in the lower birthweight group (≤3530g) only. Maternal anxiety was associated 

with a 3.89% decrease in average ICR methylation (95% CI = 1.72 to 6.06%, p<0.001), 

however, no such association was observed in the higher birthweight group (∆ = -0.59%, 

95% CI = -2.54 to 1.37%, p=0.55) (Supplementary Figure 1). When analysis was repeated 

with birthweight adjusted for gestational age and infant sex, findings were consistent with 

those using raw birthweight.  

Given our previous observation that infant sex also modified the association between 

anxiety and DNA methylation, sex-stratified analysis was undertaken. The results showed a 

female-specific association between anxiety and decreased ICR methylation 

(Supplementary Table 4), which corresponded to a mean 3.70% decrease in average ICR 

methylation (95% CI = 1.51 to 5.90%, p=0.001), and varied from 2.71% to 3.36% at individual 

CpG units. No associations were found in males.  

As female infants were more likely to be in the lower birthweight group than males (57% vs 

44%), we further investigated how the association between anxiety and DNA methylation 

differed across groups defined by both gender and birthweight (Figure 2). The strongest 

association between maternal anxiety during pregnancy and infant ICR methylation was 

observed for female infants in the lower birthweight group, with a 3.86% decrease in 

methylation levels. For all results, sensitivity analysis confirmed that the removal of outliers 

(represented by individual points in Figure 2 and Supplementary Figure 1) did not alter the 

findings. 
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Table 2. Difference in DNA methylation levels between neonates born to anxious versus 
non-anxious mothers, stratified by birthweight.  

Lower birthweight (≤3530g) Higher birthweight (>3530g) 

CpG unit ∆ 95% CI p ∆ 95% CI p 

IGF2 DMR0       

3 -1.66% -3.91 to 0.59% 0.15 -1.96% -4.10 to 0.18% 0.072 

4 0.30% -2.23 to 2.84% 0.81 0.40% -2.89 to 3.70% 0.81 

6.7 -0.88% -2.78 to 1.01% 0.36 0.79% -0.86 to 2.14% 0.34 

Average -1.00% -2.71 to 0.70% 0.25 -0.09% -2.04 to 1.85% 0.92 

       

IGF2/H19 ICR       

1 -4.33% -6.83 to -1.84% 0.0007 -0.70% -2.83 to 1.44% 0.52 

5.6.7.8 -3.40% -5.71 to -1.10% 0.0040 -0.45% -2.63 to 1.73% 0.68 

11.12 -3.82% -6.10 to -1.55% 0.0011 -0.47% -2.53 to 1.63% 0.66 

13.14 -4.57% -6.99 to -2.14% 0.0003 -0.25% -2.31 to 1.80% 0.81 

21.22 -3.76% -6.49 to -1.04% 0.0071 0.27% -2.35 to 2.88% 0.84 

23 -2.21% -5.19 to 0.78% 0.15 -1.49% -4.47 to 1.49% 0.33 

Average -3.89% -6.06 to -1.72% 0.0005 -0.59% -2.54 to 1.37% 0.55 
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Figure 2. Population distribution of IGF2/H19 ICR DMR methylation levels in non-anxious 
and anxious groups, stratified by both infant sex and birthweight. * = p=0.0001. 
BW: birthweight. 

  

* 
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DISCUSSION 

This study utilized data gathered from a large longitudinal birth cohort to investigate the 

association between specific maternal mental health measures and infant methylation of 

the IGF2/H19 ICR and IGF2 DMR0. We report strong and consistent evidence of an 

association between maternal anxiety and decreased IGF2/H19 ICR methylation at the 

major CpG sites across the region investigated and these associations persisted when 

accounting for a range of covariates. Similar, but weaker, associations were also observed 

with maternal depression and perceived stress during pregnancy. Maternal mental well-

being is one of a number of environmental factors which have now been shown to influence 

IGF2 and H19 methylation, along with smoking (Bouwland-Both, van Mil et al. 2015), 

antidepressant use (Soubry, Murphy et al. 2011) and famine (Heijmans, Tobi et al. 2008). 

Only two smaller studies (n<100) have previously considered the association between 

maternal anxiety and IGF2/H19 methylation, and their findings have not yet been replicated 

(Chen, Li et al. 2014, Vangeel, Izzi et al. 2015).  

Some recent studies have investigated possible associations between maternal mental 

health and infant IGF2 and H19 methylation in cord blood. Of these, one study has examined 

the relationship between anxiety and methylation of ICR CpGs 11 to 17, as measured here. 

This small study (Chen, Li et al. 2014) contrasted with our own findings and reported 

increased methylation in association with maternal anxiety (measured by the State-Trait 

Anxiety Inventory) and perceived stress (PSS) in cord blood but no association was found in 

matched placental tissue. However, this study considered only 49 mother-infant dyads and 

the association between anxiety and methylation did not persist when considering anxiety 

disorders diagnosed through clinical interviews. Two other studies using cord blood have 

investigated the association between anxiety, IGF2 and ICR methylation, but they assayed 

slightly different gene regions compared to our own study. One small study (n=80), 

focussing on maternal anxiety measured using the Pregnancy-Related Anxiety 

Questionnaire, found a decrease in DMR0 methylation at a CpG site outside our assay 

(Vangeel, Izzi et al. 2015). The other larger study (n=508) considered self-reported anxiety, 
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but reported no association at either a region upstream of IGF2 exon 3 or the ICR (Liu, 

Murphy et al. 2012). These two studies also investigated depression, one finding decreased 

methylation at a CpG site outside our assayed region (Vangeel, Izzi et al. 2015) and the other 

finding no association with methylation of either region, though an association was 

reported at another imprinted gene, MEG3 (Liu, Murphy et al. 2012). Two further studies 

using cord blood samples have investigated IGF2 and H19, albeit at different regions to our 

study, and have not considered anxiety. A pregnancy cohort partially enriched for smokers 

(n=436) found no association between self-reported depression and DNA methylation 

levels (Soubry, Murphy et al. 2011). Birthweight, but not infant sex was considered as a 

covariate in their analysis. The other small study (n=79) investigated potential associations 

between perceived stress (PSS) and methylation of nine imprinted gene DMRs, including 

IGF2 and H19 (Vidal, Benjamin Neelon et al. 2014). The only association observed was 

increased methylation at the MEST imprinted gene.  

We found that the association between maternal anxiety and decreased ICR methylation 

differed according to birthweight and infant sex, being strongest in low birthweight infants 

and girls. This is notable as maternal anxiety and decreased infant IGF2/H19 ICR methylation 

have both previously been linked with lower birthweight (St-Pierre, Hivert et al. 2012, Ding, 

Wu et al. 2014), though we did not observe such an association in this study. Gender-

specific associations have also been reported previously, with stronger effects of adverse 

maternal mental health reported in females for methylation of IGF2, MEG3 (Liu, Murphy et 

al. 2012) and MEST (Vidal, Benjamin Neelon et al. 2014). 

Our finding of decreased ICR methylation in neonates born to mothers with anxiety could 

help to explain the previously reported link between poor maternal mental health and 

adverse birth outcomes, including low birthweight and neural tube defects (Tegethoff, 

Greene et al. 2010, Class, Lichtenstein et al. 2011, Ciesielski, Marsit et al. 2015). Methylation 

of the IGF2/H19 ICR on the maternal allele prevents the binding of transcriptional repressor 

CTCF which allows access to the downstream enhancer region of IGF2. This promotes IGF2 

expression to produce insulin-like growth factor 2 (Bell and Felsenfeld 2000). IGF2 protein 
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binds to insulin-like growth factor 1 receptor (encoded by IGF1R), a kinase activator that 

promotes cell survival and proliferation signals (Bergman, Halje et al. 2013) and 

consequently promotes foetal growth. In contrast, when CTCF is bound, this allows H19 to 

be expressed to produce miR-675 which has been shown to supress growth during gestation 

and is linked to down-regulation of IGF1R (Keniry, Oxley et al. 2012). Increased IGF2 DRM0 

methylation has also been linked to decreased IGF2 mRNA expression levels (Wu, Wang et 

al. 2013). In turn, this has been associated with lower birthweight (St-Pierre, Hivert et al. 

2012) and other health problems such as neural tube defects (Wu, Wang et al. 2013).  

A strength of our study is the large well-characterised cohort, which has allowed us to 

consider a range of covariates in the analysis, including several that have previously been 

associated with ICR methylation. However, we found no independent association between 

any covariates and DNA methylation levels of DMR0 and ICR. IGF2 and H19 are known to 

play a role in regulating foetal growth through insulin-like growth factor 2 (Keniry, Oxley et 

al. 2012, Bergman, Halje et al. 2013) and an earlier study has reported a weak positive 

correlation between birthweight and IGF2/H19 ICR methylation in twins (Ollikainen, Smith 

et al. 2010). Decreased IGF2 methylation has also been found in clinically low birthweight 

infants (LBW) compared to those of normal birthweight (Liu, Murphy et al. 2012). As only 

six infants in our study could be considered clinically LBW (<2500g) this may help explain 

the lack of independent association between birthweight and IGF2 methylation 

demonstrated here. Another limitation of our study is the single measurement of maternal 

mental health made at 28 weeks gestation, which means we cannot generalise these 

findings to mental health status at other stages of pregnancy. However, a prior study that 

collected multiple measurements throughout pregnancy reported that 2nd trimester scores 

for depression, anxiety and perceived stress were highly correlated with scores at other 

time-points (Rallis, Skouteris et al. 2014). In addition, a study investigating the association 

between maternal mental health during pregnancy and neonate methylation of another 

gene involved in stress signalling found that 2nd trimester mental health scores were more 

strongly associated with neonate methylation than 1st or 3rd trimester scores (Hompes, Izzi 

et al. 2013). We considered three distinct mental health exposures, and found similar, 
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though weaker, associations with perceived stress as reported for anxiety. Increased 

perceived stress was also associated with decreased neonate ICR methylation, particularly 

at CpGs 1, 11.12 and 13.14. Finally, the difference in ICR methylation between anxious and 

non-anxious groups found in this study is relatively small. It is possible that the 

accumulation of small differences in methylation like this across multiple genes within the 

same biological pathway or in the broader epigenome might be what leads to significant 

increases of risk of disease in later life, and other studies investigating the effects of 

maternal mental well-being on neonate methylation have reported similarly small effect 

sizes (Oberlander, Weinberg et al. 2008, Devlin, Brain et al. 2010, Liu, Murphy et al. 2012, 

Hompes, Izzi et al. 2013, Non, Binder et al. 2014, Vidal, Benjamin Neelon et al. 2014), 

supporting our own findings. Based on previous studies (Bell and Felsenfeld 2000, Takai, 

Gonzales et al. 2001), decreased ICR methylation would be predicted to lead to reduced 

CTCF binding and consequently reduced IGF2 expression, but the potential long-term 

impact on the neonate’s health and development has yet to be established. While IGF2/H19 

ICR methylation is associated with foetal growth, it is unknown how persistent these 

changes are into later life and whether they are transient during development or are 

established as disrupted methylation patterns which remain over time.  

 

CONCLUSION 

This study provides consistent evidence in a large, well-characterised population-based 

birth cohort of a prospective association between maternal anxiety during pregnancy and 

reduced infant IGF2/H19 ICR cord blood methylation. This association persisted when 

accounting for a range of lifestyle and birth-related covariates, but appeared to be gender-

specific and stronger for lower birthweight infants. Though we provide evidence for a 

potential link between measures of maternal well-being during pregnancy and adverse birth 

outcomes, possibly through differential IGF2/H19 ICR methylation observed at birth, this 

has yet to be replicated. Further work is required to characterise the relationships between 
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maternal anxiety, IGF2/H19 ICR methylation, birth outcomes and subsequent long-term 

offspring health.  
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Supplementary Figure 1. Population distribution of IGF2/H19 ICR DMR methylation levels 
in non-anxious vs anxious groups, stratified by infant birthweight. * = p<0.05. 

  

* * 
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Supplementary Table 1. Information on individual CpG units assayed and analysed in this 
study.  

 

aThe methylation distribution suggested that this CpG unit was influenced by genetic 

variation (SNP), and this is supported by published findings (Bouwland-Both, van Mil et al. 

2013) 

bOf individual samples where at least 2 of the triplicate values remained after quality 

control. Samples where less than 2 of the replicates were successfully genotyped were 

excluded.  

Silent peak and Overlapping peak: according to the SEQUENOM Mass Spectrometry  

Amplicon CpG site Included 
Reason for exclusion from 
analysis Successb (%) 

Mean 
methylation SD 

IGF2 DMR0  CpG 1  SNP rs3741208a    
(DMR0) CpG 2  SNP rs3741209a    
 CpG 3 Yes  94.0 % 56.12% 7.18 
 CpG 4 Yes  94.4 % 61.94% 9.44 
 CpG 5  Low success rate < 70 %   
 CpG 6.7 Yes  93.7 % 39.46% 5.72 
 CpG 8  Silent peak    
 CpG_mean  Yes   52.55% 6.02 
       
IGF2/H19 ICR CpG 1 Yes  79.8 % 38.14% 6.58 
(ICR) CpG 2  Overlapping peak    
 CpG 3  Silent peak     
 CpG 4  Silent peak     
 CpG 5.6.7 Yes  83.0 % 28.46% 6.56 
 CpG 9  Overlapping peak    
 CpG 10  Low success rate < 70 %   
 CpG 11.12 Yes  82.0 % 32.14% 6.40 
 CpG 13.14 Yes  82.1 % 31.93% 6.53 
 CpG 15.16.17  Overlapping peak    
 CpG 18  Overlapping peak    
 CpG 19  Overlapping peak    
 CpG 20  Overlapping peak    
 CpG 21.22 Yes  81.6 % 50.39% 7.63 
 CpG 23 Yes  72.7 % 74.08% 8.53 
 CpG_mean Yes   41.79% 5.94 
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Supplementary Table 2. Associations of neonate cord blood methylation levels with 
maternal depression (depressed versus non-depressed mothers) and 
perceived stress (continuous PSS score). 

 

 

 

  

 
Depression Perceived stress 

CpG unit ∆ p r p 

IGF2 DMR0     

3 -0.86% 0.29 -0.0003 0.99 

4 -1.00% 0.33 -0.038 0.38 

6.7 -0.71% 0.27 0.055 0.20 

Average -0.86% 0.19 -0.0031 0.94 

     

IGF2/H19 ICR     

1 -1.48% 0.082 -0.10 0.028 

5.6.7.8 -1.21% 0.14 -0.073 0.11 

11.12 -1.36% 0.084 -0.096 0.035 

13.14 -1.46% 0.075 -0.10 0.027 

21.22 -<0.001% 0.99 -0.043 0.35 

23 -0.26% 0.81 -0.066 0.18 

Average -0.81% 0.28 -0.072 0.11 
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Supplementary Table 3. Adjusted linear regression model of the prospective association 
between maternal anxiety during pregnancy and average DNA methylation. 

 

 

 

 

Variables Average IGF2/H19 ICR methylation  

 β  SE p 

Maternal anxiety during pregnancy -.0204 .0078 0.01 

Maternal age -.0001  .0007 0.97 

Maternal cigarette smoking during pregnancy -.0053  .0102 0.60 

Child sex .0030 .0061 0.63 

Birthweight -<.0001 <.0001 0.44 



 

99 

Supplementary Table 4. Difference in DNA methylation levels between neonates born to 
anxious versus non-anxious mothers, stratified by infant sex. 

 

  

 
Male infant Female infant 

CpG unit ∆ 95% CI p ∆ 95% CI p 

IGF2 DMR0       

3 -3.55% -5.65 to -1.46% 0.0010 0.08% -2.23 to 2.39% 0.95 

4 2.39% -0.11 to 4.89% 0.061 -1.91% -5.27 to 1.46% 0.27 

6.7 0.09% -1.52 to 1.70% 0.91 -0.38% -2.34 to 1.58% 0.70 

Average -0.22% -1.95 to 1.51% 0.81 -1.01% -2.94 to 0.92% 0.30 

       

IGF2/H19 ICR       

1 -1.77% -3.95 to 0.41% 0.11 -3.34% -5.84 to -0.83% 0.0094 

5.6.7.8 -0.74% -2.87 to 1.40% 0.49 -3.36% -5.73 to -0.99% 0.0056 

11.12 -1.63% -3.78 to 0.52% 0.13 -2.71% -4.91 to -0.51% 0.016 

13.14 -1.67% -3.87 to 0.54% 0.14 -3.23% -5.51 to -0.94% 0.0059 

21.22 -0.78% -3.42 to 1.85% 0.56 -2.95% -5.67 to -0.24% 0.033 

23 -1.07% -3.81 to 1.66% 0.44 -2.68% -6.00 to 0.62% 0.11 

Average -1.04% -2.99 to 0.92% 0.29 -3.70% -5.90 to -1.51% 0.0010 
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Chapter 4 Early life determinants of HIF3A methylation in blood and 

associations with infant cardiovascular health 

4.1 Overview 

Hypoxia-Inducible Factor 3α (HIF-3α) is part of a family of hypoxia-inducible factors that are 

involved in the regulation of growth (particularly angiogenesis) (Smith, Robbins et al. 2008) 

and metabolism (Zhang, Zhang et al. 2011, Shin, Drager et al. 2012). HIF-3α specifically has 

been implicated in adipogenesis and insulin resistance (Jiang, Qu et al. 2011). DNA 

methylation levels of the first promoter region (referred to here as HIF3A.1) of the HIF-3α 

gene (HIF3A) in blood have been reproducibly linked to obesity in adults (Dick, Nelson et al. 

2014, Demerath, Guan et al. 2015, Huang, Zheng et al. 2015). However, it remains unclear 

whether HIF3A methylation is also associated with weight or adiposity in early life (Pan, Lin 

et al. 2015, Richmond, Sharp et al. 2016, Wang, Song et al. 2016, Lee, Kim et al. 2017). This 

knowledge is important, considering that if HIF3A methylation is disrupted in association 

with early life weight or adiposity in early life, it may have a persistent effect on 

development and metabolism into later life. Interestingly, HIF3A methylation levels at a 

second promoter region (HIF3A.2) in cord blood have also been associated with maternal 

pre-pregnancy BMI (Richmond, Sharp et al. 2016) A more recent study reported that 

exposure to gestational diabetes was associated with disrupted methylation in HIF3A.1 

(Haertle, El Hajj et al. 2017), but it did not consider the HIF3A.2 region. Genetic variation in 

HIF3A gene has also been linked to differences in methylation in HIF3A.1 in both umbilical 

cord tissue (Pan, Lin et al. 2015) and adult adipose tissue (Pfeiffer, Krüger et al. 2016), but 

previous studies have either failed to considered any HIF3A genetic variation (Wang, Song 

et al. 2016, Haertle, El Hajj et al. 2017) or have considered only two SNPs, located near the 

first promoter region (Pan, Lin et al. 2015, Richmond, Sharp et al. 2016). 

Here, I have investigated the relationship between pregnancy exposures, birth outcomes, 

HIF3A genetic variation, and HIF3A methylation of both HIF3A.1 and HIF3A.2 in cord blood. 

In addition to pre-pregnancy BMI and gestational diabetes, I have considered potential 
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effects of maternal age and smoking during pregnancy (linked to differences in cord blood 

methylation across the genome (Joubert, Felix et al. 2016)) and exposure to pre-eclampsia 

(a hypoxic pregnancy condition in which the hypoxic-inducible factor family of proteins have 

been implicated (Rolfo, Many et al. 2010)). Given the evidence in adults for a relationship 

between HIF3A methylation and obesity, I investigated birth outcomes including birth 

weight (both unadjusted weight and weight z-score standardised by gestational age and sex 

(Cole, Williams et al. 2011)) and the sum of triceps and subscapular skinfold thicknesses, 

which is a measure of adiposity in infants (Schmelzle and Fusch 2002). A summary of the 

analysis is shown in Figure 4.1. This resulting work has been published in Clinical Epigenetics 

(Mansell, Ponsonby et al. 2019), and the author-accepted version of the manuscript and 

supplementary material are included in this chapter. The published version of the 

manuscript is included in the Appendices, and can also be accessed at 

https://doi.org/10.1186/s13148-019-0687-0, as can Additional Files 2 and 4 which have 

been omitted here due to their size. 

 

https://doi.org/10.1186/s13148-019-0687-0
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Figure 4.1. Summary of the birth HIF3A methylation analysis. 
The analysis of HIF3A.1 and HIF3A.2 methylation considered the relationship between maternal/pregnancy 

factors, infant and birth measures, and infant genetic factors with methylation. The potential for genetic 

variation to influence these other relationships was also investigated. 

 

 

I found evidence at HIF3A.2 that male sex and exposure to pre-eclampsia were associated 

with lower average methylation, while exposure to gestational diabetes and greater 

gestational age were associated with higher average methylation. Genotypes (minor allele 

count) at several SNPs in HIF3A were also associated with methylation of HIF3A.2, in 

different directions depending on the SNP. Of the 14 HIF3A SNPs examined, rs3810298 was 

most strongly associated with DNA methylation, but there was no evidence for genetic 

variation modifying the associations of other exposures with methylation. In contrast with 

HIF3A.2, none of the exposures showed evidence for an association with methylation of 
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HIF3A.1. There was also no evidence for an association between HIF3A methylation at either 

promoter region and infant weight or adiposity at birth, after adjusting for gestational age. 

Given the role of HIF3A in regulation of growth and angiogenesis, I then investigated the 

relationship between HIF3A methylation in early life and later measures of weight and 

cardiovascular development assessed at four years of age. A summary of the analysis is 

shown in Figure 4.2. This resulting work is currently in preparation for submission to 

Epigenetics as a short report, with the most recent version of the manuscript and 

supplementary material included in this chapter. 
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Figure 4.2. Summary of HIF3A methylation and 4-year cardiovascular phenotype analysis. 
The primary relationship investigated was whether HIF3A methylation at birth and/or 12 months (blue) was associated with 4-year weight or cardiovascular 

phenotypes (green), and whether genetic factors (orange) influenced this relationship. Maternal and pregnancy exposures and infant birth weight (purple) were 

considered as potential confounders (grey arrows).  

1
0
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The 4-year analysis revealed modest evidence of a positive longitudinal association 

between average methylation across HIF3A.2 in cord blood and systolic blood pressure. In 

sex-stratified analysis, HIF3A.2 methylation was positively correlated with both systolic and 

diastolic blood pressure in males, with no evidence of an association in females. While these 

associations between methylation and blood pressure persisted after adjustment for 

potential confounders, the estimated magnitude of effect remained modest, with 

methylation explaining only a small amount (3.93%) of variance in 4-year blood pressure. 

In combination, these findings suggest that the HIF3A splice variants starting from HIF3A.2 

may be more sensitive to early environmental exposures than those of HIF3A.1. Splice 

variants starting at HIF3A.2 lack the basic helix-loop-helix structural motif of those starting 

at HIF3A.1 (Pasanen, Heikkila et al. 2010), but little is known about the regulation and 

function of these different HIF3A variants. The association between HIF3A.2 methylation 

and later blood pressure is of interest, as splice variants from HIF3A.2are more highly 

expressed in the adult human heart compared to other tissues, and are also more abundant 

than those from HIF3A.1 (Pasanen, Heikkila et al. 2010). As such, the altered methylation 

observed in cord blood may reflect altered regulation of HIF3A in infant heart tissue, later 

leading to subtle differences in heart function. This is clearly a difficult hypothesis to directly 

test in humans but could be assessed in rodent models. Irrespective of this, the modest 

magnitude of estimated effect size (difference in blood pressure) observed in this study 

would be anticipated to have only a minor role (if any) in mediating the reported 

relationship between pregnancy exposures (such as gestational diabetes) and childhood 

measures of cardiovascular health (Sarikabadayi, Aydemir et al. 2012). 
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Abstract 

Background: Methylation of the Hypoxia-Induced Factor 3α gene (HIF3A) has been 

linked to pregnancy exposures, infant adiposity and later BMI. Genetic variation 

influences HIF3A methylation levels and may modify these relationships. However, data 

in very early life are limited, particularly in association with adverse pregnancy 

outcomes. We investigated the relationship between maternal and gestational factors, 

infant anthropometry, genetic variation and HIF3A DNA methylation in the Barwon 

Infant Study, a population-based birth cohort. Methylation of two previously studied 

regions of HIF3A were tested in the cord blood mononuclear cells of 938 infants. 

Results: Male sex (-4.3%, p<0.001) and pre-eclampsia (-5.4%, p=0.02) negatively 

associated with methylation at one region of HIF3A; while positive associations were 

identified for gestational diabetes (4.8%, p=0.01) and gestational age (1.2% increase per 

week, p<0.001). HIF3A genetic variation also associated strongly with methylation at this 

region (p<0.001). No strong evidence was found of an association between birth weight, 

adiposity, or maternal gestational diabetes with methylation at the most widely studied 

HIF3A region.  

Conclusions: Pre- and perinatal factors impact HIF3A methylation, including pre-

eclampsia. This provides evidence that specific pregnancy complications, previously 

linked to adverse outcomes for both mother and child, impact the infant epigenome in 

a molecular pathway critical to several vascular and metabolic conditions. Further work 

is required to understand the mechanisms and clinical relevance, particularly the 

differing effects of in utero exposure to gestational diabetes or pre-eclampsia. 

Key words: HIF3A, DNA methylation, SNPs, pregnancy, infant, gestational diabetes, pre-

eclampsia.  
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Background 

Evidence suggests that risk factors for a range of metabolic and cardiovascular diseases 

begin very early in life, including in utero(Gluckman and Hanson 2004). In turn, the in 

utero environment is sensitive to maternal environmental exposures(Novakovic and 

Saffery 2013), potentially mediating these effects. This is described by the 

Developmental Origins of Health and Disease (DOHaD) concept, which postulates that 

the early life environment is important in shaping later adult health and risk of 

disease(Barker 2007). 

The biological mechanism(s) underlying the influence of prenatal exposures on neonatal 

health and adult disease are poorly understood, but are thought to be mediated, at least 

in part, by epigenetic processes, including DNA methylation(Novakovic and Saffery 

2013). In adults, both genome-wide and gene-specific methylation have been associated 

with adiposity-related measures, including body mass index (BMI), waist circumference, 

and levels of inflammatory markers(Dick, Nelson et al. 2014, Agha, Houseman et al. 

2015, Demerath, Guan et al. 2015, Jelenkovic, Yokoyama et al. 2015, Rönn, Volkov et al. 

2015, Huang, Chu et al. 2016, Main, Gillberg et al. 2016, Pfeiffer, Krüger et al. 2016). A 

cross-sectional epigenome-wide association study (EWAS) in adult blood identified DNA 

methylation of three CpG sites in first intron of the hypoxia-induced factor 3α (HIF-3α) 

gene (HIF3A) in association with BMI(Dick, Nelson et al. 2014), subsequently replicated 

by two independent cross-sectional studies using adult blood(Wichmann, Gieger et al. 

2005, Trégouët, Heath et al. 2009).  

The family of hypoxia-induced factors, including HIF-3α, are believed to play key roles in 

angiogenesis, metabolism, and obesity(Smith, Robbins et al. 2008, Zhang, Zhang et al. 

2011, Shin, Drager et al. 2012) and variation in DNA methylation of the associated CpG 

sites (identified in adipose tissue and whole blood) has been linked with altered gene 

expression(Dick, Nelson et al. 2014) and adiposity measures in several subsequent 

studies(Agha, Houseman et al. 2015, Demerath, Guan et al. 2015, Huang, Zheng et al. 

2015, Pan, Lin et al. 2015, Rönn, Volkov et al. 2015, Huang, Chu et al. 2016, Main, Gillberg 

et al. 2016, Pfeiffer, Krüger et al. 2016, Richmond, Sharp et al. 2016, Wang, Song et al. 
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2016, Lee, Kim et al. 2017). The majority of previous findings are cross-sectional, and 

have investigated methylation in blood, adipose tissue, or umbilical cord (Additional file 

1). However, one longitudinal study in children found evidence for early BMI predicting 

later HIF3A methylation in blood(Richmond, Sharp et al. 2016). Emerging evidence also 

suggests an influence of gestational diabetes(Haertle, El Hajj et al. 2017), and maternal 

pre-pregnancy BMI on cord blood methylation at a second HIF3A promoter 

region(Richmond, Sharp et al. 2016). Despite these findings, the tissue specificity and 

direction of causality at the two regions of HIF3A in newborns remains generally unclear. 

Here we aimed to investigate (i) the relationship between maternal factors in pregnancy 

and HIF3A methylation at two gene regions, (ii) the relationship between infant 

anthropometry and HIF3A methylation, (iii) the influence of HIF3A genetic variation on 

methylation, and (iv) the dependence of each of these influences on HIF3A methylation 

levels. 

 

Results 

Cohort characteristics and methylation data 

The mean age of mothers in this study at conception was 31.4 years (standard deviation 

(SD) 3.7) and mean pre-pregnancy BMI 25.3 (SD 5.3). The incidence of gestational 

diabetes (GDM) and pre-eclampsia was 5.0% (40/800) and 2.9% (27/934) respectively. 

Mean infant gestational age was 39.5 weeks (SD 1.4), mean birth weight 3559.6 grams 

(SD 496.3) and 51.4% (482/938) of infants were male. Sample characteristics are shown 

in Table 1. The distribution of methylation for each CpG unit and the averages for the 

two HIF3A regions investigated in this study (herein referred to as HIF3A.1 and HIF3A.2) 

are shown in Figure 1. The mean average methylation level across HIF3A.1 was 70.3% 

(SD 4.5), with mean methylation of individual CpG units ranging from 59.5% and 80.8%. 

HIF3A.2 was generally less methylated, with a mean average methylation across HIF3A.2 

of 38.5% (SD 9.7) and mean methylation of individual CpG units between 20.2% and 

66.4%. Data were approximately normal in distribution, and within each region was 
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strongly correlated (p<0.0001 for all pairwise correlations, Additional file 2). As such, 

subsequent analyses focussed on the average methylation across each region. 

 

Table 1. Cohort characteristics for the HIF3A.1 and HIF3A.2 samples. 
Characteristics HIF3A.1 sample HIF3A.2 sample 

 n=490 n=938 
Maternal   
 Mean (SD) Mean (SD) 
Age at conception (years) 31.7 (4.3) 31.4 (3.7) 
Pre-pregnancy BMI (kg/m2) 29.5 (5.7) 25.3 (5.3) 
 n (%) n (%) 
Smoked during pregnancy (any) 59 (12.0) 146 (15.6) 
Gestational diabetes  17 (3.5) 40 (4.3) 
Pre-eclampsia  17 (3.5) 27 (2.9) 
   
Infant   
 Mean (SD) Mean (SD) 
Gestational age (weeks) 39.5 (1.4) 39.5 (1.4) 
Birth weight (grams) 3548.6 (500.0) 3559.6 (496.3) 
Birth weight z-score 0.4 (0.9) 0.4 (1.0) 
Triceps+subscapular sum (mm) 9.8 (2.1) 9.9 (2.2) 
 n (%) n (%) 
Sex (male) 241 (49.2) 482 (51.4) 

SD = standard deviation. 

 

Pre-eclampsia and gestational diabetes associated with average HIF3A.2 methylation 

In univariate analysis investigating the relationship between maternal factors and cord 

blood methylation, pre-eclampsia was associated with lower average methylation 

across HIF3A.2 (-6.38% methylation, 95% confidence interval (CI) -10.94, -1.82, p=0.006), 

while GDM was associated with higher average HIF3A.2 methylation (3.53% increased 

methylation, 95% CI -0.43, 7.49, p=0.08) (Table 2, Figure 2a, 2b). No maternal measures 

were associated with average HIF3A.1 methylation. 
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Figure 1. Summary of DNA methylation across the HIF3A regions investigated in this study. (a) UCSC genome browser 
[http://ucsc.genome.edu] view of the two analysed regions (red) relative to several HIF3A transcripts (blue and black) and CpG 
islands (green, numbers indicating how many CpG sites within the island). Gene transcription is from left to right. Solid dark 
segments in the transcripts indicate exons, and the connecting lines indicate introns. (b) The distribution of DNA methylation 
for each CpG unit (circles) and the average methylation for each region (squares). Error bars are mean ± standard deviation. 

1
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Table 2. Associations of cohort characteristics with average HIF3A.1 and HIF3A.2 
methylation. 

Characteristics 
Average HIF3A.1 

methylation 
Average HIF3A.2 

methylation 

 n=423 n=609 
Maternal     
 r p r p 
Age at conception (years) 0.01 0.80 -0.01 0.76 
Pre-pregnancy BMI (kg/m2) -0.01 0.81 0.04 0.40 
 Effect (SE) p Effect (SE) p 
Smoked during pregnancy (any) 0.01 (0.66) 0.99 0.63 (1.10) 0.56 
Gestational diabetes  0.04 (1.19) 0.97 3.53 (2.01) 0.08 
Pre-eclampsia  0.09 (1.24) 0.94 -6.38 (2.32) 0.006 
     
Infant     
 r p r p 
Gestational age (weeks) -0.08 0.10 0.19 <0.001 
Birth weight (grams) -0.05 0.32 0.09 0.03 
Birth weight z-score -0.03 0.61 0.02 0.61 
Triceps+subscapular sum (mm) -0.01 0.89 0.03 0.54 
 Effect (SE) p Effect (SE) p 
Sex (male) 0.78 (0.44) 0.08 -3.87 (0.78) <0.001 

Effect size given as difference in percentage methylation. r = correlation coefficient, SE 

= standard error. P-values for binary measures (smoking during pregnancy, gestational 

diabetes, pre-eclampsia and male infant sex) are from unpaired two-tailed Student’s t-

tests comparing the exposed group to the unexposed group. P-values for continuous 

measures are from correlation coefficient tests. 
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Figure 2. Distribution of average HIF3A.2 methylation stratified by: a) pre-eclampsia (PE), b) gestational diabetes (GDM), c) infant sex, and 
d) rs3810298 genotype. Error bars are mean ± 95% confidence interval.  
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Infant sex and gestational age associate with average HIF3A.2 methylation, sex has 

weaker association with HIF3A.1 methylation 

Male sex of the infant was negatively associated with average HIF3A.2 methylation (-

3.87% methylation compared to females, 95% CI -5.40, -2.34, p<0.001) (Figure 2c). 

Gestational age (r=0.19, p<0.001), and absolute birth weight (r=0.09, p=0.03) were 

positively associated with average HIF3A.2 methylation (Table 2). Infant sex had a 

weaker association with average methylation across HIF3A.1 (0.78% increased 

methylation in male infants, 95% CI -0.09, 1.65, p=0.08). 

 

Genetic influences on HIF3A methylation stronger at HIF3A.2 

Of the 14 HIF3A tag SNPs considered in this analysis, rs3810298, rs112087991, and 

rs3826795 were strongly associated with average HIF3A.2 methylation, with genotype 

of rs3810298 showing the greatest effect (C/T genotype: -8.48% compared to C/C, 95% 

CI -10.34, -6.63, p<0.001; T/T genotype: -18.06% compared to C/C, 95% CI -23.65, -12.47, 

p<0.001) (Table 3, Figure 2d). All three of these SNPs were in strong linkage 

disequilibrium (Additional file 3). The genotype of rs8102595 was associated with 

average HIF3A.1 methylation (1.40% increased methylation for heterozygote A/G 

genotype compared to major allele homozygote A/A, 95% CI 0.26, 2.54, p=0.02). 

  



 

116 

Table 3. Average methylation of HIF3A.1 and HIF3A.2 by genotype for each of the 14 tag 
SNPs considered in this analysis. 

SNP HIF3A.1 methylation (n=410) HIF3A.2 methylation (n=595) 

rs62111812 Mean (SD) n p Mean (SD) n p 

G/G 70.02 (4.59) 313 0.22 37.95 (9.96) 438 0.1 

G/A 70.93 (4.74) 89 
 

39.93 (8.74) 144 
 

A/A 71.19 (1.71) 8 
 

39.47 (10.37) 13 
 

rs112087991  
     

T/T 70.39 (4.47) 359 0.22 39.46 (9.44) 522 <0.0001 

T/C 69.18 (5.38) 49 
 

31.54 (8.67) 70 
 

C/C 69.57 (0.61) 2 
 

27.17 (8.30) 3 
 

rs8102595  
     

A/A 69.97 (4.60) 331 0.04 38.63 (9.83) 477 0.7 

A/G 71.37 (4.46) 76 
 

37.79 (9.28) 115 
 

G/G 72.07 (2.20) 3 
 

37.56 (9.56) 3 
 

rs3826795  
     

C/C 70.65 (4.18) 250 0.07 40.42 (9.14) 364 <0.0001 

C/T 69.68 (5.23) 142 
 

35.76 (9.45) 196 
 

T/T 69.03 (4.16) 18 
 

33.28 (11.52) 35 
 

rs3810298  
     

C/C 70.42 (4.27) 337 0.26 40.32 (9.02) 476 <0.0001 

C/T 69.44 (5.95) 67 
 

31.84 (8.63) 109 
 

T/T 69.44 (4.36) 6 
 

22.26 (5.88) 10 
 

rs140454328  
     

T/T 70.26 (4.61) 398 0.71 38.49 (9.72) 563 0.87 

T/C 69.75 (4.01) 12 
 

38.08 (9.90) 31 
 

C/C - 0 
 

33.83 (0) 1 
 

rs36063219  
     

C/C 70.23 (4.63) 393 0.78 38.41 (9.76) 576 0.46 

C/T 70.55 (3.80) 17 
 

40.08 (8.39) 19 
 

T/T - 0 
 

- 0 
 

rs3752207  
     

C/C 70.23 (4.43) 357 0.21 38.31 (9.54) 516 0.29 

C/A 70.66 (4.95) 48 
 

39.06 (11.02) 72 
 

A/A 66.83 (10.11) 5 
 

43.75 (7.81) 7 
 

rs4803929  
     

C/C 70.13 (4.64) 355 0.04 38.6 (9.78) 510 0.29 

C/T 70.7 (4.01) 53 
 

37.41 (9.25) 83 
 

T/T 77.88 (4.77) 2 
 

46.49 (8.69) 2 
 

rs9304657  
     

T/T 70.34 (4.00) 181 0.75 38.31 (10.18) 288 0.92 

T/C 70.27 (5.00) 178 
 

38.58 (9.48) 237 
 

C/C 69.80 (5.12) 51 
 

38.72 (8.58) 70 
 

rs76789866  
     

T/T 70.26 (4.58) 385 0.82 38.83 (9.61) 546 0.01 

T/C 70.04 (4.79) 25 
 

34.29 (9.85) 47 
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C/C - 0 
 

37.43 (17.94) 2 
 

rs75952656  
     

T/T 70.28 (4.67) 382 0.54 38.32 (9.70) 558 0.15 

T/A 69.73 (3.29) 28 
 

40.71 (9.81) 37 
 

A/A - 0 
 

- 0 
 

rs917946 
 

 
     

A/A 70.25 (4.58) 328 0.96 38.07 (9.51) 477 0.05 

A/G 70.23 (4.72) 79 
 

39.74 (10.47) 111 
 

G/G 69.44 (2.17) 3 
 

45.28 (7.40) 7 
 

rs12459580  
     

G/G 70.08 (4.19) 119 0.65 38.71 (8.36) 168 0.93 

G/C 70.44 (4.74) 212 
 

38.36 (9.89) 295 
 

C/C 69.95 (4.77) 79 
 

38.39 (10.91) 132 
 

p-value is from one-way ANOVA. SD = standard deviation. 
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Multivariable regression modelling for average HIF3A.2 methylation 

Given the multiple strong associations identified by univariate analyses, more detailed 

regression modelling was carried out for HIF3A.2. Key covariates of GDM, pre-eclampsia, 

gestational age, birth weight, infant sex and rs3810298 genotype all remained 

independently associated with average HIF3A.2 methylation (Table 4), with the 

exception of birth weight which attenuated after adjustment for gestational age and 

consequently was excluded from the final model. GDM (4.62% increased methylation, 

95% CI 1.14, 8.09, p=0.009) and gestational age (1.21% increased methylation per week, 

95% CI 0.68, 1.74, p<0.001) were positively associated with methylation, whereas pre-

eclampsia (-5.20%, 95% CI -9.51, -0.89, p=0.02) and male sex (-3.77% compared to 

females, 95% CI -5.26, -2.29, p<0.001) were negatively associated with methylation. A 

diagram of the associations is shown in Figure 3. Genotype at rs3810298 was not 

associated with any of the maternal or infant measures included in the final HIF3A.2 

linear regression model (Additional file 4). 

 

Table 4. Final linear regression model adjusting for all key variables with average HIF3A.2 
methylation as outcome.  

Average across HIF3A.2 (n=513)  
β (SE) p 95% CI 

GDM 4.62 (1.77) 0.009 1.14 to 8.09 

Pre-eclampsia -5.20 (2.19) 0.02 -9.51 to -0.89 

Sex (male) -3.77 (0.76) <0.001 -5.26 to -2.29 

Gestational age (weeks) 1.21 (0.27) <0.001 0.68 to 1.74 

rs3810298 
   

     C/T -8.31 (0.97) <0.001 -10.22 to -6.41 

     T/T -16.91 (2.73) <0.001 -22.27 to -11.54 

Effect sizes (β) given as percentage methylation. β for rs3810298 categories are 

difference from homozygote major allele (C/C). GDM = gestational diabetes, SE = 

standard error, CI = confidence interval. No other SNPs were strongly associated with 

HIF3A.2 methylation after adjustment for rs3810298, and a linear regression model with 

just rs3810298 accounted for a similar amount of variation in HIF3A.2 methylation 

measures and the model with six SNPs (R2 for minimal model=0.162, R2 for full 

model=0.177, p=0.29).
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Figure 3. Diagram of associations between maternal, infant and genetic factors and HIF3A.2 methylation in cord blood. Green arrows 
denote positive associations, red arrows denote negative associations. Beta values (and 95% confidence interval in brackets) 
and p-values are from the final linear regression model for HIF3A.2 methylation (Table 4). 
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Additional sensitivity analyses 

Of the cellular proportions considered, granulocytes and, inversely, lymphocytes were 

associated with average HIF3A.2 methylation (0.11% increased methylation per percentage 

increase in granulocytes, 95% CI 0.02 to 0.20, p=0.01; -0.14% decrease per percentage 

increase in lymphocytes, 95% CI -0.23 to -0.05, p=0.002). Due to collinearity between 

granulocyte and lymphocyte proportions, the final model was adjusted for only lymphocyte 

proportion, which modestly decreased the association between gestational age and 

average HIF3A.2 methylation (0.99% increased methylation per week, 95% CI 0.41, 1.57, 

p=0.001), with no effect on other associations tested. We also examined both GDM and 

pre-eclampsia as a composite exposure. Methylation associated with both outcomes as 

mutually exclusive factors, with the GDM-only group having 4.87% higher average 

methylation than the non-GDM, non-pre-eclampsia group, and the pre-eclampsia-only 

group having 5.98% lower average methylation.  

There was no evidence for interaction effects between infant sex or genotype with other 

key measures in terms of their effects on average HIF3A.2 methylation. In the unit-specific 

analysis, pre-pregnancy BMI was associated with CpG11 methylation (r=0.08, p=0.04) 

(Additional file 5), but adjusting for maternal pre-pregnancy BMI did not substantially alter 

the estimate of effects. Similarly, the inclusion of interaction effects or pre-pregnancy BMI 

did not substantially improve the fit of the linear regression model. The final model applied 

to site-specific HIF3A.2 methylation is shown in Additional file 6. We focussed on the 

average methylation only as no specific CpG site(s) showed evidence of a differential degree 

of association. 

In CpG unit-specific analysis for HIF3A.1, gestational age was positively associated with 

methylation at CpG5 specifically (r=0.12, p=0.007), while maternal age at conception was 

weakly, positively associated with CpG5 methylation (r=0.08, p=0.07) (Additional file 7). 

Adjusting for these measures did not alter the association between infant sex and average 
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HIF3A.1 methylation. Of the cell types considered in the sensitivity analysis, activated Treg 

cells showed the strongest evidence of an association with average HIF3A.1 methylation (-

1.24% decreased methylation per activated Treg percentage, 95% CI -2.50 to 0.03, p=0.06), 

but adjusting for cellular proportions did not alter any of the observed associations between 

HIF3A.1 methylation and maternal and infant factors. 

 

Discussion 

We found evidence for independent association of HIF3A methylation at birth with 

important pregnancy-related outcomes, offspring anthropometric measures and genetic 

variation, particularly around HIF3A.2, previously linked to maternal BMI(Richmond, Sharp 

et al. 2016). This is consistent with multiple biological pathways intersecting through HIF3A 

epigenetic variation. In this study, our observed cord blood methylation levels were 

comparable with a previous cord blood study using genome-wide CpG probes across 

HIF3A.1 and HIF3A.2(Haertle, El Hajj et al. 2017), with HIF3A.1 hypermethylated compared 

to HIF3A.2, which had intermediate levels of methylation. Future studies should investigate 

the nature of this intermediate methylation to determine whether it may be due in part to 

monoallelic methylation or cellular heterogeneity. Distinct environmental effects on 

methylation at the two regions is consistent with a previous longitudinal childhood cohort 

study(Richmond, Sharp et al. 2016) that reported a positive association between maternal 

pre-pregnancy BMI and cord blood methylation at CpG probes in and near HIF3A.2 but not 

HIF3A.1, and reported a weak negative correlation in methylation between the two regions, 

as we have found here. 

HIF-3α regulation and function 

The HIF3A gene produces up to eight different transcripts from potentially three different 

promoter regions(Pasanen, Heikkila et al. 2010), with the likelihood that HIF3A.2 
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methylation influences expression of a subset. Hypoxia has been reported to upregulate 

transcripts associated with all 3 promoter regions(Pasanen, Heikkila et al. 2010). It has 

previously been found the DNA methylation of HIF3A.1 CpG5 is negatively associated with 

expression in adipose tissue(Dick, Nelson et al. 2014), though a later study reported that 

BMI, but not methylation, is negatively associated with expression in adipose tissue(Main, 

Gillberg et al. 2016). The decreased methylation of HIF3A.2 in response to pre-eclampsia 

might be anticipated to increase gene expression, which is consistent with upregulation of 

HIF3A transcription in response to hypoxia. A genome-wide study investigating associations 

between gene expression measured by RNA sequencing and DNA methylation(Gutierrez-

Arcelus, Lappalainen et al. 2013) did not find any associations between any of the four CpG 

probes analysed (cg27146050, cg22891070, cg16672562 and cg26749414) in fibroblasts, T 

cells, and a lymphoblastoid cell line. However, differential HIF3A.2 methylation may 

influence a specific subset of HIF3A isoforms rather than overall gene expression.  

A role in pre-eclampsia? 

To our knowledge, this is the first study to report evidence for a link between pre-eclampsia 

and HIF3A methylation (Additional file 1). Pre-eclampsia is characterised by inappropriate 

spiral artery development during placentation(Al-Jameil, Aziz Khan et al. 2014), often in 

association with the development of a hypoxic environment for the developing foetus. As 

such, the differential HIF3A.2 methylation we have observed may reflect an adaptation or 

response of the hypoxia response pathway to a suboptimal environment. Though the 

potential role of HIF3A in pre-eclampsia has not yet been elucidated, it has been established 

that the broader HIF family is involved with high levels of HIF1A expression in the 

placenta(Rolfo, Many et al. 2010), and it has been proposed that dysregulated HIF1A may 

contribute to the genesis of pre-eclampsia through altered placental development. 
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Impact of gestational diabetes 

Previous studies have reported an association between GDM and HIF3A 

methylation(Haertle, El Hajj et al. 2017), though this was in the area covered by HIF3A.1. 

While we have found novel evidence for GDM influencing average methylation in HIF3A.2, 

no such association was observed for HIF3A.1. However, there were relatively few women 

in our population-derived cohort with GDM (n=16 for the HIF3A.1 sub-cohort) compared to 

the previous study that was enriched for mothers with GDM (n=68)(Haertle, El Hajj et al. 

2017). As such, we were powered for identifying larger effects in HIF3A.1 (80% power for a 

3.37% increase in methylation) than the small magnitude of association previously reported 

(a 1.3% increase in univariate analysis, for which we had 19.2% power). HIF3A plays a role 

in glucose metabolism(Hatanaka, Shimba et al. 2009) and induces adipocyte-related gene 

expression(Heidbreder, Qadri et al. 2007), so may be involved in mediating the effects of 

maternal GDM on the infant’s development.  

Impact of offspring sex  

Previous studies have considered infant sex as a covariate to control for in multivariable 

analysis (Additional file 1) but have focused primarily on CpG sites within HIF3A.1. None 

have found an effect of sex on methylation. This is consistent with the modest association 

observed between infant sex and HIF3A.1 methylation in this study. Interestingly however, 

we found a strong association between male sex and lower HIF3A.2 methylation. There is 

little evidence in the existing literature for sex-specific differences in the function of HIF3A 

in adulthood, however a mouse study reported that HIF3A expression increased in the 

placenta in response to maternal stress during pregnancy for placentas of male offspring 

but not females(Mueller and Bale 2008). More broadly, there is well-established evidence 

for sexual dimorphism of the placenta, with reported differences in gene expression, 

adaptation to in utero exposures and pregnancy outcomes between the sexes(Clifton 2010, 

Rosenfeld 2015). Sexual dimorphism may be driving the average HIF3A.2 methylation 
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differences between sexes we have observed in this study through the differential placental 

regulation of growth and availability of oxygen.  

Growth and adiposity 

We did not find strong evidence of an association between infant adiposity or weight with 

average HIF3A.1 methylation. Previous studies have primarily investigated methylation of 

three CpG sites in HIF3A.1 CpG1.2, CpG5, and CpG 6.7.8, and reported associations between 

methylation and adiposity or BMI in later childhood and adult timepoints(Dick, Nelson et al. 

2014, Demerath, Guan et al. 2015, Main, Gillberg et al. 2016, Pfeiffer, Krüger et al. 2016, 

Wang, Song et al. 2016, Lee, Kim et al. 2017), particularly in adipose tissue but also whole 

blood. These studies have all used BMI as a measure of adiposity, often in combination with 

other measures, but BMI is not a suitable measure for adiposity at birth and instead triceps 

and subscapular skinfold thickness was used for our study. A positive association between 

methylation of these three key CpG sites and subscapular skinfold thickness has been 

reported in umbilical cord tissue in a previous birth cohort study(Pan, Lin et al. 2015), but 

we did not find evidence for associations between methylation of these three key CpG sites 

and growth or adiposity in site-specific analysis in cord blood (Additional file 7), potentially 

indicating a tissue-specific effect. A similar lack of evidence for associations was previously 

reported by Richmond et al using comparable anthropometry and cord blood 

(n=1018)(Richmond, Sharp et al. 2016). However, contrasting with this previous study, 

which also considered BMI on a continuous scale, we did not find evidence of maternal pre-

pregnancy BMI associating with average HIF3A.2 methylation (n=518). The CpG site 

previously found to be most strongly associated with pre-pregnancy BMI was HIF3A.2 

CpG13, but we found no evidence of an association between maternal pre-pregnancy BMI 

and methylation of CpG13 (Additional file 5).  
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Impact of offspring HIF3A genotype 

The impact of genetic variation on DNA methylation is pervasive(Gibbs, van der Brug et al. 

2010, Bell, Pai et al. 2011, Gertz, Varley et al. 2011, Drong, Nicholson et al. 2013, Gutierrez-

Arcelus, Lappalainen et al. 2013, McRae, Powell et al. 2014, Lemire, Zaidi et al. 2015, Gaunt, 

Shihab et al. 2016) but only partly understood(Zhi, Aslibekyan et al. 2013). In the current 

study, we captured genetic variation in an 83kb region of HIF3A and upstream and 

downstream SNPs. There were 291 common (minor allele frequency >0.01) SNPs in this 

region, none of which were in the same location as a CpG site we measured methylation at, 

though there were four of these SNPs within HIF3A.1 or HIF3A.2. Previous studies have 

reported associations of rs8102595 and rs3826795 with methylation of CpG sites within 

HIF3A.1 in adult tissues(Dick, Nelson et al. 2014, Pfeiffer, Krüger et al. 2016) and umbilical 

cord tissue(Pan, Lin et al. 2015), and we found modest evidence for these SNPs influencing 

average HIF3A.1 methylation, though rs3826795 was more strongly associated with average 

HIF3A.2 methylation. Of the 14 tag SNPs considered in this analysis, rs3810298 showed the 

greatest effect on average HIF3A.2 methylation (Table 3) and is situated 6,488 bp upstream 

from the start of HIF3A.2 (Additional file 8). The other two SNPs that showed a strong 

association with average HIF3A.2 methylation, rs112087991 and rs3826795, had a high 

level of linkage disequilibrium with rs3810298 (Additional file 3) indicating there may be a 

single SNP driving this effect on average methylation in HIF3A.2. The rs3826795 SNP was 

used as a tag for a total of 14 common SNPs, and of these, three (rs2072491, rs4802306, 

and rs3810298) are located in the second intron of HIF3A and positioned in regions of open 

chromatin that have been identified in multiple blood cell lines as part of the ENCODE 

project (Consortium 2012). As such, the genotype of these SNPs may impact protein binding 

in these regions, and subsequent regulation of HIF3A, but this has yet to be tested. To our 

knowledge, we are the first to report associations between HIF3A genetic variation and cord 

blood methylation within the HIF3A.2 region in infants.  

The key strength of this study is the combination of pregnancy health measures, infant 

anthropometry, genetic variation data and relatively large sample size in a population-
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based cohort. We have also measured locus-specific methylation allowing us to look at 

average methylation across two HIF3A regions as well as key CpG sites. The key limitation 

is the missing data across covariates and CpG units. As such our sample size for some 

analyses is smaller than some previous studies, particularly for the HIF3A.1 region, limiting 

our power to detect small effect sizes (Additional file 1). We did not correct for multiple 

testing across the ten maternal and infant measures considered in association with HIF3A.1 

and HIF3A.2 methylation. Thus, there is a possibility of false positive associations within our 

findings. However, these regions and measures were not agnostically chosen but based on 

prior literature. Further, these associations show strong evidence of persisting in 

multivariable linear regression modelling and were largely unchanged by the various 

sensitivity analyses performed. We lack information regarding participant interventions to 

treat pre-eclampsia or GDM that may impact findings. The functional consequences of the 

observed methylation variation at a specific promoter of HIF3A remains unclear, particularly 

given the lack of publicly available data on the expression and regulation of the different 

isoforms of this gene. Previous studies have examined total expression only, rather than 

isoform-specific expression, or have focussed solely on as on methylation at one of two 

HIF3A promoters that likely regulate these different isoforms(Dick, Nelson et al. 2014, Main, 

Gillberg et al. 2016). Future functional studies are clearly warranted in this regard to test 

the influence of methylation on the regulation of different isoforms of this gene. An 

additional consideration is that we have measured methylation in cord blood, and due to 

the tissue-specific nature of DNA methylation, the importance of the differential 

methylation we observed in this study on other tissues relevant to HIF3A is unclear, 

particularly as HIF3A transcription variants are differentially expressed between 

tissues(Duan 2016). 

Conclusions 

Several early life and genetic factors appear to be associated with differential cord blood 

HIF3A DNA methylation at birth, though the potential impact of altered HIF3A methylation 

on gene expression, health and development from early childhood has yet to be well-
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characterised. Given the association between GDM and pre-eclampsia and both adverse 

maternal and infant health outcomes in later life, further studies are required to investigate 

the persistence of HIF3A methylation patterns beyond early infancy, and their relevance to 

subsequent health outcomes. 

 

Methods 

Participant recruitment and follow-up 

The Barwon Infant Study(Vuillermin, Saffery et al. 2015) (BIS) is an Australian birth cohort 

consisting of 1074 mother-infant dyads, with the aim of investigating early life development 

and disease across several domains, including immune development, cardiovascular health, 

neurodevelopment, and respiratory health. Women between 15 and 32 completed weeks 

of pregnancy were recruited from two hospitals but were excluded if they had/were (i) no 

longer resident in the Barwon region at the time of their child’s birth, (ii) younger than 18 

years at 28 weeks of pregnancy, (iii) without Australian citizenship or permanent residency 

to allow for follow-up, (iv) unable to complete questionnaires or provide informed consent, 

(v) had a previous child in the BIS cohort (excluding twins), or (vi) were planning to store 

their child’s cord blood privately. Neonates were excluded if they had/were (i) gestational 

age less than 32 weeks, (ii) diagnosed with serious illness, or (iii) genetic disease or 

congenital malformation. Over the three-year recruitment period, 3,933 women were 

contacted for recruitment and 1,158 were recruited during pregnancy. After birth, 1,074 

mother-infant dyads remained eligible. 

Prenatal and infant measures 

Health information was obtained from medical records and standardised clinical 

information. Gestational diabetes was defined as plasma glucose greater than 5.1 mmol/L 
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for fasting or greater than 8.5 mmol/L two hours after 75g oral glucose load(Nankervis, 

McIntyre et al. 2013). Pre-eclampsia was defined as per International Society for the Study 

of Hypertension in Pregnancy (ISSHP) criteria, with onset of high blood pressure (>140/90) 

and proteinuria (>0.3g/24hr) after 20 weeks of gestation(Tranquilli, Dekker et al. 2014). 

Maternal pre-pregnancy BMI was calculated from self-reported weight and height 

measures. 

Infant sex, gestational age, birth weight and anthropometry were obtained within two days 

of birth. Z-scores adjusted for sex and age were calculated for birth weight based on the 

revised British UK-WHO growth charts(Cole, Williams et al. 2011). Triceps and subscapular 

skinfold thickness were measured using Holtain calipers. Sum of skinfolds (triceps and 

subscapular) was used as a proxy measure for central adiposity. The coefficient of reliability 

for newborn skinfold measures range from 75 to 93%(Group 2006).  

DNA extraction and HIF3A methylation  

Genomic DNA was extracted from whole cord blood using the QIAamp DNA QIAcube HT Kit 

(QIAGEN, Hilden, Germany), following manufacturer’s instructions. Bisulphite conversion 

was performed using the MagPrep Lightning Conversion Kit (Zymo Research, Irvine, 

California, United States). Assays for methylation of two promoter regions of HIF3A (HIF3A.1 

and HIF3A.2; hg38:chr19:46,298,243-46,298,580 and hg38:chr19:46,303,864-46,304,196 

respectively) were designed using EpiDesigner (Agena Bioscience, San Diego, California, 

United States). Details are shown in Additional file 8 and Additional file 9. DNA methylation 

and quality control were quantified as previously described(Mansell, Novakovic et al. 2016, 

Lam, Ancelin et al. 2018), using the SEQUENOM MassARRAY EpiTYPER platform. 

Methylation level was determined as the average proportion of methylation within CpG 

units, with each CpG unit containing one to four CpG sites. The HIF3A.1 assay covered sites 

previously linked to adult and childhood BMI and adiposity(Agha, Houseman et al. 2015, 

Demerath, Guan et al. 2015, Huang, Zheng et al. 2015, Pan, Lin et al. 2015, Main, Gillberg 

et al. 2016, Pfeiffer, Krüger et al. 2016, Richmond, Sharp et al. 2016, Wang, Song et al. 2016, 
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Lee, Kim et al. 2017) and measured six CpG units containing a total of 11 CpG sites. The 

HIF3A.2 assay covered a site recently associated with maternal BMI(Richmond, Sharp et al. 

2016) and measured 13 CpG units containing a total of 20 CpG sites. HIF3A.1 was measured 

in a sub-sample of 490 infants, with complete methylation data for all six CpG units available 

for 423 infants. HIF3A.2 methylation was subsequently measured in the full cohort of 938 

infants, with complete methylation data for all 13 CpG units available for 609 infants. 

To account for potential contribution from the cellular heterogeneity of the cord blood 

samples, populations of granulocytes, monocytes and lymphocytes were assessed by flow 

cytometry (FACsCalibur) and presented as a percentage of total white blood cells 

(n=938)(Collier, Tang et al. 2015). This was used in sensitivity analyses. In addition, 

proportions of naïve and activated Treg cells (as a percentage of total CD4+ T-cells) were 

available for a subset of infants (n=464) and were also considered in sensitivity analyses.  

 

HIF3A genotyping 

Genotypes were measured using the Infinium Global Screening Array-24 v1.0 BeadChip 

(Illumina, San Diego, California, United States). The Sanger Imputation Service (Wellcome 

Sanger Institute, Hinxton, United Kingdom) was used for imputing SNPs not captured in the 

initial genotyping using the EAGLE2+PBWT phasing and imputation pipeline with the 

Haplotype Reference Consortium reference panel(McCarthy, Das et al. 2016). The imputed 

SNPs were filtered for an information score greater than 0.8. The common SNPs (minor 

allele frequency of at least 0.01) were extracted for analysis (hg38: chr19:46,278,743-

46,361,743), resulting in 291 SNPs. Due to the large number of SNPs, Haploview (Broad 

Institute, Cambridge, Massachusetts, United States)(Barrett, Fry et al. 2005) was used to 

identify 14 tag SNPs using a r2 threshold of 0.1 and mandating the inclusion of two SNPs of 

interest identified previously(Pan, Lin et al. 2015) (rs8102595 and rs3826795).  
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Statistical analysis 

As methylation within a region was generally highly correlated, we considered the average 

methylation. Covariates of interest were identified with univariate statistical testing 

(unpaired two-tailed Student’s t-test, correlation coefficient test, or ANOVA as appropriate) 

of the average methylation for each region. The degree of correlation of tag SNPs associated 

with methylation was used to identify a single SNP as a proxy for the cluster of linked SNPs 

(based on Chi-squared tests) (Additional file 3). Linear regression models with methylation 

as the outcome were first built with by identifying factors associated with methylation, and 

then once the core model was determined, possible interaction effects between infant sex, 

genetic variation, and other measures on methylation were added to the model and 

evaluated sequentially. Participants were only included in multivariable models if they had 

complete data for all included variables. Subsequent analysis of specific CpG unit 

methylation was performed to identify secondary maternal or infant measures to be 

included in sensitivity analysis. Other covariates added separately to the linear regression 

model for sensitivity analysis included proportions of various white blood cells in the cord 

blood samples and technical variables (bisulphite conversion batch and methylation 

quantification batch). Analyses including blood cell proportions were also adjusted for 

infant exposure to labour prior to delivery (any or none). The covariates examined in 

sensitivity analysis were considered to impact on the model if they altered the beta value 

of the main effects by 10% or more. The likelihood ratio test was used to compare nested 

linear regression models to evaluate if additional terms in the model were useful for 

explaining additional outcome variance. Stata 15 IC (StataCorp, College Station, Texas, 

United States) was used for analysis. 
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List of abbreviations 

A adenine 

ANOVA  analysis of variance 

BIS Barwon Infant Study 
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C cytosine 
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DNA deoxyribonucleic acid 

DOHaD Developmental Origins of Health and Disease 

EWAS epigenome-wide association study 

G guanine 

GDM gestational diabetes mellitus 

hg38 Genome Reference Consortium human genome build 38 

HIF3A hypoxia-induced factor 3α gene 

HIF-3α hypoxia-induced factor 3α 

ISSHP International Society for the Study of Hypertension in Pregnancy  
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SD standard deviation 

SE standard error  
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T thymine 
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Additional file 3. Visualisation of linkage disequilibrium between the 14 tag SNPs 
considered in this analysis from Haploview. The numbers in individual 
pairwise boxes are the D’, a measure of linkage disequilibrium. A stronger 
red colour for a box indicates the two SNPs are more strongly linked. The 
white bar at the top indicates the relative genomic position of each SNP.  
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Abstract 

Background: Methylation of the hypoxia-inducible factor 3α gene (HIF3A) in blood has 

been reproducibly linked to body-mass index (BMI) in adults. Despite HIF3A likely 

regulating processes including angiogenesis and metabolism, no studies have yet 

examined the link between HIF3A methylation in early life and cardiovascular health. 

Here, we investigated the relationship between HIF3A methylation in blood at birth and 

12 months of age with cardiovascular measures at four years. We also examined 

influences of prenatal exposure to adverse pregnancy health, birth outcomes, and 

genetic variation on these relationships. 

Methods and Results: Methylation of two HIF3A promoter regions in cord blood was 

measured using Sequenom EpiTYPER mass-spectrometry. The first promoter region was 

also measured in 12-month blood. Cardiovascular measures at four years included blood 

pressure, pulse wave velocity, and aortic and carotid intima-media thickness (n=260 to 

380). Strength of associations were tested using partial correlation tests and linear 

regression modelling. 

Methylation of the first HIF3A promoter in cord and 12-month blood was not associated 

with four-year measures. There was modest evidence of a positive association between 

DNA methylation of the second region in cord blood and four-year systolic blood 

pressure (n=353, r=0.12, p=0.03). In sex-stratified analysis, methylation of the second 

region was modestly associated with systolic (r=0.16, p=0.03) and diastolic blood 

pressure (r=0.16, p=0.03) in males only. 

Conclusions: HIF3A methylation at birth may be useful in predicting measures of 

cardiovascular health in childhood. Further work should determine whether this 

relationship persists in later childhood, and assess the potential functional link between 

HIF3A methylation and cardiovascular health.  

Key words: HIF3A, DNA methylation, epigenetics, developmental biology, infant, blood 

pressure. 
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Background 

The trajectory towards adult metabolic and cardiovascular health begins very in early life, 

with evidence for a variety of environmental exposures in childhood impacting disease risk 

in adulthood (Gluckman and Hanson 2004). Environmental exposures in early life can 

influence childhood cardiovascular health, which in turn has been linked to later risk of 

cardiovascular disease (Kelly, Thomson et al. 2015, Theodore, Broadbent et al. 2015). 

Elevated blood pressure in childhood is associated with increased risk of hypertension, 

metabolic syndrome (Sun, Grave et al. 2007) and altered heart structure (Lai, Sun et al. 

2014) in adulthood, and intima-media thickness of the aortic and carotid vessels have been 

used as measures of preclinical atherosclerosis (Hong 2010, McCloskey, Vuillermin et al. 

2014). Emerging data suggest that epigenetics plays a role in the ‘biological embedding’ of 

later life risk following early life exposures (Novakovic and Saffery 2013), and attention has 

recently turned to identifying genes where methylation levels in early life may predict later 

cardiovascular health (Gluckman, Hanson et al. 2008). 

Hypoxia-inducible factor 3α (HIF-3α), encoded by the HIF3A gene, is part of a family of 

proteins that play a key role in angiogenesis, metabolism and obesity (Dengler, Galbraith et 

al. 2014). DNA methylation of one promoter of the HIF3A gene has been reproducibly linked 

to body-mass index (BMI) in adult blood (Dick, Nelson et al. 2014), and more recently the 

link between HIF3A methylation at the same region and BMI has been investigated in 

childhood (Pan, Lin et al. 2015, Richmond, Sharp et al. 2016). However, most paediatric 

studies have focussed on early life associations rather than longitudinal associations 

between methylation and later phenotypes. An exception is a study that measured DNA 

methylation at this region at birth, age 7 and 17 years and examined associations with BMI 

at 7 and 17 years of age (Richmond, Sharp et al. 2016). This study suggested that birth 

weight and BMI at 7 years is associated with later HIF3A methylation in blood at 7 and 17 

years of age, respectively. The same study also reported evidence of a link between higher 
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maternal pre-pregnancy BMI and higher HIF3A methylation levels at a second promoter 

region in cord blood. More recently, we found evidence that GDM, pre-eclampsia, infant 

sex, gestational age, and HIF3A genetic variation are all independently associated with 

altered HIF3A methylation levels at this second promoter region in cord blood (Mansell, 

Ponsonby et al. 2019). At present, there are no data on whether HIF3A methylation in early 

life is linked with cardiovascular phenotypes in children or adults. However, given the 

evidence for a link between pregnancy exposures we identified previously (Mansell, 

Ponsonby et al. 2019) and cardiovascular health in offspring, specifically exposure to pre-

eclampsia with elevated systolic blood pressure (Davis, Lazdam et al. 2012) and risk of 

stroke (Kajantie, Eriksson et al. 2009), and exposure to gestational diabetes with risk of 

cardiovascular-related hospitalisations (Leybovitz-Haleluya, Wainstock et al. 2018), we 

hypothesised that early life methylation of HIF3A is associated with cardiovascular health 

in childhood. 

Here, we investigated if HIF3A promoter methylation (two regions, HIF3A.1 and HIF3A.2) in 

blood at birth and 12 months of age associated with measures of cardiovascular health at 

four years. We also considered if prenatal exposures and birth outcomes previously 

associated with HIF3A methylation and HIF3A genetic variation might confound these 

relationships. 

 

Methods 

Study cohort – Barwon Infant Study 

This analysis was performed on samples from the Barwon Infant Study (BIS), an Australian 

population-based pre-birth cohort (n=1074), with maternal clinical data from pregnancy, 

infant outcomes at birth, and cardiovascular measures from four years of age. The BIS 
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protocol was approved by the Barwon Health Human Research Ethics Committee (HREC 

10/24), and mothers provided written informed consent. The details on eligibility, 

recruitment, and retention have been described previously (Vuillermin, Saffery et al. 2015). 

A flowchart of the study cohort used in this analysis is shown in Figure 1. 
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Figure 1. Flowchart of participants from the BIS cohort included in this study (the bottom-left grey-bordered box). 

1
5
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Primary outcome – cardiovascular development at four years of age 

Cardiovascular measures were taken during the participant’s 4-year review, and included 

measurement of weight, height, blood pressure, heart rate, and pulse wave velocity, as well 

as measurement of aortic and carotid intima-media thicknesses (aIMT and cIMT, 

respectively) following ultrasound imaging using the GE Vivid-I (GE Healthcare, Chicago, IL, 

United States), with an intra-reader intra-class correlation (ICC) of 0.92 and inter-reader ICC 

of 0.90, as previously described (McCloskey, Ponsonby et al. 2014). Brachial blood pressure, 

heart rate, and pulse wave velocity were averaged across three readings in a resting, supine 

position using SphygmoCor XCEL (AtCor Medical, Sydney, Australia). The means for aIMT 

and cIMT were calculated from five images. Tests with mean aIMT were also adjusted for 

aortic diameter. Depending on the measurement, data was available for between 423 and 

623 children. For analysis, tests including blood pressure measures were also adjusted for 

actual child age, height and sex. 

Primary exposure – early life blood HIF3A methylation 

As described previously (Mansell, Ponsonby et al. 2019), DNA was extracted from cord and 

12-month blood and underwent bisulphite conversion. DNA methylation in two promoter 

regions of HIF3A was measured using the locus-specific Sequenom EpiTYPER mass-

spectrometry platform (Agena Bioscience, San Diego, California, United States) as described 

previously (Mansell, Ponsonby et al. 2019). Methylation at HIF3A.1 

(hg38:chr19:46,298,243-46,298,580), previously linked to BMI in adults (Dick, Nelson et al. 

2014), was measured in both cord blood (n=490) and 12-month whole blood (n=538). 

Methylation at HIF3A.2 (hg38:chr19:46,303,864-46,304,196), associated with maternal pre-

pregnancy BMI (Richmond, Sharp et al. 2016), was measured in cord blood for all available 

samples (n=938). The CpG units measured in each region are shown in Supp. Table 1. 
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As methylation at each CpG unit was strongly correlated within each region (Mansell, 

Ponsonby et al. 2019), the average methylation across each region was used as the main 

exposure measure (n=609 for HIF3A.2, n=423 and 538 for HIF3A.1 at birth and 12 months, 

respectively), and individual CpG unit methylation was considered in sensitivity analysis. 

Participants with incomplete methylation data for any region were excluded from the 

corresponding analysis.  

To assess possible cellular heterogeneity in blood samples, flow cytometry (FACsCalibur, 

Becton Dickinson, Fraklin Lakes, New Jersey, United States) was used to characterise the 

cellular composition of blood samples as described previously (Collier, Tang et al. 2015). The 

proportions of monocytes, granulocytes and lymphocytes were considered in sensitivity 

analysis. 

Covariates – pregnancy health, child genetics and birth outcomes 

Infant birth weight (z-score, adjusted for gestational age and sex (Cole, Williams et al. 

2011)), sex and gestational age were considered as covariates. As there is evidence for 

maternal pre-pregnancy BMI, gestational diabetes and pre-eclampsia impacting both 

offspring HIF3A methylation (Richmond, Sharp et al. 2016, Haertle, El Hajj et al. 2017, 

Mansell, Ponsonby et al. 2019) and offspring cardiovascular health (Davis, Lazdam et al. 

2012, Leybovitz-Haleluya, Wainstock et al. 2018), these were considered as potential 

confounders . Pre-pregnancy BMI was calculated from self-reported weight, and gestational 

diabetes and pre-eclampsia were defined using standard clinical criteria (Nankervis, 

McIntyre et al. 2013, Tranquilli, Dekker et al. 2014). Socioeconomic status, measured using 

Socio-Economic Indexes For Areas (SEIFA) (Pink 2013), and grouping mothers by tertiles, 

and maternal age were also considered as potential confounding factors. 

Genome-wide genotyping and imputation was performed on all BIS infants as described 

previously (Mansell, Ponsonby et al. 2019). After quality control, there were 261 common 
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SNPs (minor allele frequency >0.01) in and near the HIF3A gene (hg38: chr19:46,278,743-

46,361,743). A total of 14 tag SNPs, identified with the HaploView software (Broad Institute, 

Cambridge, Massachusetts, United States), were used as proxies for clusters of associated 

genetic variation (r2>0.1) in analysis (Mansell, Ponsonby et al. 2019).  

Statistical analysis 

A flowchart of participant inclusion in this analysis is shown in Figure 1.There were between 

235 and 315 children with both cardiovascular data and complete HIF3A.1 methylation data 

at birth (depending on the specific measure), and between 302 and 402 children for HIF3A.1 

methylation at 12 months (Supp. Table 2). For children with complete HIF3A.2 methylation, 

there were between 260 and 379 with corresponding four-year cardiovascular measures 

(Table 1). 

Preliminary analysis used partial correlation tests to identify potential associations of 

interest between HIF3A.1 and HIF3A.2 methylation in infancy and four-year cardiovascular 

outcomes. All tests were adjusted for actual age in years at the four-year time point and 

Sequenom batch, as well as the actual age in months at the 12-month time point for 12-

month methylation associations. To consider potential sex-specific associations, analyses 

were additionally stratified by sex. The associations of interest from the initial analysis were 

then investigated further in linear regression models for the adjustment of potential 

confounders (above). The final model included covariates which were demonstrated to 

alter the effect size of methylation (>10% change in coefficient) or improve the model fit 

(likelihood ratio test p<0.05). Genotypes at each of the 14 tag SNPs were considered as 

covariates. P-values are presented unadjusted for multiple comparisons.  

For sensitivity analysis, associations between methylation of individual CpG units in each 

region and 4-year cardiovascular measure were considered. In addition, cellular 

composition of blood samples (proportions of lymphocytes, monocytes and granulocytes, 
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adjusted for exposure to labour at birth (any/none)) and bisulphite conversion batch were 

also considered in the multivariable linear regression model to determine if they altered 

any findings.  

 

Results 

The distribution of cohort characteristics is shown in Table 1, and the distribution of 

methylation is shown in Figure 2. There was no evidence of an association between birth or 

12-month average HIF3A.1 methylation and any of the four-year cardiovascular measure 

(Supp. Table 2). There was modest evidence that HIF3A.2 methylation was positively 

associated with systolic blood pressure (r=0.12, p=0.03) in the correlation analysis (Table 

2). When stratified by sex, there was evidence for a relationship between HIF3A.2 

methylation and both systolic (r=0.16, p=0.03) and diastolic (r=0.16, p=0.03) blood pressure 

in males, but not females (Table 3). In linear regression modelling, none of the prenatal 

maternal factors appeared to confound this relationship, and similarly, adjusting for birth 

outcomes or SNP genetic covariates did not improve the fit of the model or alter the effect 

size of HIF3A.2 methylation on systolic blood pressure, with the exception of birth weight 

(z-score), which modestly increased the methylation coefficient and improved the fit of the 

model. BMI at four years was associated with systolic blood pressure, but adjusting for BMI 

did not attenuate the association between methylation and systolic blood pressure (Table 

4). The relationship between methylation and BMI did not differ by sex, and the 

relationships between HIF3A.2 methylation and each of systolic and diastolic blood 

pressure persisted following adjustment for birth weight and four-year BMI. 

In sensitivity analyses, methylation of most, but not all individual HIF3A.2 CpG units was 

positively associated with systolic blood pressure, while several individual HIF3A.2 CpG units 

were also positively associated with diastolic blood pressure (Supp. Table 3). There was no 
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evidence for individual CpG units in HIF3A.2 or in HIF3A.1 at birth or 12-months associating 

with other 4-year cardiovascular measures (data not shown). Adjustment for bisulphite 

conversion batch, cellular composition of blood samples and exposure to labour did not 

alter the findings (data not shown).  

 

 

 

Figure 2. Distribution of methylation of individual CpG units and the average methylation 
across HIF3A.1 in cord blood and 12-month blood and HIF3A.2 in cord blood. 
Error bars are mean ± standard deviation. 
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Table 1. Cohort characteristics for the full sample (any BIS infant with both any methylation 
data and any four-year measure), and the sex-stratified sample.  

Measure Combined sexes Males (n=506) Females (n=476) 

Maternal N Mean (SD) N Mean (SD) N Mean (SD) 

Age (years) 982 31.40 (4.74) 506 31.47 (4.74) 476 31.34 (4.74) 

Pre-pregnancy BMI (kg/m2) 849 25.38 (5.36) 443 25.20 (5.14) 406 25.57 (5.59) 

 N n (%) N n (%) N n (%) 

Socio-economic status (SEIFA 

tertiles) 

974  501  473  

Low SEIFA (most 

disadvantaged) 

 325 (33.38)  176 (35.12)  149 (31.50) 

Medium SEIFA  323 (33.16)  175 (34.93)  148 (31.29) 

High SEIFA (least 

disadvantaged) 

 326 (33.47)  150 (29.94)  176 (37.21) 

GDM (yes) 839 42 (5.01) 438 19 (4.34) 401 23 (5.74) 

Pre-eclampsia (yes) 879 28 (2.86) 505 15 (2.97) 473 13 (2.75) 

Birth N Mean (SD) N Mean (SD) N Mean (SD) 

Gestational age (weeks) 982 39.49 (1.44) 506 39.51 (1.41) 476 39.48 (1.46) 

Weight (z-score) 982 0.38 (0.95) 506 0.38 (0.94) 476 0.38 (0.95) 

Four-year measure N Mean (SD) N Mean (SD) N Mean (SD) 

Actual age (years) 633 4.21 (0.29) 331 4.21 (0.28) 302 4.22 (0.29) 

Weight (kg) 626 17.64 (2.54) 327 17.79 (2.30) 299 17.47 (2.78) 

BMI (kg/m2) 624 15.59 (1.50) 326 15.55 (1.29) 298 15.65 (1.71) 

Systolic BP (mmHg) 580 106.68 (8.18) 298 106.75 (7.97) 282 106.61 (8.40) 

Diastolic BP (mmHg) 580 64.08 (6.36) 298 64.12 (6.48) 282 63.94 (6.23) 

Heart rate (BPM) 577 89.73 (9.53) 297 89.10 (9.61) 280 90.42 (9.41) 

Pulse wave velocity (m/sec) 546 3.97 (0.44) 281 3.99 (0.45) 265 3.96 (0.44) 

aIMT mean (mm) 429 0.54 (0.04) 221 0.54 (0.04) 208 0.54 (0.04) 

cIMT mean (mm) 479 0.51 (0.05) 253 0.51 (0.05) 226 0.51 (0.05) 

N = number of participants with data for specified measure and any methylation data, SD = 

standard deviation, n = number of participants in specified category 



 

159 

 

Table 2. Correlations between cord blood HIF3A.2 methylation and cardiovascular and 
weight measures at four years. 

Four-year measure N Mean (SD) Correlation with HIF3A.2 (r) p 

Weight (kg) 380 17.66 (2.47) 0.03 0.63 

BMI (kg/m2) 378 15.52 (1.46) 0.02 0.69 

Systolic BP (mmHg) 353 106.66 (7.85) 0.12 0.03 

Diastolic BP (mmHg) 353 63.94 (6.41) 0.08 0.13 

Heart rate (BPM) 352 89.78 (9.37) -0.03 0.65 

Pulse wave velocity 

(m/sec) 

339 3.97 (0.45) 0.05 0.38 

aIMT mean (mm) 260 0.54 (0.04) 0.04 0.55 

cIMT mean (mm) 294 0.51 (0.05) -0.03 0.58 

Semi-partial correlations adjusted for actual age at four-year time point and Sequenom batch. 

Systolic and diastolic blood pressure correlations were additionally adjusted for child sex and 

height. Mean aIMT correlation was additionally adjusted for aIMT diameter. 
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Table 3. Correlations between cord blood HIF3A.2 methylation and cardiovascular and 
weight measures at four years, stratified by sex. 

 Female Male 

Four-year 

measure 

n Mean (SD) r p n Mean (SD) r p 

Weight (kg) 172 17.46 (2.64) 0.01 0.85 208 17.83 (2.33) 0.10 0.13 

BMI (kg/m2) 171 15.55 (1.60) 0.00 0.96 207 15.50 (1.34) 0.05 0.47 

Systolic BP 

(mmHg) 

163 105.97 (7.74) 0.07 0.39 190 107.24 (7.93) 0.16 0.03 

Diastolic BP 

(mmHg) 

163 63.54 (6.41) -0.02 0.86 190 64.28 (6.41) 0.16 0.03 

Heart rate (BPM) 162 89.82 (9.23) 0.01 0.90 190 89.75 (9.51) -0.05 0.51 

Pulse wave 

velocity (m/sec) 

156 3.94 (0.43) 0.12 0.14 183 3.98 (0.47) 0.00 0.96 

aIMT mean (mm) 117 0.54 (0.04) -0.02 0.81 143 0.54 (0.04) 0.06 0.44 

cIMT mean (mm) 128 0.51 (0.04) -0.08 0.35 166 0.51 (0.05) -0.05 0.55 

Semi-partial correlations adjusted for actual age at four-year time point and Sequenom batch. 

Systolic and diastolic blood pressure correlations were additionally adjusted for height. Mean aIMT 

correlation was additionally adjusted for aIMT diameter. 



 

161 

 

Table 4. Final linear regression models with four-year blood pressure as outcome, unadjusted and adjusted models in both 
combined-sexes and sex-stratified analysis. 

4-year systolic blood pressure 

 Combined sexes Male-only Female only 

 Unadjusted1 model (n=346) Unadjusted1 model (n=187) Unadjusted1 model (n=159) 

Measure β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 

Average HIF3A.2 (%) 0.10 0.03 0.01 to 0.19 2.33% 0.14 0.03 0.01 to 0.27 2.90% 0.05 0.39 -0.07 to 0.18 3.22% 

 Adjusted model (n=346) Adjusted model (n=187) Adjusted model (n=159) 

Measure β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 

Average HIF3A.2 (%) 0.11 0.01 0.02 to 0.19 3.93% 0.14 0.03 0.02 to 0.26 5.25% 0.08 0.21 -0.04 to 0.20 4.38% 

4-year BMI (kg/m2) 1.77 <0.001 1.21 to 2.33 9.99% 2.13 <0.001 1.28 to 2.98 11.75% 1.44 <0.001 0.69 to 2.20 8.03% 

Birth weight (z-score) -1.02 0.02 -1.86 to -0.18 4.60% -0.86 0.17 -2.09 to 0.37 0.91% -1.05 0.08 -2.23 to 0.13 1.73% 

4-year diastolic blood pressure 

 Combined sexes Male-only Female only 

 Unadjusted1 model (n=346) Unadjusted1 model (n=187) Unadjusted1 model (n=159) 

Measure β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 

Average HIF3A.2 (%) 0.05 0.15 -0.02 to 0.13 1.89% 0.11 0.30 0.01 to 0.22 3.28% -0.01 0.85 -0.12 to 0.10 2.98% 

 Adjusted model (n=346) Adjusted model (n=187) Adjusted model (n=159) 

Measure β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 β (mmHg) p 95% CI R2 

Average HIF3A.2 (%) 0.06 0.11 -0.01 to 0.13 2.18% 0.11 0.03 0.01 to 0.21 4.59% 0.00 0.97 -0.11 to 0.11 2.82% 

4-year BMI (kg/m2) 0.94 <0.001 0.46 to 1.41 4.12% 1.11 0.002 0.41 to 1.81 4.85% 0.89 0.01 0.21 to 1.56 4.24% 

Birth weight (z-score) -0.55 0.14 -1.27 to 0.17 0.62% -0.65 0.21 -1.66 to 0.37 0.79% -0.29 0.58 -1.35 to 0.76 0.19% 

1All models were adjusted for child sex, age and height at four-year time point, and Sequenom batch. 

 

1
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Discussion 

In this study, we investigated the potential for blood HIF3A methylation in early life to 

associate with four-year cardiovascular measures. We found some evidence that higher 

HIF3A.2 methylation in cord blood correlates with higher systolic and diastolic blood 

pressure, primarily in males. This association persisted with adjustment for 

anthropometric variables associated with blood pressure (birth weight and four-year 

BMI). To our knowledge, this is the first study to investigate the link between HIF3A 

methylation and cardiovascular health measures, and the first to report potential 

evidence of early life HIF3A methylation associating with health measures later in 

childhood. In light of previous findings for HIF3A.1, these findings suggest that 

methylation patterns at the two different HIF3A promoter regions may have differing 

relevance for cardiovascular and metabolic health. 

We have found stronger evidence of HIF3A.2 methylation associating with blood 

pressure in males than females. While potential relationship between DNA methylation 

and childhood blood pressure is currently uncharacterised, there are well-established 

sex differences in vascular and heart physiology and blood pressure regulation 

(Mendelsohn and Karas 2005). Our findings may relate to this sexual dimorphism. 

There is considerable evidence that both systolic and diastolic blood pressure in 

childhood are predictive of cardiovascular risk in later life. In particular, elevated blood 

pressure in childhood is associated with increased risk of hypertension, metabolic 

syndrome (Sun, Grave et al. 2007) and altered heart structure (Lai, Sun et al. 2014) in 

adulthood. Utilising early life HIF3A.2 methylation in conjunction with epigenetic 

variation at other genes related to cardiovascular development may be valuable in 

predicting a child’s blood pressure trajectory. 

The effects of methylation on HIF3A gene expression are poorly characterised. There is 

evidence for HIF3A producing up to eight alternatively spliced transcripts across multiple 

promoter regions (Pasanen, Heikkila et al. 2010). Methylation of the HIF3A.1 promoter 
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region has been reported to decrease total HIF3A expression in adipose tissue (Dick, 

Nelson et al. 2014), whereas no association between HIF3A methylation and total 

expression was found in blood or fibroblasts (Gutierrez-Arcelus, Lappalainen et al. 2013). 

It is possible that HIF3A.2 methylation may relate to later blood pressure through 

regulation of specific HIF3A isoforms, rather than necessarily altering total expression 

levels, but current evidence linking promoter-specific methylation to HIF3A isoforms is 

limited. However, it has been shown that splice variants starting from the HIF3A.2 

promoter region are more highly expressed in adult heart tissue compared to other 

organs, and also more highly expressed compared to splice variants starting from 

HIF3A.1 (Pasanen, Heikkila et al. 2010). As such, one or more splice variants starting from 

HIF3A.2 may have particular significance in cardiac function or development.  

This study is the first to investigate the association between early HIF3A methylation 

and measures of cardiovascular health in childhood, and one of the few to address 

methylation across multiple HIF3A promoter regions. We have also considered a range 

of potential confounders, including abnormal metabolic prenatal exposures, birth 

outcomes, and genetic variation. A limitation is missing data for individual CpG units, 

reducing the number of infants with complete methylation data, and missing data on 

some of the four-year cardiovascular measures reducing our sample size in some 

analyses, and consequently decreasing our power to detect more subtle effect sizes. 

There may also be additional unknown and unmeasured confounders. Replication of our 

findings in other populations is warranted, and cardiovascular development measures 

at the next time point in BIS, currently underway, will be valuable for consolidating the 

current findings.  

In conclusion, we provide evidence that cord blood methylation at a specific HIF3A 

promoter region associates with measures of four-year cardiovascular health 

independently of child anthropometry at birth and four years of age, with stronger 

evidence for a relationship in males. Our findings suggest the importance of considering 

promoter-specific HIF3A methylation status in broader association studies. Further 

evidence from paediatric and adult cohorts is required to characterise the extent to 
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which earlier HIF3A methylation can predict later cardiovascular health throughout life 

course and also to understand the underlying functional mechanisms. 
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Supplementary Table 1. Details on the CpG units in each analysed region of HIF3A. 
HIF3A.1 

CpG unit N (birth) N (12-

months) 

CpG site Genomic location 

(chromosome 19, hg38) 

cg ID 

1.2 430 538 1 46,298,300 cg27146050 

   2 46,298,305 - 

5 479 538 5 46,298,385 cg22891070 

6.7.8 486 538 6 46,298,412 - 

   7 46,298,415 cg16672562 

   8 46,298,419 - 

9.10 488 538 9 46,298,429 - 

   10 46,298,436 - 

11 484 538 11 46,298,442 - 

13.14 484 538 13 46,298,498 - 

   14 46,298,510 - 

HIF3A.2 

CpG unit N (birth) N (12-

months) 

CpG site Genomic location 

(chromosome 19, hg38) 

cg ID 

1 920 - 1 46,304,170 - 

4 782 - 4 46,304,113 - 

5.6.7 875 - 5 46,304,103 - 

   6 46,304,101 - 

   7 46,304,097 - 

8.9 911 - 8 46,304,084 - 

   9 46,304,081 - 

10 863 - 10 46,304,073 - 

11 847 - 11 46,304,064 - 

12 814 - 12 46,304,043 - 

13 870 - 13 46,304,015 cg26749414 

14.15.16.17 899 - 14 46,304,009 - 

   15 46,304,006 - 

   16 46,304,004 - 

   17 46,304,000 - 

18 865 - 18 46,303,990 - 

24 861 - 24 46,303,929 - 

25 878 - 25 46,303,914 - 

26.27 893 - 26 46,303,906 - 

   27 46,303,900 - 
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Supplementary Table 2. Correlations between HIF3A.1 methylation in cord blood and 
12-month peripheral blood and cardiovascular and weight measures at 
four years. 

 Birth HIF3A.1 methylation 12-month HIF3A.1 methylation 

Four-year measure N Mean (SD) r p N Mean (SD) r p 

Weight (kg) 317 17.42 (2.55) 0.01 0.84 404 17.47 (2.53) -0.07 0.14 

BMI (kg/m2) 315 15.48 (1.52) 0.03 0.65 402 15.53 (1.51) -0.06 0.25 

Systolic BP (mmHg) 300 106.48 (7.87) 0.04 0.48 381 106.48 (7.98) -0.04 0.40 

Diastolic BP (mmHg) 300 64.13 (6.11) 0.05 0.36 381 64.15 (6.28) -0.02 0.74 

Heart rate (BPM) 300 89.62 (9.81) 0.00 0.96 379 89.65 (9.92) -0.02 0.68 

Pulse wave velocity 

(m/sec) 

287 3.97 (0.43) -0.02 0.78 362 3.96 (0.43) 0.03 0.56 

aIMT mean (mm) 235 0.54 (0.04) -0.01 0.80 302 0.54 (0.04) 0.00 0.99 

cIMT mean (mm) 262 0.51 (0.04) -0.06 0.31 335 0.51 (0.45) 0.07 0.22 

Correlations are semi-partial correlations adjusted for actual age at four-year time point 

and Sequenom batch. Systolic and diastolic blood pressure correlations were additionally 

adjusted for infant sex and height. Mean aIMT correlation was additional adjusted for aIMT 

diameter. 12-month associations were adjusted for actual age at 12-month time point 
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Supplementary Table 3. Correlations between cord blood methylation of individual CpG 
units in HIF3A.2 and blood pressure at four years. 

HIF3A.2 CpG unit N 
Systolic blood pressure Diastolic blood pressure 

r p r p 

CpG 1  452 0.11 0.008 0.05 0.25 

CpG 4  507 0.10 0.03 0.06 0.18 

CpG 5.6.7  540 0.11 0.01 0.05 0.22 

CpG 8.9 507 0.08 0.06 0.05 0.27 

CpG 10  494 0.11 0.01 0.04 0.32 

CpG 11 478 0.12 0.008 0.10 0.03 

CpG 12  511 0.07 0.15 0.09 0.04 

CpG 13  526 0.12 0.005 0.07 0.13 

CpG 14.15.16.17  506 0.11 0.01 0.06 0.19 

CpG 18  506 0.13 0.003 0.10 0.03 

CpG 24  519 0.11 0.02 0.06 0.17 

CpG 25  525 0.08 0.09 0.07 0.10 

CpG 26.27  538 0.11 0.01 0.07 0.11 

Semi-partial correlations adjusted for actual age at four-year time point, child sex, 

height, and Sequenom batch.  
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Chapter 5 LEP methylation in blood and early life growth and 

adiposity 

5.1 Overview 

Leptin is a hormone that is best known for its role in regulating appetite and energy 

expenditure by acting on the hypothalamus to maintain body weight (Friedman and 

Halaas 1998). Leptin has also been implicated in regulation of a number of other 

processes (Pan and Myers Jr 2018) , including placental function and nutrient transfer 

between mother and fetus (Jansson, Greenwood et al. 2003).  

The gene encoding leptin (LEP) is regulated by a single promoter region, with 

decreased methylation associated with increased LEP expression (Melzner, Scott et al. 

2002, Hogg, Robinson et al. 2014). Methylation of this promoter in blood has been 

demonstrated to be sensitive to environmental exposures during pregnancy, including 

famine (associated with increased LEP methylation in adults aged 55-60 years old) 

(Tobi, Lumey et al. 2009), high maternal pre-pregnancy BMI (decreased cord blood 

methylation) (Kadakia, Zheng et al. 2017), hyperglycaemia in pregnancy (decreased 

cord blood methylation) (Allard, Desgagne et al. 2015), and both low and high birth 

weight (increased and decreased cord blood methylation, respectively) (Lesseur, 

Armstrong et al. 2013, Wang, Xu et al. 2019). Pre-eclampsia has also been linked to 

decreased LEP methylation in the placenta (Hogg, Blair et al. 2013). Obesity has also 

been associated with lower LEP promoter methylation in both adults (Houde, Legare et 

al. 2015) and children (Dunstan, Bressler et al. 2017), in blood and saliva, respectively.  

Establishing the relationship between pregnancy exposures and LEP methylation is 

important as this could help us understand how these pregnancy exposures might 

program altered metabolic health in offspring. However, current research findings are 

limited by a failure to consider underlying genetic variation, the independent 

associations of different pregnancy exposures, and the potential longer-term effects of 

differential methylation in early life.  
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Here, I have investigated associations of pre-pregnancy BMI, gestational diabetes, pre-

eclampsia, in utero growth, and infant genetic variation with LEP methylation in cord 

blood from 977 participants in the longitudinal, population-based Barwon Infant Study. 

In addition, I have investigated the cross-sectional association between infant weight 

and adiposity at 12-months and LEP methylation in peripheral blood, and potential 

longitudinal associations between LEP methylation and infant weight and adiposity at 

birth and 12 months of age. A summary of the analysis is shown in Figure 5.1. The 

manuscript and supplementary material included in this chapter for this analysis are 

the accepted version currently in press at the International Journal of Obesity. 

 

 

Figure 5.1. Summary of birth and 12-month LEP methylation analysis. 
The analysis of LEP methylation considered the relationship between maternal, pregnancy, infant, and 

genetic factors with LEP methylation at birth. The potential for genetic variation to influence these other 

relationships was investigated. The longitudinal relationship between LEP methylation and infant weight 

and adiposity was also investigated. 
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The findings from this work provide evidence for associations of infant sex and genetic 

variation with average LEP methylation levels across the promoter region, with lower 

LEP methylation in male infants compared to females, and direction of effect of 

genetic variation on methylation differing by SNP. Exposure to pre-eclampsia was 

associated with decreased methylation of a specific CpG unit, while gestational 

diabetes was associated with methylation of two other CpG units in different 

directions. Increased infant weight (standardised by gestational age and sex) at birth 

was associated with decreased methylation of a different CpG unit that also showed 

the greatest sensitivity to genetic variation. There was no evidence for a cross-

sectional relationship between LEP methylation in blood and infant weight or adiposity 

at 12-months. There was also no evidence for an association between LEP methylation 

at birth and 12-month weight or adiposity (i.e., no predictive utility). However, infant 

adiposity at birth appeared to be associated with altered average LEP methylation at 

12-months in differing directions depending on LEP genotype. 

A previous study reported a link between obesity and LEP methylation in older children 

(Dunstan, Bressler et al. 2017), prompting my investigation into the predictive capacity 

of early life LEP methylation for weight later in childhood. Specifically, I considered if 

LEP methylation levels at birth or 12-months was associated with weight or adiposity 

at 4 years of age. A summary of the analysis is shown in Figure 5.2. The manuscript and 

supplementary material included in this chapter are the most recent versions following 

reviewer comments at the International Journal of Obesity. 
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Figure 5.2. Summary of LEP methylation and 4-year weight and adiposity analysis. 
This analysis focused on the relationship between LEP methylation and 4-year weight/adiposity, potentially modified by sex and LEP genetic variation (black arrows). 

Maternal/pregnancy exposures and infant weight at earlier time points were considered as potential confounders (grey arrows). 

1
7

2
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Similar to the lack of evidence for an association between birth LEP methylation levels 

and 12-month weight or adiposity, there was only limited evidence for an association 

between birth LEP methylation levels and 4-year BMI. There was relatively stronger 

evidence for an association between increased 12-month methylation of one CpG unit 

(linked to birth weight and genetic variation in the previous work) and decreased 4-

year weight and BMI. This association between 12-month methylation levels and 4-

year BMI persisted with adjustment for potentially confounding factors but was of 

modest magnitude and explained a small proportion of variance in 4-year BMI 

compared to 12-month weight as a predictor of 4-year BMI. 

These findings suggest that LEP methylation in neonatal cord blood is sensitive to in 

utero exposures, genetic variation, and fetal growth in both site-specific and overall 

methylation manners. This would be anticipated to modify LEP expression, and 

consequently influence regulation of metabolism. Though the functional effects of LEP 

methylation in blood are not well-characterised at present, differences in methylation 

in blood may also reflect differences in LEP expression in adipose tissue, which is 

clearly difficult to assess directly in human neonates and children. Animal model 

studies would be needed to test this hypothesis. While the magnitude of the 

association observed here between early life LEP methylation levels and later 

childhood BMI is modest; this may reflect a subtle but persistent effect that 

contributes to altered metabolic health later in adulthood. However, this also means 

that LEP methylation is unlikely to be a useful predictor of later growth or adiposity in 

isolation.  

This work is the first to measure multiple time points of early life LEP methylation to 

investigate longitudinal associations between methylation levels and anthropometry, 

and the first to investigate the capacity of early life LEP methylation to predict later 

measures of weight and adiposity in childhood. It is also one of the few studies to 

consider the effects of LEP genetic variation on methylation. This study is limited by 

the lack of paired expression data or circulating leptin level measurement to 
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determine the functional consequences of altered LEP methylation levels in blood, as 

well as missing data for measures such as 4-year body fat percentage reducing the 

sample size in the relevant analyses, and consequently the statistical power. Further 

work is required to replicate these relationships between pregnancy exposures, 

genetic variations, LEP methylation and later BMI in other cohorts, and to determine if 

this modest relationship between early life LEP methylation and later BMI persists into 

later life. 
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Abstract 

Background: Leptin regulates satiety and energy homeostasis, and plays a key role in 

placentation in pregnancy. Previous studies have demonstrated regulation of leptin 

gene (LEP) expression and/or methylation in placenta and cord blood in association with 

early life exposures, but most have been small and have not considered the influence of 

genetic variation. Here, we investigated the relationship between maternal factors in 

pregnancy, infant anthropometry and LEP genetic variation with LEP promoter 

methylation at birth and 12 months of age. 

Methods: LEP methylation was measured in cord (n=877) and 12-month (n=734) blood 

in the Barwon Infant Study, a population-based pre-birth cohort. Infant adiposity at birth 

and 12-months was measured as triceps and subscapular skinfold thickness. Cross-

sectional regression tested associations of methylation with pregnancy and 

anthropometry measures, while longitudinal regression tested if birth anthropometry 

predicted 12-month LEP methylation levels.  

Results: Male infants had lower LEP methylation in cord blood (-2.07% average 

methylation, 95% CI (-2.92, -1.22), p<0.001). Genetic variation strongly influenced DNA 

methylation at a single CpG site, which was also negatively associated with birth weight 

(r=-0.10, p=0.003). Pre-eclampsia was associated with lower cord blood methylation at 

another CpG site (-6.06%, 95% CI (-10.70, -1.42), p=0.01). Gestational diabetes was more 

modestly associated with methylation at two other CpG units. Adiposity at birth was 

associated with 12-month LEP methylation, modified by rs41457646 genotype. There 

was no association of LEP methylation with 12-month anthropometric measures. 

Conclusions: Infant sex, weight, genetic variation, and exposure to pre-eclampsia and 

gestational diabetes, are associated with LEP methylation in cord blood. Infant adiposity 

at birth predicts 12-month blood LEP methylation in a genotype-dependent manner. 

These findings are consistent with genetics and anthropometry driving altered LEP 

epigenetic profile and expression in infancy. Further work is required to confirm this and 

to determine the long-term impact of altered LEP methylation on health.  
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Introduction 

In utero exposures such as maternal obesity and gestational diabetes mellitus (GDM) are 

linked to increased offspring cardiometabolic risks including childhood obesity (Drake 

and Reynolds 2010) and increased blood pressure and adverse cardiometabolic markers 

(West, Crume et al. 2011). Pre-eclampsia is associated with increased blood pressure 

and BMI (Davis, Lazdam et al. 2012). These risk are mediated, at least in part, by specific 

epigenetic variation including DNA methylation (reviewed in Smith and Ryckman 2015). 

Leptin is a hormone strongly related to cardiometabolic health and energy homeostasis 

(Friedman and Halaas 1998). Leptin levels increase during pregnancy (Grattan, Ladyman 

et al. 2007), potentially regulating maternal-fetal nutrient exchange and placental 

function (Jansson, Greenwood et al. 2003). Leptin resistance, which has been linked to 

obesity (reviewed in Myers Jr, Leibel et al. 2010), becomes apparent in pregnancy 

(Grattan, Ladyman et al. 2007), presumably to enable increased maternal nutrient 

intake. Animal models also suggest leptin plays a role in early organ maturation 

(reviewed in Briffa, McAinch et al. 2015).  

The leptin gene (LEP) is expressed predominantly in adipose tissue, but also across other 

several tissues including placenta (Green, Maffei et al. 1995, Bado, Levasseur et al. 

1998). Expression LEP is modulated by promoter methylation status (Melzner, Scott et 

al. 2002, Iliopoulos, Malizos et al. 2007, Hogg, Robinson et al. 2014) and higher maternal 

pre-pregnancy body mass index (BMI) and hyperglycaemia have been linked to 

decreased cord blood LEP methylation levels (Lesseur, Armstrong et al. 2013, Allard, 

Desgagne et al. 2015, Kadakia, Zheng et al. 2017) and increased leptin levels (Allard, 

Desgagne et al. 2015). Maternal obesity and GDM are associated with increased LEP 

methylation in the placenta (Lesseur, Armstrong et al. 2014), though the direction of 

effect of impaired maternal glucose tolerance on placental LEP methylation differs on 

the maternal and fetal sides of the placenta (Bouchard, Thibault et al. 2010). Pre-

eclampsia is associated with decreased LEP methylation (Hogg, Blair et al. 2013, Xiang, 

Cheng et al. 2013) and increased LEP expression in the placenta (Laivuori, Gallaher et al. 
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2006), as well as increased cord plasma leptin levels in infants (Ødegård, Vatten et al. 

2002). Though differential LEP methylation in association with pre-eclampsia has yet to 

be determined in cord blood, corticotropin-releasing hormone, which is elevated in pre-

eclampsia (Ng, Leung et al. 2003), has been linked to increased cord blood LEP 

methylation (Tian, Rifas-Shiman et al. 2018). Infants born small for gestational age (GA) 

show increased cord blood LEP methylation (Lesseur, Armstrong et al. 2013), and 

macrosomia is associated with decreased LEP methylation in cord blood (Wang, Xu et 

al. 2019) but not placenta tissue (Xu, Yang et al. 2014). Exposure to famine around the 

periconceptional period or late gestation is associated with increased LEP methylation 

in the blood of offspring in adulthood (Tobi, Lumey et al. 2009), while low birth weight 

has been linked to increased adipose LEP methylation in adulthood (Schultz, Broholm et 

al. 2014). Genetic variation in LEP may influence promoter methylation levels in cord 

blood (Lesseur, Armstrong et al. 2013), as well as leptin levels and cardiometabolic 

health measures later in life (Hager, Clement et al. 1998, Jiang, Wilk et al. 2004, 

Meirhaeghe, Cottel et al. 2005, Souren, Paulussen et al. 2008, Kilpeläinen, Carli et al. 

2016), but data are limited and conflicting. In addition, at present there is limited 

information about the longitudinal relationship between early life LEP methylation and 

infant growth measures.  

In this study, we investigated the relationship between maternal factors, GDM, pre-

eclampsia, fetal growth, and offspring LEP genetic variation with LEP methylation in cord 

blood. In addition, we investigated the longitudinal relationship between LEP 

methylation and infant weight and adiposity over the first postnatal year, and how this 

relationship may be influenced by other maternal or infant factors.  
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Materials and Methods  

Study participants 

The Barwon Infant Study (BIS) is a population-based pre-birth cohort based in south-

eastern Australia (Vuillermin, Saffery et al. 2015). Women were recruited prior to 32 

completed weeks of pregnancy from two hospitals in the Barwon region (Victoria) 

between 2010 and 2013, and provided written informed consent. Offspring inclusion 

criteria were a GA of at least 32 weeks, and no diagnosis of genetic disease, congenital 

malformation, or serious illness. The Barwon Health Human Research Ethics Committee 

approved the study protocol. Of 1 064 eligible mothers and 1 074 infants in the study, 

877 with both cord blood samples and genetic data were included in analysis at birth, 

and 734 with data at birth and 12 months were included in the longitudinal analysis. 

 

Maternal and infant measures 

Maternal health measures were (i) maternal age at conception, (ii) pre-pregnancy BMI, 

(iii) early pregnancy weight gain, (iv) GDM status during pregnancy, and (v) diagnosis of 

preeclampsia. Pre-pregnancy BMI was calculated from self-reported weight and directly 

measured height. Pregnancy weight gain was estimated from pre-pregnancy weight 

compared to weight at 28-weeks pregnancy. GDM was defined using International 

Association of Diabetes and Pregnancy Study Groups (IADPSG) criteria (Nankervis, 

McIntyre et al. 2013). Diagnosis of pre-eclampsia was made from medical records 

according to the International Society for the Study of Hypertension in Pregnancy 

(ISSHP) criteria (Tranquilli, Dekker et al. 2014). Infant health measures included sex, 

weight and GA recorded at birth, which was used to calculate weight z-score (weight 

adjusted for sex and either gestational age at birth or postnatal age at 12-month follow-

up), and mean triceps/subscapular skinfold thickness (a measure of adiposity in infancy 

(Schmelzle and Fusch 2002)) measured using Holtain callipers (de Onis, Onyango et al. 
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2004) within two days of birth and at the 12-month follow-up. Weight z-scores were 

based on revised British UK-WHO growth charts (Cole, Williams et al. 2011) and WHO 

child growth standards (Group and de Onis 2006) for birth and 12-month weight, 

respectively. The change in infant weight z-score between birth and 12 months was 

considered as a 12-month measure. 

 

LEP methylation measurement 

Genomic DNA was extracted from cord blood and infant 12-month whole blood using 

the QIAamp DNA QIAcube HT Kit (QIAGEN, Hilden, Germany) according to the 

manufacturer’s protocol, and underwent bisulphite conversion using the MagPrep 

Lightning Conversion Kit (Zymo Research, Irvine, California, United States). DNA 

methylation was quantified in all available blood samples to maximise study power. A 

region of the LEP promoter (145bp, hg19:chr7:127 881 231-127 881 375) examined in 

other studies (Tobi, Lumey et al. 2009, Bouchard, Thibault et al. 2010, Hogg, Blair et al. 

2013, Lesseur, Armstrong et al. 2013, Xu, Yang et al. 2014) was targeted. For 

amplification, the forward primer was 5’-CGGGGCGGGAGTTGGCGTTAGA-3’ with a 

balance tag, and the reverse primer was 5’-CGGCGCGTTTTTTTTTTTTTTTTTGTT-3’ with a 

T7 promoter tag. Based on in silico prediction, the region covered 10 measurable CpG 

units containing a total of 14 CpG sites (Supp. Figure 1). A single product of the expected 

sequence was amplified from bisulphite converted human genomic DNA (not shown). 

Methylation was quantified using the locus-specific SEQUENOM MassARRAY EpiTYPER 

platform (Agena Bioscience, San Diego, California, United States) as described previously 

(Mansell, Novakovic et al. 2016, Lam, Ancelin et al. 2018). Samples were quantified in 

triplicate, and replicates that differed by more than 10% methylation excluded. The 

intra-individual mean of the remaining replicates was used in analysis. CpG units missing 

data for more than 20% of participants at either timepoint were excluded.  
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To consider the potential influence of cellular heterogeneity of the blood samples, flow 

cytometry (FACsCalibur) was used to assess the proportions of lymphocytes, monocytes 

and granulocytes (Collier, Tang et al. 2015), presented as a percentage of total white 

blood cells. These measures were used in sensitivity analysis.  

 

LEP genetic variation 

Genotyping was performed on the Infinium Global Screening Array-24 v1.0 BeadChip 

(Illumina, San Diego, California, United States) by the Erasmus MC University Medical 

Center. The Sanger Imputation Service (Wellcome Sanger Institute, Hinxton, United 

Kingdom), with the Haplotype Reference Consortium reference population (McCarthy, 

Das et al. 2016), was used to impute genotypes for a total of 7 582 152 single nucleotide 

polymorphisms (SNPs) after quality control. Participants were excluded if their initial 

genotyping failed at more than 5% of SNPs (n=4) or had a heterozygosity rate of greater 

than 4 standard deviations (SDs) from the cohort mean (n=15). SNPs were excluded if 

they failed in more than 5% of participants (3% of SNPs), were rare (minor allele 

frequency (MAF) < 0.01; 24% of SNPs pre-imputation and 80% of SNPs post-imputation), 

not in Hardy-Weinberg Equilibrium (p<1x10-6; 2.3% of SNPs pre-imputation and 1% of 

SNPs post-imputation), or had a MAF more than 0.2 different to the reference 

population (0.01% of SNPs post-imputation) (Turner, Armstrong et al. 2011). Imputed 

SNPs were also dropped if they had an imputation information score less than 0.8. SNPs 

in or within 20kb of the LEP gene (56,352bp in total, hg19:chr7:127 861 331-127 917 

682) were extracted for this study. The HaploView software was used to select tag SNPs 

to act as proxies for clusters of SNPs with R2>0.1, after mandating the inclusion of two 

of three SNPs previously associated with BMI, leptin expression or LEP methylation: 

rs7799039 (Jiang, Wilk et al. 2004, Martins, Trujillo et al. 2017) and rs2167270 (Souren, 

Paulussen et al. 2008, Lesseur, Armstrong et al. 2013, Marcello, Calixto et al. 2015). 

While rs10249476 is also associated with the specified outcomes (Kilpeläinen, Carli et 
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al. 2016), it was excluded in this analysis due to complete linkage disequilibrium with 

rs2167270. This resulted in 16 tag SNPs (see Supp. Table 5) for inclusion in analysis.  

 

Statistical analysis 

Initial analysis was performed to test the strength of association between methylation 

at each LEP CpG unit and maternal, infant or genetic measures (using Student t-test, 

Pearson’s correlation test, or one-way ANOVA, as appropriate). All analysis was adjusted 

for EpiTYPER batch. For comparisons of methylation between groups (Student t-test or 

one-way ANOVA), equal variance was a reasonable assumption (Bartlett's test for equal 

variances). To determine the independence of signals identified in the initial analysis, 

multivariable linear regression models predicting methylation were used; first to 

determine which SNPs were independently associated with methylation, and then with 

additional inclusion of maternal/infant measures with evidence of association stronger 

than p<0.05 in the initial analysis. All linear regression models with 12-month measures 

were adjusted for infant age in months at the time of the 12-month review. Potential 

sex- or genotype-specific relationships between maternal/infant measures and LEP 

methylation were investigated by adding sex*measure and SNP*measure product terms 

sequentially to the regression models. Continuous measures were centred for 

interaction effect analysis by subtracting the sample mean. For sensitivity analysis, blood 

cellular composition, delivery mode, and bisulphite conversion plate were included as 

variables in models, with breastfeeding (months exclusively breastfed and months with 

any breastfeeding) included to determine if it modified associations with LEP 

methylation, as has previously been reported (Obermann-Borst, Eilers et al. 2013). 

Sensitivity analysis for longitudinal models (birth methylation predicting 12-month 

anthropometry or birth anthropometry predicting 12-month methylation) included 

adjusting the models for the corresponding 12-month measure of the predictor. 

Interaction terms and variables considered in sensitivity analysis were only included in 

the final model if they substantially improved the fit of the model (likelihood ratio test 
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p<0.05) and modified the effect sizes of the main exposures of interest by more than 

15%. All analysis was performed in Stata 15 IC (StataCorp, College Station, Texas, United 

States). 

 

Data and code availability 

The data and code used in this analysis are available upon reasonable request. 

 

Results 

Cohort characteristics and LEP methylation 

The details of maternal and infant characteristics are shown in Table 1. Following quality 

control, of 10 analytical CpG units (Supp. Table 1), CpG1.2 and CpG12 were excluded 

due to excessive missing data. Methylation levels were approximately normally 

distributed for all CpG units at both timepoints and generally increased from birth to 12 

months of age (Figure 1). The largest increase was at CpG11, which showed a mean 

methylation of 44.7% (SD 12.2%) at 12-months, compared to 22.9% (SD 7.3%) at birth. 

The methylation levels at each CpG unit between the two timepoints were correlated 

for some but not all units (r = 0.02 to 0.27, Supp. Table 2). At each timepoint, 

methylation between pairs of CpG units was correlated (r = 0.11 to 0.57 at birth, Supp. 

Table 3; r = 0.14 to 0.63 at 12-months, Supp. Table 4).  
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Table 1. Maternal, birth and 12-month infant measures of participants included in study. 
Birth timepoint N=877 

Maternal   
 N Mean (SD) 
Age at conception (years)  877 31.3 (4.7) 
Pre-pregnancy BMI (kg/m2)  746 25.3 (5.3) 
Pregnancy weight gain (kg) 746 11.0 (5.1) 
  n (%) 
Gestational diabetes  770 35 (4.6) 
Pre-eclampsia 873 25 (2.9) 
   
Infant   
  n (%) 
Infant sex (male) 877 449 (51.2) 
  Mean (SD) 
Gestational age (weeks) 877 39.5 (1.5) 
Birth weight (grams) 877 3 545.2 (511.0) 
Birth weight z-score 877 0.4 (0.9) 
Triceps+subscapular skinfold mean 
(mm) 

843 4.9 (1.1) 

   

12-month timepoint N=734 

Infant   
 N Mean (SD) 
Age (months) 734 13.0 (0.8) 
Weight (kilograms) 730 10.1 (1.3) 
Weight z-score 730 0.4 (1.0) 
Change in weight from birth (kilograms) 730 6.6 (1.2) 
Change in weight z-score from birth 730 0.1 (1.1) 
Triceps+subscapular skinfold mean 
(mm) 

726 7.9 (1.6) 

   

The N for each measure indicates the number of participants with data for that measure 

in the study sample.  
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Figure 1. Distribution and mean differences between LEP methylation at birth (open 
circles) and 12 months (filled circles) by CpG unit. Mean differences (Δ) and 
p-values are adjusted for actual age at 12 months and EpiTYPER batch. Error 
bars are mean ± standard deviation. 
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Early development and genetic determinants of LEP cord blood DNA methylation 

At birth, male sex was associated with lower average LEP methylation across the region 

and at most individual CpG units (Table 2). Exposure to pre-eclampsia was associated 

with lower CpG14 methylation (6.06% decrease, 95% CI -10.70% to -1.42%, p=0.01), 

while the evidence for an association of LEP methylation with GDM was more modest 

with higher CpG4.5.6 (cg00840332) (1.59% increase, 95% CI 0.20% to 2.99%, p=0.03) and 

lower CpG3 methylation (1.53% decrease, 95% CI -3.12% to 0.07%, p=0.06). Of the infant 

anthropometry measures, birth weight z-score was negatively associated with CpG7 

(cg19594666) methylation (r -0.10, p=0.003). There was modest evidence for negative 

relationship between GA and methylation at CpG3 (r -0.08, p=0.02) and CpG4.5.6 (r -

0.07, p=0.05). No signals were observed for maternal age, pre-pregnancy BMI, 

pregnancy weight gain or infant mean of skinfold thickness with any LEP methylation 

measures at birth. 

Genotypes at three SNPs (rs2167270, rs7799039, rs2071045) were associated with DNA 

methylation at most CpG units tested, with the greatest magnitude of effect seen at 

CpG7. The minor allele of rs2167270 was associated with lower CpG7 methylation, while 

rs7799039 and rs2071045 minor alleles were associated with higher CpG7 methylation. 

Minor alleles at several other SNPs (rs112440054, rs76129516, rs4731424, rs28954111, 

rs41457646) were only associated with CpG7 methylation (Supp. Table 5). Effect sizes 

ranged from 4 to 10% change in CpG7 methylation per additional minor allele, with 

rs2167270 having the largest effect size (-13.20% for one minor allele, and an additional 

decrease (-7.08%) for homozygote minor allele).  

The negative relationship between birth weight z-score and CpG7 methylation persisted 

after adjustment for rs2167270 minor allele count, though the magnitude was 

diminished (Table 3). In this combined model, genotype predicted a much larger 

proportion of CpG7 methylation variation than sex or birth weight z-score (R2 of 40.11%, 

0.60% and 0.45%, respectively).  
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The relationship between pre-eclampsia and CpG14 methylation was substantially 

altered by inclusion of pre-eclampsia*rs7799039 genotype interaction terms in the 

model. While rs7799039 genotype was not associated with CpG14 methylation, pre-

eclampsia predicted a 16.64% decrease in CpG14 methylation in infants with G/G 

genotype (4 of 129 infants exposed to pre-eclampsia, 95% CI -25.49 to -7.78, p<0.001), 

but only a 2.45% decrease in infants with G/A genotype (6 of 346 infants exposed) and 

1.34% in infants with A/A genotype (4 of 140 infants exposed). Pre-eclampsia and the 

pre-eclampsia*rs7799039 genotype interaction effect explained 0.98% and 1.14% of 

CpG14 methylation, respectively. The association of GDM and GA with methylation did 

not vary by infant sex or genotype. The final models for birth CpG3 and CpG4.5.6 

methylation each included GDM status, infant sex and rs2167270 genotype (Supp. Table 

6). 
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Table 2. Associations of pregnancy exposures and birth phenotypes with cord blood LEP methylation levels.  
CpG3 CpG4.5.6 CpG7 CpG8.9 CpG10  

r p r p r p r p r p 
Maternal age -0.02 0.61 0.01 0.80 -0.05 0.18 -0.02 0.61 -0.02 0.61 
Maternal pre-pregnancy BMI -0.01 0.87 0.04 0.31 0.01 0.87 0.04 0.30 0.00 0.98 
Maternal pregnancy weight 
gain 

-0.01 0.88 0.03 0.40 0.00 0.95 0.05 0.23 -0.06 0.11 

 Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p 
GDM -1.53 (-3.13, 0.07) 0.06 1.59 (0.20, 2.99) 0.03 1.16 (-2.88, 5.20) 0.57 1.93 (-0.52, 4.38) 0.12 0.43 (-3.12, 3.98) 0.81 
Pre-eclampsia 0.20 (-1.76, 2.16) 0.84 0.95 (-0.77, 2.68) 0.28 1.39 (-3.76, 6.54) 0.60 1.00 (-1.96, 3.87) 0.49 0.23 (-3.98, 4.43) 0.92 
Sex (male) -0.51 (-1.15, 0.13) 0.12 -1.08 (-1.64, -0.53) <0.001 -1.78 (-3.38, -0.18) 0.03 -2.13 (-3.07, -1.18) <0.001 -2.77 (-4.14, -1.40) <0.001 
 r p r p r p r P r p 
Gestational age -0.08 0.02 -0.07 0.05 0.02 0.60 -0.03 0.44 -0.05 0.13 
Birth weight z-score -0.01 0.80 -0.01 0.81 -0.10 0.003 0.05 0.14 0.01 0.74 
Birth tri/sub SF mean -0.04 0.25 0.01 0.77 -0.01 0.78 0.04 0.29 0.03 0.43 

 CpG11 CpG13 CpG14 Average   

 r p r p r p r p   
Maternal age 0.02 0.65 0.02 0.52 0.01 0.87 -0.03 0.50   
Maternal pre-pregnancy BMI 0.02 0.69 -0.02 0.55 0.00 0.94 -0.05 0.38   
Maternal pregnancy weight 
gain 

0.06 0.11 -0.02 0.70 0.02 0.69 0.04 0.45   

 Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p   
GDM 0.78 (-1.88, 3.44) 0.57 1.38 (-2.03, 4.79) 0.43 -1.00 (-4.76, 2.75) 0.60 0.42 (-2.07, 2.92) 0.74   
Pre-eclampsia 1.38 (-1.80, 4.56) 0.39 3.30 (-0.62, 7.22) 0.10 -6.06 (-10.70, -1.42) 0.01 0.26 (-3.23, 3.75) 0.88   
Sex (male) -0.83 (-1.84, 0.17) 0.10 -1.38 (-2.55, -0.20) 0.02 -2.79 (-4.19, -1.39) <0.001 -2.07 (-2.92, -1.22) <0.001   
 r p r p r p r p   
Gestational age -0.07 0.06 -0.05 0.21 -0.06 0.15 -0.08 0.10   
Birth weight z-score -0.04 0.30 -0.05 0.18 0.01 0.77 0.00 0.97   
Birth tri/sub SF mean -0.04 0.31 -0.03 0.46 0.02 0.62 0.03 0.50   

Effect sizes given as change in percentage methylation adjusted for EpiTYPER batch. P-values are unadjusted for multiple comparisons. Diff. = mean 

difference, 95% CI = 95% confidence interval, tri/sub SF = triceps/subscapular skinfold. 
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Table 3. Multivariable linear regression full model predicting birth CpG7 methylation (%) 
(n=754).  

β p 95% CI R2 contribution 

Sex (male) -1.80 0.003 -2.98 to -0.61 0.60% 

Birth weight z-score -0.73 0.02 -1.36 to -0.10 0.45% 

rs2167270                          G/A -12.96 <0.001 -14.24 to -11.67 40.11% 

A/A -19.97 <0.001 -21.80 to -18.13  

     

R2 contributions calculated as reduction in model R2 after removal of term from full 

model. Model adjusted for EpiTYPER batch. Effect sizes for rs2167270 are compared to 

G/G genotype. 

 

 

12-month LEP blood methylation analysis 

At 12 months of age, the association remained between male infants and lower average 

LEP methylation, although the effect was of smaller magnitude (average difference of -

0.86%, 95% CI -1.57% to -0.13%, p=0.02). None of the weight or adiposity measures at 

12 months were cross-sectionally related to average LEP methylation nor individual CpG 

unit methylation (Supp. Table 7). As at birth, genetic variants were associated with 

average and unit-specific LEP methylation levels at 12-months, albeit slightly 

attenuated. In contrast to birth, there was no evidence of an association between 

exposure to pre-eclampsia and CpG14 methylation at 12 months. Similarly, there was 

no evidence for exposure to GDM influencing CpG3 or CpG4.5.6 methylation at 12 

months.  
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Longitudinal associations between infant anthropometry and LEP methylation 

We found evidence that mean triceps/subscapular skinfold thickness at birth predicted 

decreased average methylation at 12 months (r -0.09, p=0.02) (Table 4a), even after 

accounting for triceps/subscapular skinfold thickness at 12 months. There was evidence 

for an interaction between birth triceps/subscapular skinfold thickness and rs41457646 

genotype, with skinfold thickness predicting decreased average methylation at 12 

months specifically in infants with G/G genotype, with increased methylation in those 

with a G/A genotype (Table 4b). Inclusion of interaction terms improved the fit of the 

model (p=0.009) and explained an additional 1.31% of variation for average 12-month 

methylation. In combination, sex, genotype and skinfold thickness measures explained 

a total of 3.91% of the variance in average 12-month methylation levels. There was no 

evidence that average or unit-specific LEP methylation predicted 12-month weight or 

adiposity measures (Supp. Table 8). 

 

Additional sensitivity analyses 

Adjusting for cellular composition of cord blood samples did not alter any of the 

reported relationships. Cellular composition of 12-month blood samples was associated 

with average methylation across the region at 12 months, with proportion of 

lymphocytes positively associated with methylation (r 0.24, p<0.001) and granulocytes 

inversely associated with methylation (r -0.21, p<0.001). Inclusion of proportion of 

lymphocytes and labour exposure variables to the longitudinal model of birth mean 

triceps/subscapular skinfold thickness and rs41457646 genotype predicting average 12-

month methylation explained an additional 1.79% of 12-month methylation variance, 

but did not alter the effect sizes of skinfold thickness, rs41457646 genotype or the gene-

skinfold thickness interaction. Adjusting for bisulphite conversion batch or 

breastfeeding duration in models containing 12-month measures did not alter any of 

the above findings. 
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Tables 4a and 4b. Longitudinal analysis of birth weight and adiposity predicting 12-month LEP methylation. 

Table 4a. Associations between birth weight/adiposity and 12-month LEP methylation.  
CpG3 CpG4.5.6 CpG7 CpG8.9 CpG10 

 r p r p r p r P r p 

Birth weight z-score 0.01 0.63 0.04 0.31 -0.05 0.13 0.03 0.36 -0.01 0.88 

Birth tri/sub SF mean -0.04 0.20 -0.01 0.87 -0.08 0.03 -0.03 0.44 -0.08 0.03 

 CpG11 CpG13 CpG14 Average  

 r p r p r p r p   

Birth weight z-score -0.01 0.74 -0.02 0.68 0.01 0.84 -0.01 0.85   

Birth tri/sub SF mean -0.08 0.04 -0.05 0.20 -0.02 0.69 -0.09 0.02   

Table 4b. Final linear regression model predicting 12-month average LEP methylation (%) across the assayed region (n=395). 

 β p 95% CI R2 contribution 

Birth tri/sub SF mean for G/G genotype (mm) -0.67 0.001 -1.05 to -0.29 0.76% 
Sex (male) -0.99 0.009 -1.73 to -0.25 0.98% 
rs41457646 effects for infants with average birth tri/sub SF mean    0.86% 

G/A -0.08 0.86 -0.93 to 0.78  
A/A 3.63 0.02 0.55 to 6.71  

Tri/sub SF*rs41457646 interaction    1.31% 
Additional birth tri/sub SF mean effect for G/A genotype (mm) 1.21 0.003 0.42 to 1.99  
Additional birth tri/sub SF mean effect for A/A genotype (mm) -0.62 0.82 -5.90 to 4.66  

     

 

R2 contributions calculated as reduction in model R2 after removal of term from full model. Adjusted for EpiTYPER batch and age at 12-
month timepoint. Effect sizes for rs41457646 are compared to homozygous major allele (G/G) genotype. Adjusting for age at 12-month 
weight/adiposity measures did not alter findings. Association p-values are unadjusted for multiple comparisons. tri/sub SF = 
triceps/subscapular skinfold 
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Discussion 

In this large pre-birth cohort, we report evidence for relationships between genetic 

variation, adverse pregnancy conditions, and fetal growth with LEP methylation in cord 

blood. We also found evidence that birth adiposity measures predict LEP methylation in 

peripheral blood at 12 months of age in a genotype-dependent manner (Figure 2).  

The negative relationship between fetal growth and LEP methylation is consistent with 

increased in utero nutrition negatively influencing LEP promoter methylation. Based on 

previous studies, this decreased methylation would be anticipated to increase LEP 

expression (Melzner, Scott et al. 2002, Hogg, Robinson et al. 2014). Genotype of the LEP 

gene may play a role in influencing the established link between increased in utero nutrition 

and increased circulating leptin levels (Muhlhausler, Duffield et al. 2007, Allard, Desgagne 

et al. 2015). The direction of effect for infant sex and adiposity was consistent across 

multiple CpG units, while specific genetic variants, health during pregnancy, and fetal 

growth showed evidence of associations with methylation variation only at specific CpG 

units. Our findings highlight the importance of considering both genetics and environment 

as potential drivers of early life methylation levels.  
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Figure 2. Summary of relationships observed in this study between genetic, pregnancy, infant anthropometry, and LEP 
methylation measures. β, p and R2 values are from final linear regression models.  
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LEP methylation is influenced by genetic variation and sex 

At birth, only genetic variation and infant sex were associated with average LEP 

methylation across the assayed region. The minor alleles of several SNPs were 

independently associated with LEP methylation, with rs2167270 genotype showing the 

strongest effect. This is the only SNP within the assayed LEP region (Supp. Figure 1), 

located in the first exon (hg19:chr7:127,881,349). The rs2167270 genotype has also 

previously been reported to influence LEP cord blood methylation (Lesseur, Armstrong 

et al. 2013), circulating leptin levels, BMI, and other cardiometabolic measures, however 

findings have been inconsistent (Hager, Clement et al. 1998, Jiang, Wilk et al. 2004, 

Meirhaeghe, Cottel et al. 2005, Souren, Paulussen et al. 2008). The rs10249476 

genotype (in complete linkage disequilibrium with rs2167270) has also been linked to 

adult leptin levels following adjustment for BMI (Kilpeläinen, Carli et al. 2016). 

Infant sex was associated with LEP methylation across the region. Lower LEP 

methylation in males is consistent with previous findings in both infant (Obermann-

Borst, Eilers et al. 2013) and adult (Tobi, Lumey et al. 2009) whole blood. A previous 

study found a stronger effect of prenatal famine on LEP methylation in adult whole 

blood in males (Tobi, Lumey et al. 2009). Another found male-specific associations 

between placental LEP methylation, LEP expression and infant neurological outcomes 

(Lesseur, Armstrong et al. 2014). However, in this study, we did not find evidence of 

male-specific associations between exposures and LEP methylation in blood. 

LEP methylation and birth weight 

CpG7 (cg19594666), negatively related with birth weight adjusted for age and sex in this 

study, is located in a predicted CEBPB transcription factor binding site. CEBPB binding 

increases LEP expression and higher CEBPB expression in adult adipose tissue predicts 

elevated adipose LEP expression (Krempler, Breban et al. 2000). Cord blood leptin levels 

are strongly positively associated with birth weight, birth length and ponderal index, and 

negatively associated with weight gain over the first 4 postnatal months (Ong, Ahmed 
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et al. 1999). The negative direction of the relationship between birth CpG7 methylation 

and birth weight z-score is in agreement with two previous studies of LEP cord blood 

methylation that reported an association between small for GA infants and increased 

LEP methylation (Lesseur, Armstrong et al. 2013), and an association between lower LEP 

methylation and macrosomia (Wang, Xu et al. 2019). It is also consistent with increased 

CpG7 methylation reducing CEBPB binding and consequently leptin expression, though 

an in vitro study reported that the oxidation state of methylation determined its effect 

on CEBPB binding (Sayeed, Zhao et al. 2015). 

LEP methylation and pre-eclampsia 

We have found evidence of an association between pre-eclampsia and lower cord blood 

methylation at CpG14. This is consistent with a previous study investigating LEP 

methylation in placental tissue, that found early-onset pre-eclampsia, but not late-

onset, was associated with decreased methylation at CpG14 but not CpG sites upstream 

(Hogg, Blair et al. 2013). However, this previous study reported that other CpGs proximal 

to CpG14 were also hypomethylated in association with pre-eclampsia, which we did 

not observe in our study. Pre-eclampsia has been linked to both elevated LEP mRNA in 

placenta (Mise, Sagawa et al. 1998), and increased leptin levels in cord plasma (Ødegård, 

Vatten et al. 2002). In this study, we found that the effects of pre-eclampsia of CpG14 

methylation differed by genotype at rs7799039, a SNP that has previously been linked 

to BMI and gestational weight gain (Jiang, Wilk et al. 2004, Martins, Trujillo et al. 2017). 

LEP methylation and maternal metabolic health 

Previous studies have reported associations of maternal BMI and GDM with offspring 

LEP methylation. Two studies, one investigating maternal BMI and GDM (n=535) 

(Lesseur, Armstrong et al. 2014) and the other investigating maternal glycemia (n=48) 

(Bouchard, Thibault et al. 2010), reported that these measures are positively associated 

with LEP methylation in placental tissue. In studies of cord blood, two studies (n=81 and 

114) reported negative associations between maternal BMI and LEP methylation 
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(Lesseur, Armstrong et al. 2013, Kadakia, Zheng et al. 2017), while another investigating 

the effects of GDM on cord blood methylation (n=251) reported there was no 

association (El Hajj, Pliushch et al. 2013). We found modest evidence of a relationship 

between GDM and LEP methylation at CpG3 and CpG4.5.6 (albeit in in opposite 

directions). As such, we are the first to report evidence of an association between GDM 

and LEP methylation in cord blood. However, in contrast with previous studies (Lesseur, 

Armstrong et al. 2013, Kadakia, Zheng et al. 2017), we observed no signals for maternal 

pre-pregnancy BMI influencing LEP methylation in infants. This could potentially be 

influenced by reporting bias as pre-pregnancy BMI was derived from self-reported 

weight in this study, rather than clinical records (Lesseur, Armstrong et al. 2013). 

LEP methylation and growth over time 

Average methylation levels increased across most CpG units from birth to 12 months. 

However, the increase in CpG11 methylation was substantially greater at 12 months 

(Figure 1) and subsequently may have specific and temporal biological significance. The 

mean triceps and subscapular skinfold thickness at birth predicted lower 12-month 

methylation most strongly at CpG7, CpG10 and CpG11.  

The potential for genetics and infant anthropometric measures to predict LEP promoter 

methylation appears to be greater at birth. Excluding technical variables, the regression 

model for CpG7 methylation levels explained 41.26% of variation in methylation in total, 

with the rs2167270 genotype explaining substantially more variation than infant sex and 

weight z-score at birth. In contrast, rs41457646 genotype and mean skinfold thickness 

at birth explained only 2.93% in the model for average 12-month methylation across the 

LEP region. This may reflect the broader range of potential influences on LEP 

methylation in the postnatal environment, or a dynamic change in LEP regulation during 

postnatal development. While breastfeeding has been linked to altered LEP methylation 

later in childhood (Sherwood, Bion et al. 2019), adjusting for breastfeeding did not 

modify any of our findings.  
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Strengths, limitations and implications 

This study is the first to investigate white blood cell LEP methylation across two early life 

time points, and is larger than previous LEP methylation studies. In combination with 

the maternal health measures, infant anthropometry and LEP genotyping, it has allowed 

for the investigation of the independence of influences on the longitudinal relationship 

between LEP methylation and infant anthropometry at 12 months. A limitation of this 

study is the lack of comparable LEP expression levels or serum leptin data to support a 

downstream functional role of altered methylation. Although decreased LEP promoter 

methylation has been linked to increased LEP expression in cancer cell lines (Hogg, 

Robinson et al. 2014), adipocytes (Melzner, Scott et al. 2002), and chondrocytes 

(Iliopoulos, Malizos et al. 2007) in vitro, the functional consequences of altered LEP 

methylation in cord blood are yet to be established. Findings from studies investigating 

the relationship between LEP methylation and mRNA expression in the placenta have 

been contrasting (Bouchard, Thibault et al. 2010, Xu, Yang et al. 2014), though there is 

evidence for cord blood LEP methylation influencing cord blood leptin levels (Allard, 

Desgagne et al. 2015). As this study analysed maternal and infant measures previously 

linked to leptin or LEP methylation, we did not perform correction for multiple 

comparisons. As such, this increases the probability that at least one of the reported 

associations are due to chance, though our core findings have persisted in multivariable 

and sensitivity analysis. Our study may have had limited capacity to investigate GDM 

and pre-eclampsia due to the low number of cases in our cohort (Table 1), and the 

analysis of pre-pregnancy BMI is potentially influenced by reporting bias. There may also 

be possible confounding due to unknown and unmeasured factors. While we have 

focused on metabolic and growth-related factors as part of our analysis, other 

environmental exposures have previously been linked to altered LEP epigenetic 

regulation or expression, including air pollution (variation in LEP methylation in placenta 

(Saenen, Vrijens et al. 2017) or serum leptin levels in adults (Wang, Eliot et al. 2014)) 

and endocrine disruptors (variation in LEP expression in adult adipose tissue (Pereira-

Fernandes, Dirinck et al. 2014) or cultured adipocytes (Kamstra, Hruba et al. 2014)). 
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As infant anthropometric measures showed stronger evidence of relationships with cord 

blood LEP methylation than maternal factors, it is plausible that the observed variations 

in LEP methylation primarily reflect the nutritional status of the neonate, rather than 

influences of sub-optimal in utero exposures. Similarly, our longitudinal analysis showed 

that infant adiposity at birth was longitudinally associated with LEP methylation at 12 

months, rather than cord blood LEP methylation playing a role in predicting infant 

weight at 12 months. The impact of this early-development shaping of LEP methylation 

levels on health throughout life is currently unknown.  

Conclusion  

We report a large increase in the methylation level of a specific CpG site in the promoter 

of LEP between birth and 12 months. Birth adiposity predicts decreased average LEP 

methylation across the assayed region in 12-month whole blood, interacting with 

genetic variation. Infant sex and cis-genetic variation influences methylation across the 

region, with genetic effects strongest at a predicted CEBPB transcription factor binding 

site, and having a stronger effect on methylation at birth. At a predicted CERPB site, 

methylation at birth was negatively associated with infant weight z-score at birth. There 

was also evidence of pre-eclampsia predicting decreased cord LEP methylation at a 

specific CpG site, and more modest evidence of GDM predicting methylation at other 

CpG sites in different directions in the final regression models. Further studies 

considering both genetics and environmental factors are warranted to replicate these 

findings and to identify other exposures potentially impacting LEP promoter methylation 

in blood, and also assess any functional effects of variation in LEP methylation in blood 

on circulating leptin levels, growth and/or cardiometabolic health.  
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Supplementary Figure 1. Location of assayed LEP CpG units (denoted with blue brackets) in relation to the LEP gene. Orange CpG sites have 
Illumina cgIDs, blue CpG sites do not. The LEP exon is depicted with a green box. The common SNP located in this region 
(rs2167270) is marked in red. 2
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Supplementary Table 1. Details on the 14 CpG sites predicted to be measured by the 
EpiTYPER platform.  

CpG unit CpG site Genomic location (chromosome 
7, GRCh37/hg19) 

cg ID CpG unit 
included 
in analysis 

1.2 1 127,881,231 - No 
 2 127,881,236 -  

3 3 127,881,246 - Yes 

4.5.6 4 127,881,257 - Yes 
 5 127,881,260 -  
 6 127,881,269 cg00840332  

7 7 127,881,280 cg19594666 Yes 

8.9 8 127,881,293 - Yes 
 9 127,881,298 cg26814075  

10 10 127,881,312 - Yes 

11 11 127,881,330 - Yes 

12 12 127,881,339 - No 

13 13 127,881,344 cg13381984 Yes 

14 14 127,881,350 - Yes 
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Supplementary Table 2. Correlations between methylation of individual CpG units in cord blood and in 12-month whole blood.  
 Cord blood 

12-month 
whole blood 

CpG3 CpG4.5.6 CpG7 CpG8.9 CpG10 CpG11 CpG13 CpG14 Average 

r p r p r p r p r p r p r p r p r p 

CpG3 0.02 0.56 0.07 0.10 0.01 0.79 0.08 0.06 0.03 0.56 0.05 0.27 0.00 0.99 0.03 0.60 0.05 0.45 
CpG4.5.6 0.02 0.66 0.13 0.003 -0.04 0.33 0.18 <0.001 0.09 0.05 0.13 0.003 0.02 0.77 -0.04 0.41 0.11 0.08 
CpG7 0.04 0.41 -0.09 0.03 0.27 <0.001 -0.03 0.51 -0.03 0.46 -0.02 0.65 -0.11 0.03 -0.02 0.63 -0.06 0.34 
CpG8.9 0.09 0.05 0.10 0.02 -0.04 0.35 0.22 <0.001 0.13 0.005 0.12 0.005 0.03 0.57 0.04 0.46 0.07 0.27 
CpG10 0.07 0.08 0.06 0.16 -0.06 0.19 0.18 <0.001 0.06 0.19 0.13 0.003 -0.01 0.90 0.00 0.96 -0.05 0.45 
CpG11 0.07 0.14 0.10 0.03 -0.14 0.002 0.15 0.001 0.13 0.008 0.17 <0.001 0.08 0.13 0.01 0.90 0.08 0.25 
CpG13 0.12 0.006 0.08 0.05 -0.09 0.05 0.09 0.03 0.04 0.36 0.07 0.14 0.06 0.24 0.02 0.65 0.02 0.73 
CpG14 0.11 0.02 0.00 0.94 0.03 0.46 0.03 0.51 0.01 0.89 0.01 0.88 0.00 0.97 0.07 0.18 0.08 0.25 
Average 0.09 0.08 0.03 0.62 -0.02 0.72 0.12 0.02 0.04 0.45 0.10 0.06 0.01 0.93 0.01 0.87 0.03 0.67 
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Supplementary Table 3. Correlations between methylation of individual CpG units in cord blood.  
 CpG3 CpG4.5.6 CpG7 CpG8.9 CpG10 CpG11 CpG13 CpG14 Average 

 r p r p r p r p r p r p r p r p r p 

CpG3 - -                 
CpG4.5.6 0.31 <0.001 - -               
CpG7 0.13 <0.001 0.18 <0.001 - -             
CpG8.9 0.33 <0.001 0.54 <0.001 0.28 <0.001 - -           
CpG10 0.20 <0.001 0.48 <0.001 0.28 <0.001 0.57 <0.001 - -         
CpG11 0.26 <0.001 0.48 <0.001 0.21 <0.001 0.49 <0.001 0.42 <0.001 - -       
CpG13 0.21 <0.001 0.36 <0.001 0.11 0.01 0.34 <0.001 0.36 <0.001 0.34 <0.001 - -     
CpG14 0.27 <0.001 0.33 <0.001 0.31 <0.001 0.39 <0.001 0.36 <0.001 0.33 <0.001 0.26 <0.001 - -   
Average 0.50 <0.001 0.72 <0.001 0.63 <0.001 0.78 <0.001 0.81 <0.001 0.73 <0.001 0.52 <0.001 0.66 <0.001 - - 
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Supplementary Table 4. Correlations between methylation of individual CpG units in 12-month whole blood.  
 CpG3 CpG4.5.6 CpG7 CpG8.9 CpG10 CpG11 CpG13 CpG14 Average 

 R p r p r p r p r p r p r p r p r p 

CpG3 - -                 
CpG4.5.6 0.28 <0.001 - -               
CpG7 0.14 0.001 0.26 <0.001 - -             
CpG8.9 0.39 <0.001 0.52 <0.001 0.29 <0.001 - -           
CpG10 0.31 <0.001 0.54 <0.001 0.39 <0.001 0.60 <0.001 - -         
CpG11 0.40 <0.001 0.56 <0.001 0.21 <0.001 0.59 <0.001 0.63 <0.001 - -       
CpG13 0.18 <0.001 0.39 <0.001 0.20 <0.001 0.39 <0.001 0.38 <0.001 0.51 <0.001 - -     
CpG14 0.20 <0.001 0.22 <0.001 0.27 <0.001 0.40 <0.001 0.36 <0.001 0.36 <0.001 0.28 <0.001 - -   
Average 0.53 <0.001 0.76 <0.001 0.64 <0.001 0.85 <0.001 0.85 <0.001 0.76 <0.001 0.70 <0.001 0.68 <0.001 - - 
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Supplementary Table 5. Summary of one-way ANOVA for cord blood CpG7 methylation 
according to LEP genotype.  

SNP 
Location 

type Genotype N 
Mean 

methylation* 
Std. 
dev. p 

rs791596 Upstream of 
LEP 

C/C 754 -0.03 11.29 0.31 

 C/T 10 3.59 9.32  
rs112440054 Upstream of 

LEP 
G/G 699 -0.33 11.28 0.005 

 G/C 65 3.73 10.61  
rs192787355 Upstream of 

LEP 
G/G 759 -0.03 11.28 0.16 

 G/A 5 7.03 7.83  
rs76129516 Upstream of 

LEP 
G/G 740 0.24 11.24 <0.001 

 G/A 24 -6.82 10.33  
rs4731424 Upstream of 

LEP 
G/G 655 -0.59 11.39 <0.001 

 G/T 103 3.59 9.99  

 T/T 6 5.44 6.70  
rs146378188 Upstream of 

LEP 
A/A 746 -0.03 11.33 0.47 

 A/G 18 1.93 8.76  
rs7799039 Upstream of 

LEP 
G/G 248 -5.81 10.35 <0.001 

 G/A 380 0.20 9.86  

 A/A 136 10.13 9.15  
rs2167270 LEP exon 1 G/G 292 9.18 9.12 <0.001 

  G/A 363 -4.02 7.99  

 
 A/A 109 -11.10 7.27  

rs140782690 LEP intron G/G 719 0.23 11.37 0.04 

  G/A 45 -3.38 9.04  
rs2071045 LEP intron T/T 444 -2.42 10.75 <0.001 

  T/C 279 2.81 10.89  

 
 C/C 41 7.42 11.90  

rs28954111 LEP intron G/G 703 0.77 11.23 <0.001 

  G/A 58 -8.44 7.58  

 
 A/A 3 -14.08 4.46  

rs41457646 LEP exon 3 G/G 563 -1.15 11.49 <0.001 

  G/A 189 3.02 9.77  

 
 A/A 12 7.54 12.38  

rs112780516 Downstream 
of LEP 

C/C 744 0.01 11.31 0.93 

 C/T 20 0.22 9.94  
rs12537998 Downstream 

of LEP 
G/G 327 -0.11 10.96 0.64 

 G/A 359 0.34 11.58  

 A/A 78 -0.93 11.17  
rs10231132 Downstream 

of LEP 
C/C 474 0.45 11.53 0.04 

 C/T 262 -1.16 10.35  

 T/T 28 3.71 14.03  
rs75651574 Downstream 

of LEP 
G/G 724 0.10 11.30 0.40 

 G/A 40 -1.45 10.75  
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 *Methylation is percentage methylation adjusted for EpiTYPER batch. P-
values are unadjusted for multiple comparisons. 
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Supplementary Table 6. Full models predicting CpG3 and CpG4.5.6 methylation at birth. 
CpG3 methylation (n=715)  

β p 95% CI R2 contribution 

Sex (male) -0.68 0.05 -1.37 to 0.00 0.52% 

Gestational diabetes (yes) -1.58 0.05 -3.18 to 0.02 0.85% 

rs2167270                          G/A 0.62 0.10 -0.11 to 1.36 0.80% 

A/A 1.30 0.02 0.23 to 2.37  

     

CpG4.5.6 methylation (n=707) 

 β p 95% CI R2 contribution 

Sex (male) -1.17 <0.001 -1.75 to -0.59 1.96% 

Gestational diabetes (yes) 1.48 0.03 0.13 to 2.83 1.64% 

rs2167270                          G/A 1.42 <0.001 0.80 to 2.04 3.72% 

A/A 1.96 <0.001 1.06 to 2.87  

     

R2 contributions calculated as reduction in model R2 after removal of term from full model. 

Model adjusted for EpiTYPER batch. Effect sizes for rs2167270 are compared to G/G genotype. 
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Supplementary Table 7. Associations between 12-month infant anthropometry and 12-month LEP methylation.  
 

 CpG3 CpG4.5.6 CpG7 CpG8.9 CpG10 

 Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p 

Sex (male) -0.34 (-0.80, 0.11) 0.14 -0.69 (-1.40, 0.01) 0.05 -2.04 (-3.75, -0.34) 0.02 -0.82 (-1.85, 0.22) 0.12 -0.95 (-2.27, 0.38) 0.16 
 r p r p r p r p r p 

12-month weight z-score -0.02 0.47 0.00 0.97 -0.04 0.22 0.02 0.56 0.06 0.10 
Change in weight z-score from birth -0.03 0.39 -0.03 0.41 0.01 0.87 -0.01 0.87 0.05 0.12 

12-month tri/sub SF mean -0.03 0.30 -0.03 0.37 -0.05 0.17 0.00 0.92 0.03 0.41 

 CpG11 CpG13 CpG14 Average   
 Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p Diff. (95% CI) p   

Sex (male) -1.47 (-3.34, 0.39) 0.12 -0.63 (-1.67, 0.40) 0.23 -0.28 (-1.87, 1.30) 0.73 -0.86 (-1.58, -0.13) 0.02   
 r p r p r p r p   
12-month weight z-score 0.01 0.82 0.03 0.42 -0.02 0.63 0.01 0.84   
Change in weight z-score from birth 0.02 0.68 0.04 0.29 -0.02 0.54 0.01 0.79   
12-month tri/sub SF mean 0.00 0.93 0.03 0.52 0.02 0.62 0.02 0.67   

Effect sizes given as change in percentage methylation adjusted for EpiTYPER batch. P-values are unadjusted for multiple comparisons. Adjusting for age at 12-
month follow-up did not alter findings. Diff. = mean difference, 95% CI = 95% confidence interval, tri/sub SF = triceps/subscapular skinfold. 

2
1

0 



 

211 

 

Supplementary Table 8. Associations between birth LEP methylation and 12-month weight/adiposity.   
CpG3 CpG4.5.6 CpG7 CpG8.9 CpG10 

 r p r p r p r p r p 

12-month weight z-score 0.01 0.79 0.03 0.44 -0.03 0.44 0.03 0.49 -0.01 0.79 

Change in weight z-score from birth 0.00 0.98 0.03 0.54 0.02 0.65 -0.07 0.08 -0.01 0.79 

12-month tri/sub SF mean 0.03 0.41 0.01 0.87 0.00 0.92 0.01 0.83 -0.03 0.50 

 CpG11 CpG13 CpG14 Average  

 r p r p r p r p   

12-month weight z-score -0.02 0.53 0.00 >0.99 -0.02 0.58 -0.05 0.35   

Change in weight z-score from birth 0.01 0.78 0.00 0.97 -0.08 0.11 -0.07 0.24   

12-month tri/sub SF mean -0.02 0.64 0.06 0.14 -0.02 0.68 -0.03 0.60   

Methylation values adjusted for EpiTYPER batch. P-values are unadjusted for multiple comparisons. Adjusting for age at 12-month follow-up 
and 12-month methylation values did not alter findings. tri/sub SF = triceps/subscapular skinfold. 
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Abstract 

Increasing evidence links epigenetic variation to anthropometric and metabolic measures. 

Leptin signalling regulates appetite and energy expenditure, and in pregnancy is important 

for nutrient supply to the fetus. Maternal metabolic health and fetal growth are linked to 

infant blood leptin gene (LEP) methylation, which has been cross-sectionally associated with 

adolescent obesity. Despite this, few studies have explored the relationship between 

infant LEP methylation and childhood anthropometry, or the impact of genetic variation on 

these relationships. 

Using a prospective birth cohort, we investigated whether blood LEP promoter methylation 

at birth and 12-months predicts weight and adiposity at four-years. Locus-specific 

methylation data was analysed by partial correlation tests and multivariable linear 

regression. 

There was weak evidence of an association of birth LEP methylation with anthropometry 

measures at 4 years. Methylation at a specific site (cg19594666) at 12-months was inversely 

associated with four-year weight (r -0.11, p=0.02) and body-mass index (BMI) (r -0.13, 

p=0.007), which persisted following adjustment for weight at birth and at 12-months. 

Neither association was influenced by genotype. 

We report the first evidence of an association between LEP methylation in infancy and 

childhood weight. Replication in additional cohorts is required to determine if this 

relationship persists. 
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Background 

Obesity, and associated comorbidities of liver disease, type 2 diabetes and cardiovascular 

disease, represents a substantial healthcare cost burden (Kopelman 2007). The aetiology of 

adult obesity starts in early life (WHO. 1997) and early prediction, particularly in infancy or 

childhood, of later body-mass index (BMI) and body composition may allow for targeting of 

effective interventions earlier in the life course. Despite this, current measures lack 

adequate predictive utility and studies are underway to identify potential molecular 

(including epigenetic) biomarkers for inclusion in risk prediction algorithms. 

A key candidate gene that may be involved in regulation of diet, and therefore weight, is 

LEP, encoding leptin that suppresses appetite and increases energy expenditure (Friedman 

and Halaas 1998). LEP expression has been widely characterised in adipose tissue, but less 

is known about LEP expression in other tissues, including blood (Green, Maffei et al. 1995, 

Hoggard, Haggarty et al. 2001).  

DNA methylation of LEP in adolescence has been negatively associated with obesity in cross-

sectional analysis (Garcia-Cardona, Huang et al. 2014). This inverse relationship is also 

reported in early life, where restricted intrauterine growth has been associated with higher 

cord blood LEP methylation (Lesseur, Armstrong et al. 2013). However, at present it is 

unclear whether early life LEP methylation predicts altered offspring growth or metabolic 

health either through causal mechanisms or as a non-casual biomarker. 

Here, we investigated the relationship of infant anthropometric measures at birth and 12 

months of age with child weight and adiposity at four years of age, and whether LEP 

promoter methylation in blood at birth and at 12 months was predictive of child weight and 

adiposity at four years. We also determined if prenatal exposures and LEP genetic variation 

altered this relationship. 
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Methods 

Study cohort – the Barwon Infant Study 

The Barwon Infant Study (BIS) is a population-based pre-birth cohort (n=1074) in south-

eastern Australia (Vuillermin, Saffery et al. 2015). This study used maternal clinical data 

during pregnancy, infant birth and 12-month data, and weight and adiposity measures at 

four years of age. Mothers provided written, informed consent. Study ethics was approved 

by the Barwon Health Human Research Ethics Committee. 

Pregnancy and infant outcomes 

Weight and adiposity were measured at the four-year time point. BMI was calculated from 

recorded weight and height (kg/m2, n=667). Body fat percentage was measured using DEXA 

scanning (%, n=423) (Margulies, Horlick et al. 2005). Prenatal exposures included 

gestational diabetes and pre-eclampsia, defined using standard clinical criteria as described 

previously (Mansell, Ponsonby et al. 2019), as well as maternal age and socioeconomic 

status (defined using Socio-Economic Indexes For Areas (SEIFA) (Pink 2013) with mothers 

grouped in tertiles). Weight at birth and 12-month weight were standardised (weight z-

score) by sex and gestational age or postnatal age, respectively, using British growth charts 

(Vidmar, Carlin et al. 2004). High-sensitivity C-reactive protein (hsCRP) was measured in 12-

month infant blood as previously described (McCloskey, Ponsonby et al. 2018). 

Infant LEP methylation in cord blood and 12-month peripheral blood 

DNA methylation of the LEP methylation promoter region (145bp, hg19:chr7:127 881 231-

127 881 375) was measured in DNA extracted from cord blood (n=877) and 12-month 

peripheral blood (n=761) using the Sequenom EpiTYPER mass-spectrometry platform 

(Agena Bioscience, San Diego, California, United States), as described previously (Mansell, 

Novakovic et al. 2016, Lam, Ancelin et al. 2018). For this analysis, we considered average 
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methylation across the 11 measured CpG sites, and two specific CpG sites of interest (Supp. 

Figure 1, Supp. Table 1). One of these, cg19594666, is located in a predicted CEBPB 

transcription factor binding domain and has previously been linked to poor intrauterine 

growth (Lesseur, Armstrong et al. 2013). The second CpG site (CpG11) showed a marked 

increase in methylation from birth to 12 months compared to other CpG sites in the assayed 

region. Flow cytometry was used to assess the cellular heterogeneity of blood samples 

(Collier, Tang et al. 2015). 

Infant LEP genetic variation 

Genome-wide genotyping was performed on all BIS infants using the Illumina Global 

Screening Array. Quality control for genotype data was performing using standard 

parameters as described previously (Mansell, Ponsonby et al. 2019). For this analysis, we 

considered rs2167270 (hg19: chr7:127 881 349) and rs7799039 (hg19: chr7:127 878 783) 

genotypes, which have previously been linked to BMI, leptin expression and LEP 

methylation (Jiang, Wilk et al. 2004, Lesseur, Armstrong et al. 2013, Marcello, Calixto et al. 

2015), as covariates.  

Statistical analysis 

A flowchart of participants included in this study is shown in Supp. Figure 2. Associations 

between LEP methylation in cord blood and 12-month peripheral blood with four-year 

weight and adiposity were examined using partial correlation tests. All tests were adjusted 

for actual age in years at the four-year time point, experimental assay (Sequenom) batch, 

and either gestational age (birth analyses), or postnatal age in months for the 12-month 

analyses. Sex-stratified analysis was also performed. Where there was evidence of an 

association, key covariates described above were iteratively added to the multivariable 

linear regression model, to determine if inclusion substantially modified the methylation 

effect size (>10% change in β) or model fit (likelihood ratio test p<0.05). In models adjusted 
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for weight z-score at both time points, the 12-month z-score measure represents the 

change in z-score from birth to 12 months.  

For sensitivity analysis, cellular composition of cord blood and peripheral blood samples 

(proportions of lymphocytes, monocytes and granulocytes as % of total blood cells), 

bisulphite conversion batch, and duration of breastfeeding (both weeks with any 

breastfeeding, and weeks with exclusive feeding) were also considered in the multivariable 

linear regression model. 

 

Results 

Of the participants with available LEP methylation data at birth and/or 12 months, 608 had 

data for weight available, 605 with BMI measures, and 393 with body fat percentage at four 

years of age (mean age 4.21 years, SD 0.28) (Supp. Table 2).  

As anticipated, weight at birth and 12 months was strongly correlated with weight, BMI and 

body fat at four years of age (data not shown). In correlation analyses, of the two sites of 

interest or average LEP methylation across the region, only cg19594666 showed evidence 

of an association with four-year weight (Table 1). This association was stronger in males 

than females. There was also weak evidence of a female-specific association between 

higher average LEP methylation in cord blood and lower BMI (r=-0.21, p=0.02) and fat mass 

(r=-0.25, p=0.03) at four years (Supp. Table 3). The association between 12-month 

cg19594666 methylation and four-year BMI persisted when adjusted for infant sex, LEP 

genotype, and birth and 12-month weight z-score in a linear regression model. The final 

model is shown in Table 2. In the full model, 12-month cg19594666 methylation explained 

0.95% of four-year BMI variance, while birth and 12-month weight z-scores explained 1.11% 

and 13.96%, respectively. There was no evidence of any association between methylation 

and body fat percentage at four years. Neither genetic variation at LEP, nor 12-month hsCRP 
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levels, modified the relationship between LEP methylation and four-year BMI. Adjustment 

for potentially confounding pregnancy exposures (maternal age, socioeconomic status, 

gestational diabetes and pre-eclampsia) did not modify any of these findings. 

In sensitivity analysis, 12-month methylation of CpG3 was modestly, negatively correlated 

with 4-year weight (r=-0.09, p=0.04), but methylation of the other CpG units in the region 

was not associated with any 4-year outcomes (Supp. Table 4). Adjusting for bisulphite 

conversion batch, cellular composition of 12-month peripheral blood samples, or duration 

of breastfeeding did not alter the findings.  
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Table 1. Correlations between LEP methylation at birth and 12 months, and weight and 
adiposity at four years with combined sexes. 

 LEP Methylation 

Birth  cg19594666 (CpG7) CpG11 Average* 

  r p r p r p 

Weight (n=547) -0.09 0.04 -0.06 0.13 -0.08 0.21 

Body fat % (n=359) -0.08 0.15 -0.05 0.39 -0.10 0.22 

BMI (n=545) -0.08 0.06 -0.09 0.06 -0.02 0.74 

 12-month  cg19594666 (CpG7) CpG11 Average* 

  r p r p r p 

Weight (n=572) -0.11 0.02 0.00 0.94 -0.08 0.16 

Body fat % (n=373) -0.03 0.65 0.01 0.83 -0.08 0.21 

BMI (n=569) -0.13 0.007 -0.01 0.86 -0.06 0.28 

Correlations are semi-partial correlations adjusted for actual age at four-year time point and 

Sequenom batch. Birth associations are adjusted for gestational age, and 12-month associations 

are adjusted for actual age at 12-month time point. 

* average methylation across the 11 measured CpG sites in the assayed region of LEP. 
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Table 2. Final linear regression model predicting four-year BMI (n=456). 
Measure β (kg/m2) p 95% CI R2 

12-month cg19594666  -0.13 0.02 -0.24 to -0.02 0.95% 

Birth weight z-score 0.18 0.01 0.04 to 0.32 1.11% 

12-month weight z-score 0.62 <0.001 0.48 to 0.75 13.96% 

Unit for methylation effect size is per 10% increase. R2 values are based on adjusted 

final model. Model adjusted for child age at 12-month and four-year time points, 

and Sequenom batch. 

 

 

 

Discussion 

In this study we provide evidence that cg19594666 methylation of the leptin promoter in 

blood at 12 months of age is negatively associated with BMI at four years of age, following 

adjustment for birth and 12-month weight z-scores. A summary of the associations is shown 

in Supp. Figure 3. The variance explained by methylation alone is modest compared to that 

of 12-month weight z-score but similar to that of birth weight z-score. As such, early life LEP 

methylation in isolation has limited utility as a predictor of later weight or adiposity. There 

is also modest evidence for average LEP methylation across the region in cord blood 

negatively associating with BMI and adiposity at four-years in females. 

The biological effects of LEP methylation in blood are unclear. If LEP methylation in blood 

has a causal effect on LEP expression in a manner similar to adipose tissue, we would 

anticipate that increased LEP promoter methylation would lead to decreased LEP 

expression, decreased circulating leptin levels, and consequently increased weight 

(Melzner, Scott et al. 2002). Instead, we found that higher LEP methylation in blood is 

associated with decreased BMI, which is the same direction of association previously 
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identified in cross-sectional studies investigating associations between blood methylation 

and birth weight (Lesseur, Armstrong et al. 2013), adolescent obesity (Garcia-Cardona, 

Huang et al. 2014), and adult BMI (Houde, Legare et al. 2015). Differential LEP methylation 

may be reflecting a subtly altered metabolic balance in offspring. 

The cg19594666 CpG site is located in a predicted CEBPB transcription factor binding site. 

CEBPB has previously been implicated in regulation of LEP expression in a previous study 

investigating CEBPB gene variants (Bennett, Nsengimana et al. 2010). Specifically, two 

genetic variants in CEBPB were associated with increased circulating leptin levels. In this 

analysis, we also considered a CpG site showing a substantially increased methylation at 12 

months relative to birth (CpG11), and average methylation across 11 CpG sites in the 

assayed region. These other two measures of LEP methylation at birth were modestly 

associated with four-year BMI and adiposity in females only. A previous cross-sectional 

study in severely obese adults found that both cg19594666 and CpG11 methylation in blood 

were negatively associated with BMI (Houde, Legare et al. 2015), but that these associations 

did not persist after adjustment for C-reactive protein (CRP) levels. However, in this study 

the association between methylation and BMI persisted with adjustment for 12-month 

hsCRP levels. This inconsistency may be due to infants generally having much lower hsCRP 

levels than adults (Lannergård, Friman et al. 2005).  

This study is the first to investigate the potential of blood LEP methylation at birth and 12 

months to predict weight and adiposity later in childhood. We have utilised a larger sample 

size than many previous studies investigating early life LEP methylation and have 

considered potential confounders across multiple time points as well as genetic variation. 

In this study, we have not considered LEP expression or circulating leptin levels, which may 

help explain the link between LEP methylation and BMI. Also, due to the smaller sample of 

participants with DEXA scans, we had reduced power to detect associations between 

methylation and body fat percentage compared to weight and BMI.  
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In conclusion, we found that cg19594666 methylation in blood at 12 months is modestly 

associated with weight measures at four years, with the strongest association seen between 

methylation and four-year BMI. This association persisted after adjusting for age-and-sex-

standardised weight at birth and 12-months of age. However, the relatively small amount 

of variance in weight measures explained by LEP methylation is unlikely to be of utility in 

predictive algorithms. Further evidence from other cohorts is required to determine if this 

association persists into later childhood and adulthood, and to characterise the biological 

mechanism through which cg19594666 methylation in blood is linked to BMI in later 

childhood.  
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Supplementary Figure 1. Location of assayed LEP CpG sites in relation to the LEP gene. Orange CpG sites were considered as CpG 
units of interest, while blue sites were included in the LEP average methylation measure and in sensitivity analysis. 
The CpGs with Illumina cgIDs are labelled. The LEP exon is depicted with a green box, and intron with a green arrow. 
The predicted CEBPB binding domain is depicted with a purple box. The common genetic variant located in this 
region (rs2167270) is marked with a red box. 
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Supplementary Figure 3. Summary of associations between cg19594666 methylation, weight at birth and 12 months, and four-
year BMI. Green arrows indicate positive associations, red arrows indicate negative. Summary statistics are based 
on full linear regression predictive model adjusted for all relevant covariates. β = effect size, SD = standard deviation, 
r = correlation coefficient, R2 = variance explained. 
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Supplementary Table 1. Details on the 11 CpG sites across the assayed region. 
CpG unit CpG site Genomic location (chromosome 

7)1 
cg ID Considered as CpG unit 

of interest 

3 3 127,881,246 - No 

4.5.6 4 127,881,257 - No 
 5 127,881,260 -  
 6 127,881,269 cg00840332  

7 7 127,881,280 cg19594666 Yes – located in CEBPB 
binding motif 

8.9 8 127,881,293 - No 
 9 127,881,298 cg26814075  

10 10 127,881,312 - No 

11 11 127,881,330 - Yes – substantial 
increase in methylation 
between birth and 12-
months 

13 13 127,881,344 cg13381984 No 

14 14 127,881,350 - No 
1Genomic locations from hg19 (GRCh37) reference genome. 
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Supplementary Table 2. Characteristics of participants with both four-year 
weight/adiposity data and LEP methylation data. 

 

  
Pregnancy N Mean (SD) 

Maternal age 608 31.91 (4.28) 

 N n (%) 

Socio-economic status (SEIFA tertiles) 602  

Low SEIFA (most disadvantaged)  184 (30.56) 

Medium SEIFA  205 (34.05) 

High SEIFA (least disadvantaged)  213 (35.38) 

Gestational diabetes (cases) 606 18 (2.97) 

Pre-eclampsia (cases) 516 24 (4.65) 

Birth N n (%) 

Sex (male) 608 319 (52.47) 

rs2167270                                          G/G 597 228 (38.19) 

G/A  284 (47.57) 

A/A  85 (14.24) 

rs7799039                                          G/G 597 193 (32.33) 

G/A  287 (48.07) 

A/A  117 (19.60) 

 N Mean (SD) 

Gestational age (weeks) 608 39.48 (1.53) 

Weight z-score 608 0.35 (0.94) 

12 months N Mean (SD) 

Actual age (months) 579 12.98 (0.76) 

Weight z-score 579 0.39 (0.99) 

4 years N Mean (SD) 

Actual age (years) 608 4.21 (0.28) 

Weight (kg) 608 17.60 (2.55) 

BMI (kg/m2) 605 15.57 (1.51) 

Body fat (%) 393 19.79 (3.68) 
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Supplementary Table 3. Correlations between LEP methylation at birth and 12 months, and 
weight and adiposity at four years, stratified by sex. 

Females 

Birth  cg19594666 CpG2 Average* 

  r p r p r p 

Weight (n=262) -0.06 0.36 -0.09 0.14 -0.13 0.14 

Body fat % (n=177) -0.08 0.36 -0.09 0.29 -0.25 0.03 

BMI (n=261) -0.09 0.16 -0.14 0.04 -0.21 0.02 

 12-month  cg19594666 CpG2 Average* 

  r p r p r p 

Weight (n=277) -0.08 0.25 0.01 0.88 -0.11 0.16 

Body fat % (n=187) -0.02 0.85 -0.04 0.64 -0.15 0.12 

BMI (n=275) -0.11 0.13 0.00 0.96 -0.12 0.15 

Males 

Birth  cg19594666 CpG2 Average* 

  r p r p r p 

Weight (n=285) -0.10 0.11 -0.03 0.61 0.02 0.86 

Body fat % (n=182) -0.07 0.37 0.02 0.83 0.05 0.63 

BMI (n=284) -0.07 0.29 -0.03 0.66 0.13 0.17 

 12-month  cg19594666 CpG2 Average* 

  r p r p r p 

Weight (n=295) -0.13 0.04 0.00 0.98 -0.03 0.69 

Body fat % (n=186) -0.03 0.75 0.12 0.17 0.03 0.73 

BMI (n=294) -0.15 0.02 -0.01 0.93 0.00 0.97 

Correlations are semi-partial correlations adjusted for actual age at four-year time point and 

Sequenom batch. Birth associations are adjusted for gestational age, and 12-month associations 

are adjusted for actual age at 12-month time point. 

* average methylation across the 11 measured CpG sites in the assayed region of LEP 
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Supplementary Table 4. Correlations between methylation of individual LEP CpG units at 
12-months, and weight and adiposity at four years. 

 

CpG unit 
(12-month 
methylation) 

4-year weight 4-year body fat % 4-year BMI 

 n r p n r p n r p 

3 525 -0.09 0.04 341 -0.07 0.17 522 -0.07 0.12 
4.5.6 491 -0.05 0.27 325 -0.03 0.60 488 -0.03 0.50 
7 461 -0.11 0.02 312 -0.03 0.65 458 -0.13 0.007 
8.9 483 0.00 0.93 321 -0.06 0.28 480 0.03 0.53 
10 471 -0.02 0.57 311 0.00 0.97 469 -0.02 0.69 
11 412 0.00 0.94 282 0.01 0.83 409 -0.01 0.86 
13 478 0.01 0.73 317 0.01 0.92 475 0.00 0.99 
14 418 -0.03 0.46 285 -0.01 0.90 416 -0.01 0.77 
Average 315 -0.08 0.16 228 -0.08 0.21 313 -0.06 0.28 

Correlations are semi-partial correlations adjusted for actual age at 12-month and four-year time 

points and Sequenom batch.  
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Chapter 6 General Discussion 

6.1 Rationale for this study 

DNA methylation, along with other epigenetic mechanisms, regulates all gene activity 

(Bird 2007). This is highly dynamic during development across different tissues and is 

required to control genesis and ongoing function of the myriad of different cell types in 

the body. DNA methylation is also influenced by environmental exposures and is believed 

to facilitate appropriate biological responses to altered environments. Disrupted DNA 

methylation can also lead to adverse tissue function and disease. This is especially 

apparent in human cancers (Baylin and Herman 2000), but has also been described for a 

range of other non-communicable conditions (Richardson 2002). For these reasons, 

identifying how DNA methylation is influenced by environmental exposures, particularly 

early in development, may provide insight into biological mechanisms underpinning the 

relationship between environmental exposures and later risk of disease.  

There is evidence, largely from cross-sectional studies, that DNA methylation in childhood 

is associated with health phenotypes. There is also a growing body of evidence for a broad 

range of environmental exposures in pregnancy and early life impacting infant DNA 

methylation (Babenko, Kovalchuk et al. 2015, Finer, Mathews et al. 2015, Li, Xie et al. 

2015, James, Sajjadi et al. 2018, Viuff, Sharp et al. 2018, Cardenas, Faleschini et al. 2019, 

Rauschert, Melton et al. 2019, Tindula, Lee et al. 2019). However, there is very limited 

evidence for longitudinal associations between DNA methylation in childhood and later 

health. Additionally, there is limited replication of the majority of reported findings for 

associations between pregnancy exposures and DNA methylation, and early life DNA 

methylation and health measures. The generally small size of previous studies, the small 

estimated effect sizes, and the lack of consideration of potential confounding factors (such 

as genetic variation) are potential reasons contributing to the lack of replication.  

Therefore, this study aimed to fill in an important gap in the literature by utilising the 

large, population-based Barwon Infant Study with its detailed measures on maternal and 
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infant health to comprehensively investigate the independent associations of pregnancy 

exposures, birth outcomes, and genetic variation with offspring DNA methylation of 

several previously studied genes in cord blood. Another broad aim for this study was to 

move beyond cross-sectional evidence and investigate novel longitudinal associations 

between methylation in early life and later measurements of childhood growth and 

development.  

The strengths of the Barwon Infant Study to address these aims are that it is a relatively 

large longitudinal pre-birth cohort, with detailed clinical measures available at multiple 

time points during pregnancy and early life (Vuillermin, Saffery et al. 2015). Offspring 

genetic data are also available for all participants, which is another important strength, 

given that it is well-established that genetic variation plays a regulating role in DNA 

methylation levels at specific sites (Drong, Nicholson et al. 2013, Liu, Li et al. 2014, McRae, 

Powell et al. 2014, Daca-Roszak, Pfeifer et al. 2015, Gaunt, Shihab et al. 2016). There is 

also evidence that the effects of pregnancy exposures on offspring methylation may be 

influenced by infant genetic variation (Czamara, Eraslan et al. 2019). As such, failure to 

consider genetic variation could potentially mask associations between exposures and 

methylation, and genetic variation could be a confounder in methylation-health outcome 

associations.  

 

6.2 Main findings 

This study considered the contribution of both genetic variation and several pregnancy 

exposures to DNA methylation variation in candidate loci in infant blood. It also investigated 

the longitudinal association between methylation and anthropometric and cardiovascular 

phenotypes assessed in childhood. Each of these aspects are discussed below. 
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6.2.1 Effects of genetic variation on DNA methylation 

Multiple SNPs in and near the HIF3A and LEP genes were associated with widespread 

methylation differences in measured regions. This is consistent with previous evidence for 

methylation of a large proportion of CpG sites across the genome in cord blood being 

influenced by either genotype directly, or genotype and environment in combination 

(Czamara, Eraslan et al. 2019). As genotype data was not available for BIS infants at the time 

of the IGF2/H19 work in this study, the effects of genetic variation on methylation at these 

regions was not investigated. However, a twin study in adolescent and adult blood 

estimated a large heritability for IGF2/H19 methylation (Heijmans, Kremer et al. 2007), and 

a recent study on placental methylation suggests that genotype influences IGF2/H19 

methylation depending on the parental origin of the allele (Marjonen, Auvinen et al. 2018).  

The independent effects of genetic variation on methylation of the HIF3A.2 and LEP regions 

observed here were generally larger than that of environmental exposure effects (about 2-

fold greater estimated effect sizes for one copy of the minor allele at the most strongly 

associated SNPs, compared to environmental exposures). This emphasises the importance 

of considering genetic variation as a major influence on methylation in future studies of 

these genes. For LEP, the genetic influence on 12-month blood methylation was diminished 

compared to cord blood methylation, consistent with an increasing postnatal influence of 

cumulative environmental and/or stochastic factors (Fraga, Ballestar et al. 2005, Shah, 

McRae et al. 2014). It has also been reported that, genome-wide, the effects of genetic 

variation on DNA methylation change over life course in a study of offspring from birth to 

adolescence and their mothers from pregnancy to middle-age (Gaunt, Shihab et al. 2016)  

While the effects of genetic variation on methylation appeared to be independent of 

environmental exposures in the HIF3A study, in the LEP study there was evidence for 

genetic variation modifying the associations of other exposures with methylation levels. The 

direction of effect of increasing minor allele count on methylation directly differed between 

SNPs. Many of the SNPs that were associated with LEP methylation levels were located 



 

234 

either upstream of the gene or in introns, with the SNP most strongly associated with 

methylation (rs2167270) located in the first exon, proximal to a CEBPB transcription factor 

binding site motif. Minor allele count of rs2167270 was associated with decreased 

methylation, which is consistent with a previous study reporting the minor allele genotype 

rs2167270 is also associated with increased circulating leptin levels in adults (Marcello, 

Calixto et al. 2015). It may be that genetic variation may modify the effect of pregnancy 

exposures on offspring methylation through disrupting epigenetic processes such as 

transcription factor binding, whether through disruption of transcription factor binding 

motif directly, or though altering the physical conformation of DNA.  

As this study lacked the statistical power for a robust genome-wide analysis of SNPs that 

could be associated with candidate gene methylation, it considered only local cis variation 

(in and within 20kb of the candidate gene). This approach is also supported by genome-

wide analyses that have revealed the predominant impact of genetic variation on DNA 

methylation occurs in close proximity (cis) to sites of DNA methylation (Teh, Pan et al. 2014, 

McClay, Shabalin et al. 2015, Gaunt, Shihab et al. 2016). However, for the HIF3A and LEP 

genes specifically, this has not been directly assessed.  

 

6.2.2 Infant sex and DNA methylation 

In this study, male infants had lower average methylation in the HIF3A.2 and LEP promoter 

regions. Given the established differences in growth and development between sexes, 

including fetal growth and metabolic balance (Crawford, Doyle et al. 1987, Rodriguez, 

Samper et al. 2005, Ruoppolo, Scolamiero et al. 2015), it is perhaps unsurprising that 

differences in methylation between sexes for genes involved in growth and metabolism 

were observed in this study. Broadly, there is evidence for wide-spread differences in 

methylation across the genome between males and females (Liu, Morgan et al. 2010, Hall, 

Volkov et al. 2014, Yousefi, Huen et al. 2015). However, sex effects on methylation at the 

HIF3A.2 and LEP regions have not been reported previously. The one previous study that 
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investigated HIF3A.2 methylation adjusted for sex as a covariate, but did not report if sex 

itself was associated with methylation differences (Richmond, Sharp et al. 2016). Only one 

LEP study reported testing for the effects of sex on methylation, and while they did not find 

evidence for a difference between sexes in cord blood (n=60), they reported higher LEP 

placental methylation (n=81) for males compared to females, which is contrary to what we 

observed in cord blood (Lesseur, Armstrong et al. 2013). Of note, this study also reported 

LEP methylation in placenta was higher, with a sample mean methylation across the 

measured region of 24% in placenta samples compared to 14% in cord blood. A study of 

HIF3A expression in adult adipose tissue and skeletal muscle reported no difference in 

expression levels between men and women (Main, Gillberg et al. 2016), however this did 

not consider different HIF3A splice variants separately. While the decreased LEP 

methylation we observed in males would be anticipated to lead to increased LEP expression, 

studies of circulating leptin levels in neonates (Tome, Lage et al. 1997), infants (Lönnerdal 

and Havel 2000), and adults (Rosenbaum, Nicolson et al. 1996, Kennedy, Gettys et al. 1997) 

have all reported that males have lower levels of leptin compared to females. It may be that 

sex-specific differences in regulatory mechanisms other than LEP methylation drive 

increased circulating leptin in females, as it is reportedly not due to differences in adipose 

tissue distribution (Rosenbaum, Pietrobelli et al. 2001). 

Previous studies have reported sex-specific associations between environmental exposures 

and offspring methylation (Tobi, Lumey et al. 2009, Murphy, Adigun et al. 2012, Kippler, 

Engström et al. 2013), though the specific associations reported in this study have not been 

examined previously. In the IGF2/H19 work, infant sex was not itself associated with 

differences in methylation, but evidence of an association between exposure to maternal 

stress and altered imprinting control region (ICR) methylation was specific to females. 

Similarly, in both the 4-year HIF3A and LEP analyses, associations between earlier 

methylation and later blood pressure or BMI, respectively, were stronger in male infants 

than in female infants. There is some previous evidence for sex-specific effects of exposures 

on weight. Metal and pollution exposures during pregnancy have been associated with sex-

specific differences in offspring weight, adiposity, and blood pressure in both male and 
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female offspring (Zhang, Hu et al. 2011, Kippler, Engström et al. 2013, Chiu, Hsu et al. 2017), 

prenatal exposure to famine has been linked to increased systolic blood pressure and risk 

of hypertension in adult females, but not males (Chen, Nembhard et al. 2014). However, 

sex-specific effects of the specific exposures investigated in this study on offspring blood 

pressure or BMI have not been reported previously.  

While the mechanisms underpinning sex-specific effects of environmental exposures on 

methylation are currently unclear, it has been speculated (Kaminsky, Wang et al. 2006, Tobi, 

Lumey et al. 2009) that sex-specific associations between exposures and altered 

methylation may be due to the influence of sex hormones on DNA methyltransferases 

(Yamagata, Asada et al. 2009). It could also potentially be influenced by differences in 

placental adaptation between fetal sexes following environmental exposures (Clifton 2010) 

leading to altered regulation of growth and metabolism. It has been suggested that these 

sex differences in placental adaptation may also be explanation for some of the 

epidemiological evidence reporting sex-specific links between pregnancy exposures and 

altered health and development in offspring (Brown and Susser 1997, Ravelli, Van Der 

Meulen et al. 1999, Lampl, Gotsch et al. 2010, Chen, Nembhard et al. 2014, Lakshmanan, 

Chiu et al. 2015). It is possible that the sex-specific differences seen in this study for 

methylation of each of IGF2/H19, HIF3A, and LEP may be involved in biological processes 

responsible for sex-specific differences in offspring health outcomes following pregnancy 

exposures, but this requires further investigation. 

 

6.2.3 Effects of environmental exposures on offspring DNA methylation 

The estimated effect sizes in this study for the association between pregnancy exposures 

and methylation in all three genes examined (IGF2/H19, HIF3A, and LEP) were generally 

small (<7% difference in methylation). Maternal psychosocial stress measures were 

considered as exposures only for the IGF2/H19 work, due to previous literature reporting 

links between stress exposures and offspring IGF2/H19 methylation (Chen, Li et al. 2014, 
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Vangeel, Izzi et al. 2015), and differences in IGF2/H19 ICR methylation in infants exposed to 

anxiety observed in this study ranged from -4.6% to -3.4%, depending on the CpG unit. 

These effect sizes were similar to those reported by previous studies investigating the 

effects of maternal psychosocial stress on neonate cord blood methylation at other genes, 

with direction of effect differing by gene (Devlin, Brain et al. 2010, Liu, Murphy et al. 2012, 

Vidal, Benjamin Neelon et al. 2014).  

Several other pregnancy exposures (maternal age, smoking status, gestational diabetes, 

and pre-eclampsia) were considered in all three IGF2/H19, HIF3A, and LEP analyses. Both 

gestational diabetes and pre-eclampsia can have serious developmental consequences for 

the offspring (Fetita, Sobngwi et al. 2006, Kaaja and Rönnemaa 2008, Damm, Houshmand-

Oeregaard et al. 2016) in addition to the health of the mother (Kaaja and Rönnemaa 2008, 

Reece 2010, Damm, Houshmand-Oeregaard et al. 2016). As such, understanding potential 

mechanisms underpinning adverse offspring outcomes (such as epigenetic variation of 

genes involved in growth and metabolism) could identify biological pathways involved in 

pathogenesis and consequently potential targets for intervention. 

Exposure to gestational diabetes was associated with increased HIF3A.2 methylation (4.6%), 

and more modestly associated with differences in methylation at two LEP CpG units (-1.6% 

and 1.5%) and increased average IGF2 DMR0 methylation (2.3%). Each of these genes are 

implicated in fetal growth, a known outcome in GDM pregnancies. Further, exposure to 

gestational diabetes is associated with differences in a large number of CpG sites across the 

genome (Ruchat, Houde et al. 2013, Finer, Mathews et al. 2015, Haertle, El Hajj et al. 2017). 

It is therefore interesting to speculate that exposure to GDM may impact offspring growth 

via altered DNA methylation, however this was not directly tested in the current study. Pre-

eclampsia was also associated with cord blood methylation of multiple regions, including 

lower average HIF3A.2 methylation (-5.2%) and lower methylation of a specific LEP CpG unit 

(-6.1%).  
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The generally modest effect sizes of the pregnancy exposures on DNA methylation levels 

observed are consistent with previous studies investigating LEP and HIF3A (Lesseur, 

Armstrong et al. 2013, Vangeel, Izzi et al. 2015, Richmond, Sharp et al. 2016, Haertle, El Hajj 

et al. 2017, Kadakia, Zheng et al. 2017) and other genes not tested in this study (Oberlander, 

Weinberg et al. 2008, Devlin, Brain et al. 2010, Hu, Weng et al. 2014, Burris, Baccarelli et al. 

2015, Sharp, Lawlor et al. 2015, Haertle, El Hajj et al. 2017). Even for maternal smoking, 

which has the most consistent evidence for effects on offspring methylation out of any 

environmental exposure investigated in humans (Joubert, Håberg et al. 2012, Lee, 

Richmond et al. 2014, Markunas, Xu et al. 2014, Novakovic, Ryan et al. 2014, Richmond, 

Simpkin et al. 2014, Kupers, Xu et al. 2015, Joubert, Felix et al. 2016), reports of effect sizes 

greater than 10% difference in methylation at individual CpG sites are rare (Lee, Richmond 

et al. 2014, Richmond, Simpkin et al. 2014, Kupers, Xu et al. 2015, Joubert, Felix et al. 2016). 

This provides further data suggesting that exposures in pregnancy are generally associated 

with modest differences in methylation across many genes. If so, environmental effects on 

offspring health may be driven by subtle alterations in many factors in the same biological 

pathway, rather than a single gene product. This could be a reason as to why specific 

biological mediators in the relationship between pregnancy exposures and offspring risk of 

complex disease later in life have remained difficult to elucidate.  

It bears consideration that these findings are in in the context of an epidemiological study 

on a relatively healthy cohort. Such studies are critical for the identification of associations 

relevant to the broader population, and as such, more relevant in the context of public 

health. However, subsequent studies investigating these associations in specific ‘at risk’ 

populations or experimentally-controlled groups may potentially find more pronounced 

effects of exposures on DNA methylation. An example of such research is the larger effects 

sizes of war trauma during pregnancy on offspring methylation compared to more modest 

stress exposures in the general population (Mulligan, D'Errico et al. 2012). It is also 

important to point out that rather than being a mediator on the causal pathway linking 

specific exposures to offspring outcome(s), variations in DNA methylation may equally be a 
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cause of the outcome itself (i.e. reverse causation). Such considerations are of paramount 

importance in the interpretation of epigenetic data, particularly if cross-sectional in nature.  

 

6.2.4 Limited evidence for prospective associations between early life DNA 
methylation and childhood cardiometabolic phenotypes 

There was modest evidence for longitudinal associations between higher birth HIF3A.2 

methylation and increased 4-year blood pressure. A similar association was found between 

higher 12-month LEP methylation and decreased 4-year BMI. While these associations 

persisted with adjustment for other factors associated with the 4-year outcomes, they 

remained small in magnitude, explaining only a small amount of variance in the 4-year 

measure in the full linear regression models compared to traditional predictors. For 

example, 4-year BMI explained 10% of variance in 4-year systolic blood pressure compared 

to the 4% of 4-year systolic blood pressure explained by HIF3A.2 methylation in cord blood. 

Similarly, 12-month weight (adjusted for age and sex) explained 14% of variance in 4-year 

BMI compared to the 1% of 4-year BMI variance explained by LEP methylation. As such, 

these findings suggest that early life methylation of these two genes is unlikely to have 

useful predictive capacity of later measures of growth or cardiovascular health in isolation, 

and are also unlikely to play a substantial role alone in mediating the link between adverse 

pregnancy exposures and disrupted offspring development.  

The current evidence base for early life methylation having a predictive capacity for later 

developmental outcomes or health measures is currently scarce. Previous literature 

suggests that altered offspring DNA methylation is involved in mediating the effects of 

maternal smoking on infant birth weight (Kupers, Xu et al. 2015) and later risk of 

cardiometabolic disease (Rauschert, Melton et al. 2019), maternal pre-pregnancy BMI on 

adolescent offspring adiposity (Sharp, Lawlor et al. 2015), and maternal famine on adult 

offspring metabolic health (Tobi, Slieker et al. 2018). However, most of these studies 

performed mediation analysis using cross-sectional data, and the only study that examined 
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the relationship between birth methylation and later phenotypes found no evidence for 

longitudinal associations after adjustment for multiple testing (Sharp, Lawlor et al. 2015).  

As these previous studies found evidence for pregnancy exposures associating with 

widespread differences in methylation across the genome, it may be that a composite 

measure of methylation based on multiple CpG sites across the genome may have greater 

predictive utility than individual regions alone. Similar to polygenetic risk scores, where the 

estimated effects of genotypes across multiple SNPs on risk of a particular disease or 

phenotype are combined to calculate a single risk score for an individual (Torkamani, 

Wineinger et al. 2018), it may be feasible to calculate a methylation risk score that utilises 

methylation information across the genome to better predict later outcomes. A similar 

process is used to calculate ‘epigenetic’ age, (believed to reflect the progression of age-

related biological changes in many tissues (Horvath 2013)) based on DNA methylation, in 

contrast to ‘chronological’ age (the number of years since birth) (Knight, Craig et al. 2016, 

Horvath and Raj 2018, Levine, Lu et al. 2018). However, over the span of several years there 

have been a number of different methods developed for calculating epigenetic age from 

DNA methylation that are better suited to address certain research questions (Ecker and 

Beck 2019). It would be anticipated that methylation risk scores for later phenotypes, such 

as cardiometabolic conditions, would similarly require a great deal of optimisation and 

validation prior to having utility as a robust predictor. 

 

6.3 Strengths and limitations 

This study utilised a large, longitudinal cohort with detailed clinical measures and genotype 

data to examine a range of exposures, including maternal age, smoking status, pre-

pregnancy BMI, psychosocial stress, gestational diabetes and pre-eclampsia, for potential 

influences on methylation of key genes. It is larger than most previous studies investigating 

these candidate genes and is better powered to accurately detect true associations 

between specific exposures and methylation levels. It has also considered a broader range 
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of exposures than most previous studies to allow for investigation of the independent 

effects of exposures that potentially influence the same biological pathways. 

Multiple early life time points have also allowed for novel longitudinal analysis of 

associations between early life methylation and later childhood phenotypes. To our 

knowledge, these detailed cardiovascular phenotypes have yet to be investigated 

longitudinally in any age group in a prospective cohort methylation study. There is previous 

evidence for both earlier disruption of methylation associating with later weight (Relton, 

Groom et al. 2012, Tobi, Slieker et al. 2018) and earlier weight associating with later 

methylation (Wehkalampi, Muurinen et al. 2013, Schultz, Broholm et al. 2014, Richmond, 

Sharp et al. 2016) in a gene-specific manner. With both infant anthropometry and 

methylation data available at the birth and 12 months of age time points, this has allowed 

for novel investigation of longitudinal associations between methylation and 

anthropometry, which is the postnatal period when growth is most plastic (Cottrell and 

Ozanne 2008, Tarry-Adkins and Ozanne 2011). As such, it has been possible to assess which 

direction of effect between methylation and anthropometry appears more plausible for the 

LEP gene, which is important for building the evidence base required to determine causality. 

 

6.3.1 Candidate gene analysis 

One key consideration is that this study is based on candidate genes of interest from 

previous literature. There are now many genome-wide studies that have considered the 

effects of various exposures on neonate DNA (Finer, Mathews et al. 2015, Joubert, Felix et 

al. 2016, Richmond, Sharp et al. 2016, Rijlaarsdam, Pappa et al. 2016, Haertle, El Hajj et al. 

2017, Tobi, Slieker et al. 2018, Cardenas, Faleschini et al. 2019), though there is limited 

replication of the majority of findings, with the exception of exposure to maternal smoking 

in pregnancy (Joubert, Felix et al. 2016). The obvious advantage of a hypothesis-free 

genome-wide approach is the potential for discovery of associations at novel genes. 

However, given the generally small effect sizes often reported, a much larger sample size is 
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required to have reasonable statistical power in comparison to candidate-gene studies that 

have substantially fewer CpG sites to consider. Unfortunately, the widely used Infinium 

methylation platforms used in these studies are prohibitively expensive, limiting the 

feasibility of carrying out adequately powered ‘hypothesis free’ studies. The locus-specific 

method of quantifying methylation utilised in this study has allowed for a more detailed 

analysis of candidate regions in a hypothesis-driven manner. 

 

6.3.2 Lack of paired downstream functional (gene expression) data 

As DNA methylation of CpG islands the promoter regions of genes is known to be associated 

with the transcriptional capacity the gene (Jaenisch and Bird 2003), it would be anticipated 

that differences in the candidate regions investigated in this project would be linked to 

altered gene expression. For both IGF2 and LEP, this is supported by previous literature 

linking methylation to altered gene expression (Bell and Felsenfeld 2000, Melzner, Scott et 

al. 2002, Iliopoulos, Malizos et al. 2007, Wu, Wang et al. 2013, Hogg, Robinson et al. 2014), 

but as it was not possible to measure gene expression for this study, this has not been 

verified here. As methylation has only been measured in blood, and expression of both IGF2 

and LEP in blood has not been well-characterised, this study has focused on DNA 

methylation as a biomarker rather than necessarily having a casual effect. For HIF3A, the 

relationship between methylation and gene expression is unclear, with limited evidence for 

a link between methylation and absolute gene expression levels (Gutierrez-Arcelus, 

Lappalainen et al. 2013, Dick, Nelson et al. 2014). This may be due to the multiple splice 

variants starting at each of the three HIF3A promoter regions (Pasanen, Heikkila et al. 2010), 

with disrupted methylation at one promoter region potentially altering the balance of splice 

variants rather than overall gene expression. 
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6.3.3 Generalisability of findings 

A strength of this study is that the BIS cohort is derived from the general population, and as 

such, the findings are likely to have more relevance to the general public (Szklo 1998). 

However, in this generally healthy cohort there was relative few cases of maternal smoking 

during pregnancy, as well as conditions such as gestational diabetes and pre-eclampsia, and 

few infants with very low or very high measurements for birth weight or sum of skinfold 

thicknesses. As a result, this study may have had less power to detect effects of these 

conditions than some previous studies that were smaller, but enriched for the conditions 

(Lesseur, Armstrong et al. 2013, Haertle, El Hajj et al. 2017). In addition to being a healthy 

cohort, the BIS cohort is also predominantly Caucasian and generally well-educated. The 

latter is potentially influenced by the ‘intention to be available for the duration of the study’ 

inclusion criteria during recruitment for BIS, as this would in theory limit participation to 

mothers that believe they have a stable lifestyle that would allow for an ongoing 

commitment to BIS. As mothers of poor health and/or socioeconomic disadvantage are less 

likely to be in this group, this means that infants exposed to more severe adverse exposures 

during pregnancy are less likely to have been included in this study. Similarly, evidence from 

many studies indicates that ‘at risk’ women of poorer health or lower income (and 

consequently, ‘at risk’ offspring) are more likely to be lost to follow-up in longitudinal 

studies (Young, Powers et al. 2006, Outes-Leon and Dercon 2009, Launes, Hokkanen et al. 

2014). As such, this bias may be more present in the 12-month and four-year analyses of 

this study following attrition. Less severe exposures for offspring would be anticipated to 

lead to less pronounced effects on infant phenotypes, and as such, reduced statistical 

power to identify effects of exposures.  

In terms of generalisability of the findings from this study to the broader populations both 

in Australia and internationally, there are some considerations. Firstly, this study considered 

only genetic variation in and near the candidate regions. As such, broader genetic measures, 

such genome-wide principle components used to adjust for population stratification in 

GWAS studies (Reich, Price et al. 2008), were not considered. As there is evidence for 
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race/ancestry differences in DNA methylation across the genome in cord blood (Adkins, 

Krushkal et al. 2011), it is possible that the distribution of methylation as well as the effects 

of genetic variation on methylation in the candidate regions that were observed in this 

study could differ in populations of a different ancestry. Ancestry of grandparents was 

considered in IGF2/H19 work in this study and was not associated with methylation of either 

candidate region, but this was a self-reported, categorical measure. Differences in IGF2/H19 

cord blood methylation depending on parental race have been reported (King, Murphy et 

al. 2015), but there are no previous reports of HIF3A or LEP cord blood methylation differing 

by race.  

There is also a question of how the findings in this study might compare to populations with 

a greater degree of socioeconomic disadvantage. Socioeconomic disadvantage is associated 

with poorer birth outcomes (Kramer, Seguin et al. 2000), all-cause mortality later in life 

(Turrell and Mathers 2001), and there is also evidence for adverse exposures during life 

having a greater impact on health outcomes for individuals of a lower socioeconomic class 

compared to those of a high socioeconomic class (Braveman and Barclay 2009). Mothers of 

lower socioeconomic class could potentially have less access to resources to manage 

elevated psychosocial stress, gestational diabetes, or pre-eclampsia during pregnancy, and 

as such, these exposures may lead to a greater impact on both offspring development and 

DNA methylation compared to the associations observed in this study. A bias towards 

participants of higher socioeconomic position is a wide-spread issue in epidemiological 

research, with evidence for studies with a larger time commitment (such as those with 

detailed phenotyping) showing a greater difference in participation rates between 

socioeconomic groups (Galea and Tracy 2007). In the context of DNA methylation, a recent 

genome-wide study in placental methylation reported that methylation of 33 CpG sites 

across the genome were associated with measures of maternal socioeconomic adversity 

(Santos Jr, Bhattacharya et al. 2019), but at present there has not been a similar study in 

cord blood methylation.  
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6.3.4 The issue of multiple testing 

In this study, there was no correction of p-values or confidence intervals for multiple testing. 

Within the analysis of each gene, applying stringent corrections such as the Bonferroni 

would have resulted in several of the reported associations being no longer ‘significant’. 

Those that would have remained ‘significant’ include the association between maternal 

anxiety and methylation of specific IGF2/H19 ICR CpG units, and the effects of infant sex 

and genetic variation on both HIF3A.2 and LEP methylation. It is therefore possible that 

some of the associations that have been reported in this study are due to chance, though 

these exposures have been selected a priori based on previous findings, and the number of 

p-values identified less than or equal to 0.05 is much greater than would be expected by 

chance alone.  

However, this study placed stronger emphasis on estimated effect sizes and confidence 

intervals, and less on the p-values, in light of the growing body of literature critiquing the 

use of p=0.05 as a dichotomous ‘significant/non-significant’ threshold for statistical 

inference (Wasserstein and Lazar 2016, McShane and Gal 2017, Amrhein, Greenland et al. 

2019). Unadjusted p-values from each analysis have been presented to allow the reader to 

consider the pattern of evidence in the context of the estimated coefficients and precision, 

as well as the number of tests performed. This also improves transparency when 

considering the evidence from this study in the context of the broader scientific literature. 

As such, evidence for an association between any specific factors have been described as 

weak to strong, but ultimately these findings require replication to build confidence in their 

validity.  

 



 

246 

6.4 Future directions 

6.4.1 Tissue-specificity of methylation 

The functional effects of methylation differences observed in the candidate regions of this 

study has yet to be determined. Blood, particularly cord blood, has value in research as a 

more accessible biospecimen to extract DNA from than many other tissues. However, 

methylation of tissues such as adipose tissue may play a more direct role in mediating the 

effects of pregnancy exposures on altered offspring development. Just as methylation is 

tissue-specific, the effects of environmental exposures can be tissue-specific, with studies 

reporting a weaker association between health measures and blood methylation compared 

to adipose methylation (Dick, Nelson et al. 2014, Agha, Houseman et al. 2015, Houde, 

Legare et al. 2015), or associations between pregnancy exposures and methylation of one 

offspring tissue but not another (Lesseur, Armstrong et al. 2013, Novakovic, Ryan et al. 

2014). Given the evidence from this study for multiple independent influences on 

methylation of these candidate regions, identifying which of these exposures are associated 

with differences in methylation of other, potentially more biologically-relevant tissues, as 

well as the magnitude of these associations, would improve understanding of possible 

causal pathways between exposure, methylation and health outcomes. Studies of invasive 

tissues in humans are inherently going to have more difficulty obtaining a larger sample 

size, therefore studies of tissue-specific methylation using animal models will likely be 

required to supplement human findings. Animal models also have the advantage of allowing 

for experimentally-controlled pregnancy exposures and postnatal environments to better 

investigate causality, rather than being constrained by what occurs naturally in 

observational human cohorts. 

 

6.4.2 Longitudinal analysis into adulthood 

The existing evidence base for a relationship between methylation and health is 

predominantly cross-sectional. This study identified modest evidence for a relationship 
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between early life methylation and later childhood measures of cardiometabolic health. 

There is evidence for disrupted offspring methylation following pregnancy exposures 

persisting throughout life course (Tobi, Slieker et al. 2015, Rauschert, Melton et al. 2019). 

However, it is also possible for early life disruptions of offspring methylation to be transient 

and attenuate before mid-childhood (Simpkin, Suderman et al. 2015, Richmond, Sharp et 

al. 2016, Cardenas, Faleschini et al. 2019). If the associations observed in this study between 

pregnancy exposures and offspring methylation persisted into adulthood, this would 

provide support for a long-term role of altered methylation of these genes in offspring 

health. Similarly, with future time points in the Barwon Infant Study, it will be possible to 

determine if the longitudinal relationship between earlier methylation and later 

cardiometabolic phenotypes persists into later life.  

 

6.4.3 Genome-wide methylation 

Previous studies have generally reported modest effects of pregnancy exposures on 

methylation, as discussed above. It may be that, similar to genetic risk alleles for complex 

diseases (Goldstein 2009), there is a large number of CpG sites with only a very small effect 

on development or disease risk. As such, measuring many CpG sites across multiple genes 

in the same biological pathway, or even the entire genome, may allow for detection of 

cumulative effects of methylation on later development. However, to accurately identify 

CpG sites to include in disease risk prediction, such methods would need utilise substantially 

larger study sizes than most prior studies to accurately detect modest effect sizes while also 

adhering to conventional p-value adjustment for genome-wide multiple comparisons. Such 

studies may be possible in the future, as there is currently a growing global awareness for 

the establishment of consortia of longitudinal studies with the capacity to combine data 

from widely-used platforms (Stingone, Mervish et al. 2017). 
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6.5 Final conclusions 

This study has expanded on previous findings by considering a complex array of interacting 

pregnancy exposures, genetic, and epigenetic factors previously implicated in altered 

offspring DNA methylation. Specifically, of several candidate regions of interest in genes 

involved in regulation of growth and metabolism. Additional evidence was found for 

multiple independent effects of pregnancy exposures on methylation of genes previously 

implicated in diverse pregnancy outcomes including gestational diabetes and pre-

eclampsia. Despite genetic and epigenetic variation being inherently intertwined, most 

studies in this field fail to consider this. This study highlights the importance of including 

genetic variation in epigenetic studies, with considerable evidence that this regulates DNA 

methylation directly, in addition to modifying the relationship between early life exposures 

and methylation levels. Cumulative data from this study suggest that while there is 

compelling evidence for the early exposures considered in this study influencing offspring 

methylation, there is limited evidence for methylation of these specific loci in isolation 

having predictive utility to explain variance in 4-year weight and cardiovascular outcomes 

relative to more traditional measures such as early life weight.  

This study is the first to consider the longitudinal association between early life methylation 

and later cardiovascular phenotypes, and one of the few to consider later weight and 

adiposity measures. It also considers both the direct impact of genetic variation on 

methylation and potential genotype-exposure interaction effects on methylation. However, 

it was constrained in both the sample size for the longitudinal analysis and the methylation 

measures interrogated.  

Further work is required to determine the relationship between methylation of these 

regions in blood and methylation in other tissues, as well as the relationship between 

methylation and gene expression. Similarly, to determine if the longitudinal associations 

between earlier methylation and later cardiometabolic phenotypes may be of relevance to 

public health, they require replication, and longitudinal studies considering health all the 
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way from birth to adulthood are needed to investigate if these associations persist in later 

life. It may be that development of genome-wide methylation profiles will prove to have 

utility for prediction of later phenotypes, but this will require large, well-characterised 

longitudinal cohorts to elucidate. Ideally, future studies will consider not just DNA 

methylation, but also other epigenetic mechanisms, and integrate epigenetic data with 

detailed ‘molecular’ phenotypes such as gene expression, proteomics and metabolomics 

data, in addition to well-measured exposures and clinical phenotypes. In this way, the 

molecular processes underpinning the relationship between environmental exposures and 

later health outcomes can be investigated in a more comprehensive manner, to more 

effectively unravel the complex molecular relationships contributing to the aetiology of 

complex diseases. 
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included in Chapters 3 and 4: 
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