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Abstract 
Neurodevelopmental disorders such as cerebral palsy (CP) and epilepsy are some of the 

most prevalent childhood neurological disorders caused by damage to the growth and 

development of the brain. Early life environments predispose children to later health 

outcomes evidenced by the developmental origins of health and disease (DOHaD) 

phenomenon. Epigenetics, which refers to modifications of DNA without change in 

DNA sequence, is one way by which environmental exposures may contribute to 

development of disease. DNA methylation, arguably the most highly studied epigenetic 

mark, has been correlated with early life environmental exposures and have 

implications in both disease mechanisms as well as clinical biomarkers of 

neurodevelopmental diseases. These modifications most likely originate in utero, in line 

with the DOHaD hypothesis. The study of monozygotic (MZ) twins, in which genetics, 

age, sex, parental factors and shared environment are controlled for, helps in 

distinguishing the extent of effect of genetics and environment. Discordance for 

neurodevelopmental disorders has been recorded in MZ twins indicating a potential role 

of non-shared factors in disease risk. The aim of this PhD was to utilise the discordant 

MZ twin model to understand epigenetic changes associated with neurodevelopmental 

disorders. 

Genome-wide DNA methylation was measured within MZ twin cohorts discordant for 

CP or epilepsy using Illumina’s Infinium HumanMethylation450 and EPIC arrays. 

Statistical and bioinformatics pipelines were applied to evaluate the association of DNA 

methylation data to disease phenotypes.  

As detailed in Chapter Three of this thesis, DNA methylation analysis of CP-discordant 

twin pairs provides the first evidence that environmentally mediated differential 

methylation in genes involved in known processes such as hypoxia and inflammation, 

and processes such as cell adhesion, may contribute to the development of CP.  

As detailed in Chapter Four, an epigenome-wide analysis of epilepsy discordant MZ 

twin pairs revealed distinct patterns of DNA methylation within subtypes of epilepsies 

of unknown cause. Differentially methylated genes within epilepsy subtypes included 

those with a role in metabolic pathways, voltage-gated channel signalling and 

neurotransmitter processes. 
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This research paves the way for future larger studies, as understanding DNA 

methylation profiles associated with neurodevelopmental disorders, may facilitate 

biomarkers for earlier diagnosis. This could lead to possible intervention strategies for 

patients suffering from a broad spectrum of disorders. Analysing epigenetic data from 

disease discordant twins provides an elegant study design and has the power to explore 

non-shared environmental factors that further refine models of disease mechanisms and 

biomarkers. 

The findings of this thesis suggest that epigenetic factors may play a role regulating 

biological pathways that underlie neurodevelopmental disorders, some of which arise as 

early as the prenatal period. Replication in other larger and similar cohorts of discordant 

twin pairs may provide novel targets for biomarker development, thereby allowing for 

early interventions and helping the health of children. 
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Preface 
During the last few years it has become apparent that most chronic health conditions, 

from heart disease to psychiatric disorders, originate early in life. The basis of this 

doctoral thesis is UNIQUE cohorts of monozygotic (identical) twin pairs, in which one 

of the twins is affected by cerebral palsy or epilepsy. These cohorts have been 

established by A/Prof. Jeff Craig, Dr. Kylie Crompton and A/Prof. Lata Vadlamudi and 

have been recruited by the supervisor team to investigate specific epigenetic markers 

and characterise the variation recorded within each twin pair. The study involved 

bioinformatics and bio statistical analyses for DNA methylation data with a minor 

component of lab work, but with the majority of lab work performed by Dr. Yuk J. 

Loke and past Honours students. My involvement with the project commenced in 

December 2015, during the initial stages of DNA methylation data processing of 

UNIQUE CP twin cohort.  

 

The following people contributed towards this work and I would like to acknowledge 
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Associate Professor Jeff Craig, Dr. Kylie Crompton, Professor Dinah Reddihough for 
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interpretation. Dr. Kylie Crompton, Dr. Sue M. Reid and Dr. David J Amor were 

involved with ethics, patient recruitment and sample collections. Dr. Yuk J. Loke and 

Sebastian Bass-Stringer performed the lab work required for this study.  

 

Associate Professor Lata Vadlamudi for designing and establishing the epilepsy study, 

including ethics, patient recruitment and sample collections. Dr. Yuk J. Loke and 

Stephanie Hopkins performed the lab work required for this study. Professor Sam 

Berkovic for assisting with twin recruitment (Epilepsy Research Centre).  
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Chapter 1 Introduction 
 

Neurodevelopmental disorders (NDD) describe a wide range of disabilities of motor 

function, cognition, behaviour or communication impairments or psychiatric disorders 

resulting from dysfunction in the growth or development of the brain. Common NDDs 

include communication disorders such as autism spectrum disorder (ASD), attention 

deficit hyperactivity disorder (ADHD), intellectual disability; motor disorders such as 

developmental coordination disorder (DCD) and cerebral palsy (CP); and other genetic 

disorders such as Rett syndrome or epilepsy. These conditions are likely to have an 

early onset in early childhood and can range from developmental deficits affecting 

specific learning and control of executive functions to global impairments of social 

skills or intelligence. Global prevalence of communication disorders typically ranges 

from 0.5 to 2% of the population across countries. Early diagnosis is often difficult 

given the symptoms and behaviours of neurodevelopment often evolve, as the child 

grows older.  

Epilepsy is a neurological condition associated with increased morbidity and mortality. 

The social and psychological repercussions can be stigmatizing for people affected by 

this condition. Furthermore, epilepsy carries a substantial economic burden for health 

systems, individuals and their families.  

Genetics has always played an important role in neuroscience research and massive 

progress has been made to understand the inheritance patterns of various neurological 

diseases. A salient feature in many studies is that the genetic aetiology of such diseases 

is immensely complex (Petrovski & Kwan, 2013). However, there is increasing 

understanding that most human diseases result from gene-environmental interactions, 

the latter being most potent in early life. Distinguishing the extent of effect of nature 

(genetics) and nurture (environment) is confounded by a large number of variables. The 

most elegant way of approaching this difficulty has been by studying twins. Such 

studies open up the possibility of singling out environmental and developmental effects 

that may contribute to disease aetiology and facilitate in biomarker development. 

Biomarkers can be of two types, diagnostic biomarkers that provide discrete and 

objective indication of diagnostic status or screening biomarkers that would allow 

determination of risk status of a condition. Such biomarkers can be of significant 
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translational value as they allow the determination of diagnostic risk prior to the 

appearance of behaviour symptoms, thereby making early detection and intervention 

possible in the case of cerebral palsy. Minimising the functional and social impacts of 

neurodevelopmental disorders, such as epilepsy, would represent a significant 

advancement for large numbers of children with these life-long conditions which not 

only impact on the individual child but on their families too. 

 

This introduction will provide a broad overview of the epidemiology and impact of 

neurodevelopmental disorders with a focus on cerebral palsy and epilepsy. It will 

provide a comprehensive review of the current evidence regarding genetic and 

environmental risk and aetiological factors with particular focus on the unique potential 

of twin studies in such complex disorders. 

 

1.1 Neurodevelopmental disorders 
 

1.1.1 Types, Symptoms, Prevalence 
Neurodevelopmental disorders are quite complex and in the past decade they have 

undergone substantial progress in diagnosis and classification. In 2014, the new 

Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) 

(American Psychiatric Association, 2013) classified neurodevelopmental disorders 

based on adaptive functioning instead of IQ scores (JC, 2013; Salvador-Carulla L, 

2011). Communication disorders were classified as a separate category and motor 

disorders were re-organised. The classification system also reflects a developmental 

approach to the classification of each of the disorders. The global burden of disease 

study in 2016 reported that although the burden of mortality among children younger 

than 5 years decreased by half between 1990 and 2016, there was no corresponding 

improvement in non-fatal health outcomes among children with developmental 

disabilities globally (GBD 2016).   
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Cerebral palsy and epilepsy are two of the key prevalent disorders of neurodevelopment 

in children. Both these disorders have been described to coexist, with studies reporting 

epilepsy diagnosis in up to 50% of children with cerebral palsy (Hadjipanayis, 

Hadjichristodoulou, & Youroukos, 1997; Singhi, Jagirdar, Khandelwal, & Malhi, 2003). 

Most neurodevelopmental disorders are known to co-occur and rarely present itself in 

isolation. However, the symptoms and behaviours associated with a particular 

neurodevelopmental disorder can change as children grow and mature. As a result, 

diagnosis of these disorders can be challenging. The prevalence rates of cerebral palsy 

was reported to be 1.5 to more than 4 per 1,000 live births (Moshe Stavsky, 2017) and 1 

in 26 will develop epilepsy during their lifetime (DC Hesdorffer, 2011). In Australia, 

rates are estimated as 1 in 700 for CP 

(https://www.cerebralpalsy.org.au/sstposts/StoryId1543990187907) and around 250,000 

people or 1% of the population are currently diagnosed with epilepsy 

(https://www.epilepsy.org.au/about-epilepsy/).  

 

1.1.1.1 Cerebral palsy 
Cerebral palsy (CP) is a clinical description of a group of heterogeneous motor 

(movement) impairment syndromes resulting from lesions or anomalies of the brain. CP 

is usually non-progressive although changes in the severity of the disorder can occur. 

The condition generally arises in the early stages of development and is therefore 

considered to most likely have causes occurring in utero (P. Rosenbaum, 2007).  CP is 

the most common physical disabilities occurring in childhood (Novak, Hines, 

Goldsmith, & Barclay, 2012) and preterm infants are at a higher risk of the disease 

(Elovitz, Mrinalini, & Sammel, 2006). CP risk is usually diagnosed around 2-3 years of 

age, as the symptoms of this disorder are heterogeneous in nature thereby making it 

hard to define the disease. Primarily, CP affects movements and posture limiting 

physical capabilities. It can often also be accompanied by difficulties in sensation, 

perception, cognition, communication and behaviour as well as secondary 

musculoskeletal problems (P. Rosenbaum, 2007). 

 

Cerebral palsy definition and diagnosis 
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The diagnosis of CP is primarily dependent on clinical assessment of the individual and 

is typically based on parental reports of the child’s developing motor skills. The 

definition of cerebral palsy therefore encompasses the limitations of development of 

movement and posture that are attributed to the disturbances occurring in the infant 

brain. The recent international working group of cerebral palsy defined it is as follows: 

“Cerebral palsy describes a group of permanent disorders of the development of 

movement and posture, causing activity limitation, that are attributed to non-progressive 

disturbances that occurred in the developing fetal or infant brain”.  

Clinical diagnosis usually involves both neurological as well as motor skills assessment 

and repeated examination of children as some neurological abnormalities observed in 

the early months of preterm born children may not be associated with motor impairment 

and may resolve during the early years of life. Categorisation of motor skills is based on 

a widely used standardised measure of motor function, the Gross Motor Function 

Classification System (GMFCS) (K. Bjornson, 1998; Russell DJ, 1989), which 

categorises CP individuals into groups based on severity (Figure 1.1 and Figure 1.2) 

even though each case may have unique characteristics. The grouping was traditionally 

based on the pattern of distribution of the affected limbs and then further grouped by the 

type of movement abnormality. 
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Figure 1.1: Gross Motor Function Classification System (GMFCS) for children with 
cerebral palsy  
(Taken from Graham et al., 2016: The Gross Motor Function Classification System 
(GMFCS) has become the gold standard to classify motor function in children with 
cerebral palsy. The GMFCS is an ordinal classification in which different descriptors 
are used according to the age of the child. The descriptors for children 6–12 years of age 
are shown. GMFCS has been shown to be valid, reliable, stable and predictive of long-
term gross motor function. Images are courtesy of B. Reid, A. Harvey and H.K.G., The 
Royal Children's Hospital, Melbourne, Victoria, Australia. (Graham et al., 2016)). 
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Figure 1.2: Topographical description in cerebral palsy 

(Taken from Graham et al., 2016: In monoplegia, one limb is affected and it is more 

often the lower limb. In hemiplegia, one side of the body is affected and the upper limb 

is usually more affected than the lower limb. In diplegia, all limbs are affected, but the 

lower limbs are much more affected than the upper limbs, which frequently only show 

fine motor impairment. In triplegia, the usual pattern is unilateral upper limb 

involvement and bilateral (asymmetrical) lower limb involvement. The lower limb is 

invariably more affected on the same side as the upper limb involvement. In 

quadriplegia, all four limbs and the trunk are involved. Diplegia, triplegia and 

quadriplegia are covered by the term bilateral cerebral palsy (Graham et al., 2016)) 

 

Cerebral palsy prevalence and aetiology 

A meta-analysis recently reported the worldwide prevalence rates of CP as 2.11 per 

1000 live births (Oskoui, Coutinho, Dykeman, Jette, & Pringsheim, 2013). This makes 

cerebral palsy the most common motor disability in childhood. It was once considered 

that all children with cerebral palsy were either born premature or had a difficult labour 

associated with neonatal asphyxia. These were considered to be directly linked to the 

cause of CP however has now been considered to be risk factors in the development of 

CP (T. R. Han, Bang, Lim, Yoon, & Kim, 2002; Murphy DJ, 1997; Sukhov, Wu, Xing, 

Smith, & Gilbert, 2012). Various other risk factors include intrauterine infection, 
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changes in blood pressure, and conditions associated with increased clotting 

(O'Callaghan et al., 2011). It is known that gestational age is an important risk factor for 

CP with the risk steadily increasing with declining gestational age. Along with an early 

gestational age at birth, CP is 50% more likely to develop if associated with white 

matter injury or other brain injuries (Pinto-Martin JA, 1995). Perinatal factors such as 

chorioamnionitis (intra-amniotic infection) or other evidence of perinatal inflammation; 

transient hypothyroxinaemia (low maternal thyroid hormone levels) have been 

associated with the development of CP in premature infants. However whether these 

factors act via brain damage or if a direct link exists, is unclear. In full term infants that 

develop CP, factors such as low Apgar score have also been shown to associate with 

increased risk of developing CP (Nelson KB, 1984). It is also unclear if the same factors 

have an equal risk in different subtypes of CP, given CP is such a heterogeneous 

condition.   

Similar to other neurodevelopmental disorders, CP is considered to have both a genetic 

and environmental origin although the extent of the influence of each is not clearly 

understood. Twins in general have a shorter mean gestational age and lower birth 

weight than singletons and have higher chances of preterm delivery. There have been a 

number of cases where the incidence of CP has a 5.1 fold increase in twins compared to 

that of singletons (Tollanes, Wilcox, Lie, & Moster, 2014), indicating that being a twin 

itself can increase the risk of CP (Bonellie, Currie, & Chalmers, 2005). Twin specific 

risk factors may include unequal sharing of blood in monochorionic twins leading to 

twin-to-twin transfusion syndrome (McNamara, Kane, Craig, Short, & Umstad, 2016), 

or the unequal sharing of placenta (cord insertion, placental vasculature, etc) (Lewi L, 

2010). Population based studies that investigate the patterns of heritability of cerebral 

palsy have shown that families with a history of CP have a higher risk of the disorder in 

future generations depending on the degree of relatedness (Tollanes et al., 2014). This 

shows that cerebral palsy has a genetic component.  

Various studies have indicated that single nucleotide polymorphisms (SNPs) and copy 

number variations (CNVs) in some genes to be linked to cerebral palsy (K. B. Nelson et 

al., 2005; Oskoui et al., 2015). Until recently however, there have been no genetic or 

epigenetic study demonstrating the use of twin models to study the underlying biology 

processes that may be involved in cerebral palsy pathophysiology. 
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1.1.1.2 Epilepsy 
Epilepsy is a complex brain disorder of heterogeneous aetiology, presentation and 

tractability. It is characterised by the occurrence of seizures. Around 30% of cases 

experience symptoms that remain hard to control with anti-epileptic drugs. The burden 

of epilepsy is associated with increasing morbidity and mortality. Daily living 

conditions such as ability to drive, going to work and work-related tasks need to be 

adjusted significantly in order to ensure safety of patients suffering from epilepsy. Apart 

from clinical manifestations of the disease and social repercussions, there is a 

significant psychological impact on the people suffering with epilepsy and their 

families. 

 

Epilepsy definition and diagnosis 

Epilepsy are a group of brain disorders marked by sudden, recurrent episodes of motor 

or non-motor disturbance, loss of consciousness or convulsions, associated with 

excessive electrical activity in the brain. Around 35% of epilepsies have a clear 

acquired cause such as head injury or stroke and the remaining 65% have unknown 

causes which were historically termed “idiopathic” because of presumed genetic or 

unknown origin. Idiopathic epilepsy is defined the absence of an underlying structural 

brain abnormality and can be classified into generalised and focal epilepsies. Focal 

seizures originate from one region of the brain, and generalised seizures originate 

bilaterally, and are a result of abnormal activity involving most of the brain. 

The clinical classification of idiopathic epilepsies into focal and generalised is based on 

clinical assessment with electroencephalogram (EEG) and neuroimaging techniques 

such as MRI, CT or PET scans of the brain. Figure 1.3 shows the EEGs from 

generalised epilepsy (sharp waves seen over the entire brain) and Figure 1.4 shows 

EEGs from focal epilepsy (sharp waves seen over one region of the brain). 

Understanding if an epilepsy is focal or generalised will assist in tailoring treatment 

choices, as some medications can aggravate certain epilepsy types. Anti-epileptic 

medications can treat some of these cases; however, depending on the type of epilepsy, 

the choice of anti-epileptic medication can aggravate certain epilepsy types.   
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Figure 1.3: EEG showing generalised seizure 

 

 

 

Figure 1.4: EEG showing focal seizure 
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Epilepsy prevalence and aetiology 

Globally, over 50 million people are affected by epilepsy. The World Health 

Organisation's 2010 Global Burden of Disease study ranks epilepsy as the second most 

onerous neurologic disorder worldwide in terms of disability-adjusted life years 

(Murray et al., 2012). The prevalence rates for epilepsy in Australia were estimated to 

be 1 in 26 (https://www.epilepsy.org.au/about-epilepsy/facts-and-statistics/). The 

aetiology of epilepsy includes a wide variety of phenomena, including traumatic brain 

or head injury, developmental brain malformations, and genetic causes. The role of 

genetics in epilepsy has long been described with various studies characterising the 

patterns of inheritance of epilepsy, and the molecular explanations for these patterns 

(Berkovic, Howell, Hay, & Hopper, 1998; MI, 2010; Speed D, 2014; Vadlamudi et al., 

2014).  

Molecular investigations have uncovered many genes underlying different rare 

monogenic types of epilepsy, with the first epilepsy gene, cholinergic receptor nicotinic 

alpha 4 subunit (CHRNA4), being identified in 1995, as a cause of autosomal dominant 

frontal lobe epilepsy (Steinlein OK, 1995). After 2008, high throughput sequencing and 

the application of next generation sequencing revealed an overabundance of genes 

associated with epilepsy, clearly defining a role of genetics in the disorder (Helbig, 

Scheffer, Mulley, & Berkovic, 2008; Vadlamudi et al., 2014). This is particularly true 

of the relatively rare group of epileptic encephalopathies, which are now emerging as a 

genetically heterogeneous group of largely de novo dominant disorders. In contrast, 

monogenic variants account for 1% of common forms of epilepsy. 65% of cases of 

epilepsy remain clinically idiopathic, leaving a great number of patients without an 

explanation for their condition (Hauser, Annegers, & Kurland, 1993). These common 

forms are likely multifactorial, with a significant and complex genetic architecture. The 

marked phenotypic and genotypic heterogeneity in the idiopathic epilepsies imply other 

causative mechanisms must be involved. 
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1.1.2 Genetics of neurodevelopmental disorders 
Studies of neurodevelopmental disorders have advanced considerably from detecting 

chromosomal abnormalities such as aneuploidy and microdeletions to single gene 

defects and those with complex aetiology (Shen J, 2014). The advances in genetic 

technologies over the years demonstrate not just the range of genetic abnormalities 

associating to the phenotype but also the complexity and variability of 

neurodevelopmental disorders. Teasing apart the complexity of genetic patterns of 

inheritance of neurodevelopmental disorders largely involves twin and family studies 

that established whether the disorder is of genetic origin. Such studies provided 

considerable success in evaluating risk factors at disease specific loci and genes, though 

they did not explain the phenotypic variation associated with the disorder.   

 

1.1.2.1 Genetic background of cerebral palsy 
With the advent of next generation sequencing technologies, a large number of 

causative genetic variations have been identified in individuals with 

neurodevelopmental disorders. However, it is increasingly being understood that these 

neurodevelopmental disorders likely result due to complex genetic and genetic-

environmental interaction. Population-based studies that investigate the patterns of 

genetic aetiology of cerebral palsy have shown that families with a history of CP have a 

higher risk of the disorder in future generations depending on the degree of relatedness 

(Tollanes et al., 2014). Various studies have indicated that SNPs and CNVs are 

associated to cerebral palsy. For example, SNPs associated with thrombophilic genes, 

apolipoprotein E (APOE) gene, cytokines, etc. have been indicated to play a role in 

cerebral palsy (O'Callaghan, MacLennan, Haan, Dekker, & South Australian Cerebral 

Palsy Research, 2009). This large systematic review was performed on 22 papers that 

examined SNP association with CP outcome. Association of CP to thromobophilic 

SNPs were not validated among studies due to limited size or heterogeneity in study 

design such as multiple ethnicities, gestational age or infection. Three studies that 

investigated APOE SNPs and CP association found no relationship and warranted 

further clarification. SNPs in cytokines such as tumor necrosis factor (TNFA) and 

lymphotoxin alpha (LTA) gene were significantly associated to CP outcomes in five 

studies. However, these studies need replication in larger datasets and further analysis 
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corresponding to CP subtypes. Several studies report that CNVs may explain CP in 

about 10% to 20% of cases (McMichael et al., 2015; Oskoui et al., 2015; Segel et al., 

2015). McMichael et al. identified putatively deleterious CNVs affecting 20% of a CP 

cohort. Candidate genes implicated included genes involved in microcephaly such as 

microcephalin MCPH1 and some implicated in spastic paraplegia like spastic 

paraplegia-6 gene, SPG6/NIPA1. Segel et al. identified putatively pathogenic CNVs in 

19% of their cohort, and identified CNVs that they considered likely to be pathogenic in 

another 12%. De novo pathogenic CNVs were also found in some patients. The 

investigators implicated gene alterations in KANK1 (also reported by (Lerer I, 2005)). 

Oskoui et al. found de novo deleterious CNVs in 7% of their patients and, in total, about 

10% carried CNVs thought to account for their symptoms. They also identified copy 

number abnormalities affecting KANK1. Recent genetic studies of CP cases using 

exome sequencing show that 14% of cases have likely causative single-gene mutations 

(McMichael et al., 2015). Exome sequencing from a large cohort of ataxic CP cases had 

reported de novo point mutations in the genes potassium voltage-gated channel 

subfamily C member 3 (KCNC3), inositol 1,4,5-trisphosphate receptor type 1 (ITPR1), 

and spectrin beta non-erythrocytic 2 (SPTBN2) (Badawi & Keogh, 2013). This work 

also suggested that de novo mutations may significantly contribute to CP pathogenesis, 

as has been shown for related neurodevelopmental disorders, including intellectual 

disability, epilepsy, and autism. However, many of these studies have not had follow-up 

functional studies that are essential to confirm CP pathogenicity. Another complexity is 

the fact that CP is highly heterogeneous. Therefore, it is likely that CP cases are 

explained by more complex genetics and environmental factors and not just a single 

major gene effect (O'Callaghan et al., 2009).  

 

1.1.2.2 Genetic background of epilepsy 
The genetic component of epilepsies has been defined by familial and twin studies prior 

to the genomic era, and further strengthened by the discovery of genes mutated in 

epilepsy. Using twin studies, the components of variance in epileptic phenotypes, like 

all other human disorders, can be broken down into additive genetics (similar to narrow 

sense heritability), common environment and non-shared environment (individual 

environment plus developmental factors). One of the first twin studies in epilepsy was 
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by Sillanpää in 1998 (Sillanpaa, Jalava, Kaleva, & Shinnar, 1998), with a cohort 

consisting of over 27,000 twin pairs in total from the Finnish Twin Cohort Study and 

including 316 cases of epileptic seizures occurring in 310 twin pairs, both MZ and DZ. 

The results suggested that there was a higher concordance rate in (observed to expected 

ratio = 5.48) in MZ twins as opposed to DZ pairs (observed to expected ratio = 2.12). 

This suggested that most of the epileptic seizures were associated with genetic 

variability. Ganor et al., 2005 (Ganor, Freilinger, Dulac, & Levite, 2005) studied the 

role of cytokines and autoimmunity in epilepsy. Based on previous studies, they 

specifically looked at antibodies against glutamate receptor, and four key cytokines 

namely IFN-gamma, TNF-alpha, IL-4 and IL-10. They compared the serum levels of 

the antibodies against these molecules in 4 discordant MZ twins and 49 non-epileptic 

controls. They found significantly higher levels of specific antibodies in the serum of 

affected twins compared to that of the healthy controls. Interestingly, within twin pairs 

they found high levels of antibodies to the receptor but low levels of cytokines 

compared to the unaffected twin. Genome-wide expression study was also investigated 

in five discordant and four concordant MZ twins with idiopathic absence epilepsy and 

healthy controls (Helbig et al., 2008). Using microarrays, they identified genes that 

were differentially expressed and 16 of those genes were validated using qRT-PCR. 

Nine of these genes were also replicated in an independent cohort. Two genes early 

growth response protein 1 (EGR1) and reticulocalbin 2 (RCN2) were significantly up 

regulated and have been implicated in seizures. 

 

In the last few decades, advances have been made in identifying genetic variants that 

associate with epilepsy (Helbig et al., 2008). Variants in SCN1A and SCN1B, genes 

encoding sodium channels, have been shown to be causative of generalised epilepsy 

with febrile seizures plus (GEFS+), a familial syndrome of autosomal dominant 

inheritance that presents as variable epilepsy phenotypes across different individuals of 

the same family (Wallace et al., 2001). These discoveries are of great importance to 

neurology, reflected by the current-day practice of screening eligible families for 

SCN1A mutations (Hirose et al., 2013). Mutations of other genes such as protocadherin 

19 (PCDH19), glutamate receptor subunit epsilon-1 (GRIN2A), DEP domain-containing 

5 (DEPDC5) and potassium channel subfamily T, member 1 (KCNT1) are also such 

examples. Non-coding intronic region variations and copy number variations (CNV) 
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have also evolved as important genetic mechanisms in epilepsy (Leu, Coppola, & 

Sisodiya, 2016; Liu et al., 2016). Genome-wide association studies associate multiple 

common variants with epilepsy phenotype. A recent study (ILAE, 2018) reported 

multiple genome-wide loci as biologically plausible candidates in genetic generalised 

epilepsy and as targets of anti-epileptic medication. However, genetic variants 

associated with epilepsy that have been discovered so far account for only a minor 

portion of the aetiology all epilepsies. The complicated genotype-phenotype 

correlations in epilepsy indicate that other modifying factors are responsible for 

determining the specific subtype. Moreover, twin studies have shown differing case 

wise concordance estimates (proportion of epilepsy-concordant pairs as a proportion of 

concordant and discordant pairs combined) for idiopathic generalised epilepsies (MZ= 

0.77; DZ= 0.35) and focal epilepsies (MZ= 0.40; DZ= 0.03) (Vadlamudi et al., 2014). 

The lack of complete case wise concordance estimates in MZ twin pairs who are 

genetically identical indicates that presence of other factors such as the non-shared 

environment that may contribute to discordance (Kjeldsen, Kyvik, Christensen, & Friis, 

2001). 

 

1.1.3 Epigenetics 
In 1942, Conrad Waddington coined the term ‘epigenetics’ which literally means the 

layer (of regulation) above genes (Waddington, 1956). Waddington also hypothesised 

that the epigenetics responds to the environment. Initially, epigenetics was defined as 

the study of ‘changes in organisms caused by the modification of gene expression rather 

than an alteration of the genetic code itself’ (Holliday & Pugh, 1975; Riggs, 1975). 

Studies attempting to understand the various mechanisms involving the effect of 

environment in the development of an organism and its interactions among genes was 

becoming increasingly popular in the later years. Epigenetics has since changed its 

definition multiple times from ‘the study of changes in gene function that are 

mitotically and/or meiotically heritable and that do not entail change in DNA sequence’ 

(C. Wu & Morris, 2001)  to the most recent being ‘the structural adaptation of 

chromosomal regions so as to register, signal or perpetuate altered activity states’ (Bird, 

2007).  
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One of the best examples of the role of epigenetics in regulating gene expression was 

demonstrated by the experiments of Michael Meaney and Moshe Szyf showing that 

maternal behaviour of rats to their new born pups causes epigenetic alterations in the 

pup’s brain, leading to phenotypic differences in their adulthood (Meaney MJ, 2005). 

They revealed that maternal behaviour could produce epigenetic changes in the brain 

that lead to the increased production of glucocorticoid receptor, NR3C1, in the pups 

brain, thereby leading to enhanced stress resistance as they develop into adults (Weaver 

et al., 2004). Other studies also demonstrated that a similar effect was seen in monkeys 

and humans (Champagne & Curley, 2009; Fairbanks, 1989).  

 

1.1.3.1 Developmental origins of health and disease (DOHaD) 
Abnormalities that originate from environment in early life relate to maternal factors, 

nutrition, among others and some of these aspects may affect embryonic development. 

Early statistical analysis carried out by David Barker in the 1980s laid the foundation of 

this theory (Barker et al., 1993; Barker & Osmond, 1986; Barker, Winter, Osmond, 

Margetts, & Simmonds, 1989). He compared the low-birth weight babies with their 

later health outcomes such as cardiovascular diseases and hypothesised that the low 

birth weight was due to its adaptive nature to its environment, which may have the low 

levels of fetal nutrients. He hypothesised that the adaptive response in the fetus would 

channel essential nutrients to the development of the key organs such as the brain, and 

neglect the development of other organs causing in utero growth restrictions and leading 

to higher chances of chronic illnesses like diabetes in the future (Barker et al., 1993; 

Burdge GC, 2010); (Hales & Barker, 2013). Neel, called the ‘thrifty genotype’ 

hypothesis, also records this adaptation in 1962. It explains that in a food scarce 

environment, the fetus would adapt to the low food environment by selecting ‘thrifty 

genes’, so that the child can survive in a food scarce situation in future. However, food 

may be in abundance at the later life stages, and the child’s body may not be able to 

adapt to food abundance environment, thus leading to diabetes and related health 

complications (Neel, 1962). This adaptive mechanism was termed the “Barker 

Hypothesis” was later named “Fetal Origins Hypothesis” and is now known as the 

“Developmental origins of health and disease (DOHaD)” hypothesis. Research is now 

being focussed on the mechanisms during gestation and the role that it plays in 



 
 

16 

development. Epigenetics is considered to be one of the main factors that may explain 

the DOHaD concept. 

 

1.1.3.2 DNA methylation, histone modification and non-coding RNA 
Understanding epigenetics, the “switch” that turns genes on and off, will help to 

identify how the environment brings changes to the genes that expose itself to disease 

risk. There are many epigenetic modifications described in the literature, the best 

understood being addition of the methyl molecule (CH3) to the cytosine-guanine (CpG) 

dinucleotide of DNA (Gibney ER, 2010; Vaissière T, 2008) by DNA methyltransferase 

(DNMT) enzymes. The methylated cytosine residues lie immediately adjacent to a 

guanine nucleotide linked by a phosphodiester bond denoted by a “p”, there by placing 

two methylated cytosine molecules diagonal to each other on opposing DNA strands. 

There are different types of methyltransferase enzymes depending on their functions. 

De novo DNMTs (DNMT3A and DNMT3B) are responsible to initiate the pattern of 

methylation on a DNA sequence. These enzymes add new methyl groups to the cytosine 

residues. Maintenance DNMT (DNMT1), on the other hand, adds methylation to the 

DNA sequence where one strand is already methylated. These enzymes maintain the 

modification on the DNA sequence established by de novo methyltransferases.  

DNA methylation has different roles and targets in different organisms. For example, in 

plants more than 50% of the cytosine residues are methylated whereas in fungi only the 

repetitive DNA sequences are methylated (Phillips, 2008). In some species, DNA 

methylation is completely absent or present only in the transposons in the genome 

(Phillips, 2008). DNA methylation has been observed to have global distribution 

patterns as well as ‘mosaic’ pattern of methylation, where regions of heavily methylated 

DNA are interspersed with non-methylated regions (Simmen et al., 1999; Weber & 

Schubeler, 2007). It is estimated that 70%-80% of CpG dinucleotides in the human 

genome are methylated, with most of the unmethylated CpG dinucleotides located in 

CpG “islands” (Davuluri, Grosse, & Zhang, 2001; Ohlsson & Kanduri, 2002; Simmons, 

2011). CpG islands are variously defined as >200bp stretches of DNA with significantly 

higher concentration of CpG dinucleotides, than the genome average (Gardiner-Garden 

& Frommer, 1987) and tend to be in the promoter region of a gene indicating that they 

play a regulatory role in gene expression. At their promoter, genes are silenced by 
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methylation via blocking of transcription factors (Inamdar, Ehrlich, & Ehrlich, 1991; 

Xinsheng Nan, 1997) and also recruiting factors that encourage a local inactive 

chromatin configuration (S. Eden, Hashimshony, Keshet, Cedar, & Thorne, 1998; 

Mehler, 2008). Methylation states that differ between cell types, tissue types and 

individuals can account for variations in gene expression that may play a role in the 

expression of certain phenotypes. 

DNA methylation has been shown to be essential for mammalian embryonic 

development as shown in an experiment in mice, where lack of DNMT enzymes led to 

decreased DNA methylation and ultimately death in mice (Li, Bestor, & Jaenisch, 1992; 

Lyko, 2018). The importance of DNA methylation was tested in a study that looked at 

the regulation of the agouti gene in mice (Dolinoy, 2008). They noticed that the set of 

mice that were fed a diet rich in vitamin B and folic acid (acting as methyl donors), 

resulted in agouti mothers to produce healthy, normal weight pups, not prone to 

diabetes, where as its counterpart that were not fed a specific diet, resulted in agouti, 

diabetic prone offspring (Morgan, Sutherland, Martin, & Whitelaw, 1999). This study 

demonstrated how the environment can have an affect on gene expression by altering 

DNA methylation. Several studies in model organisms have since recorded similar 

effects of the environment on the expression of genes and thereby on phenotype 

(Giacomo Cavalli, 1998; Menon & Meller, 2014; Seth et al., 2013). DNA methylation 

also plays an important role in a number of cellular processes such as genomic 

imprinting, X-chromosome inactivation and chromosome stability (A. Eden, Gaudet, 

Waghmare, & Jaenisch, 2003; Li, Beard, & Jaenisch, 1993; T. Mohandas, Sparkes, & 

Shapiro, 1981).  

 

Histone modification is another epigenetic mechanism that affects gene expression by 

modifying the chromatin structure and function. Histones are proteins found in the 

eukaryotic cell that help in packaging and ordering DNA into structural units called 

nucleosomes. They undergo post-translational modifications such as acetylation, 

methylation, phosphorylation, ubiquitylation and sumoylation. Histone acetylation is a 

well-studied process and is involved in the ‘opening’ of the chromatin structure thereby 

helping the transcriptional machinery to access the DNA (Bannister & Kouzarides, 

2011). Numerous studies have established a link between DNA methylation and histone 
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acetylation (Bartke et al., 2010; Tamaru H, 2003). For example, the hypermethylation of 

CpG islands in gene promoters triggers deacetylation of histones (Javaid N, 2017). It 

has also been observed that low levels of histone acetylation may induce DNA 

methylation thereby silencing gene expression and offering many routes to alter gene 

expression. The histone modification machinery are regulated by three major classes of 

enzymes - histone acetyltransferases (HATs) and deacetylases (HDACs), which 

introduce and remove acetyl groups, respectively; histone methyltransferases (HMTs) 

introduce methyl groups and histone demethylases (HDMs), on the other hand, remove 

methyl groups. The disruption of the activity of these enzymes has been reported to 

hamper recruitment of transcription factors, transcriptional machinery, and therefore 

gene expression (Gallinari, Di Marco, Jones, Pallaoro, & Steinkuhler, 2007; Wada et al., 

2009).   

 

Non-coding RNA (ncRNA) molecules such as miRNA, siRNA, piRNA and lncRNA 

are also known to demonstrate epigenetic regulation. MicroRNAs (miRNA) are 

generally seen to bind to messenger RNA targets to induce cleavage, degradation or 

block translation (Chuang & Jones, 2007; Yao, Chen, & Zhou, 2019). Short interfering 

RNA (siRNA) also has similar mechanism of action where targeted mRNA is degraded 

due to gene silencing (Verdel, Vavasseur, Le Gorrec, & Touat-Todeschini, 2009). They 

also have been shown to induce chromatin condensation and histone methylation (Joh, 

Palmieri, Hill, & Motamedi, 2014). Piwi-interacting RNAs (piRNA) interacts with the 

piwi family of proteins specifically, and suppresses transposon regulation in germline 

and somatic cells (Niemitz, 2012; Yamanaka et al., 2014). Long non-coding RNAs 

(lncRNA), which form the majority of ncRNAs, can form complexes with chromatin-

modifying proteins and affect their catalytic activity, therefore influencing chromatin 

states and affecting gene expression (P. Han & Chang, 2015; Zhang, Vielle, Espinosa, 

& Zhao, 2019).  

 

Epigenetic modifications in disease phenotypes can be due to genetic, developmental or 

environmental factors but the exact mechanism is unknown in many cases. Importantly, 

many studies have shown that prenatal environment can influence epigenetic state, 

which is in turn related to risk for chronic disease (Gluckman, Hanson, & Low, 2011; 
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Gluckman, Hanson, & Mitchell, 2010; Joubert et al., 2016). Furthermore, such 

epigenetic states have been shown to be maintained for many years after an initial 

environmental event, examples of which are famine, maternal nutrient intake and their 

links with obesity and heart disease (Godfrey, Costello, & Lillycrop, 2015; Heijmans, 

Tobi, Lumey, & Slagboom, 2014). Studies in animals have shown that disease-

associated epigenetic state can be reversible after birth (Weaver et al., 2005). This 

information has huge implications for addressing human disease, namely that epigenetic 

assays could be used to supplement other biomarkers to assist with (i) diagnosis of 

chronic diseases; (ii) assess risk in very early childhood before onset of overt symptoms 

and (iii) designing therapeutic interventions.  

 

1.1.3.3 Epigenetics and neurological diseases 
Epigenetic modification has been implicated as both a mediator and potential biomarker 

for neurodevelopmental diseases (Petronis, 2010; Qureshi & Mehler, 2010; Urdinguio, 

Sanchez-Mut, & Esteller, 2009), though these have been less well studied than other 

chronic diseases (Loke, Hannan, & Craig, 2015; Mikeska & Craig, 2014). DNA 

methylation has been shown to be important for all aspects of brain development, 

homeostasis, plasticity, and response to injury (Mehler, 2008). Prenatal damage to the 

growth and development of the brain can result in serious neurological disorders, as 

discussed in the previous section 1.1.3.1. Understanding the underlying disease 

mechanisms and the development of potential biomarkers are key to better prediction 

and early diagnosis of such chronic conditions. Genetics play an important role in 

understanding the inheritance patterns of such disorders (discussed above in section 

1.1.2); however, there is increasing understanding that these disorders, like other 

chronic conditions, result from a combination of genes, environment and developmental 

variation, the latter two being most prominent in early life.  

Twins play an important role in differentiating phenotypic variance into genetic, shared 

and non-shared (or developmental) environments. Although shared factors are an 

important contributor to chronic disease risk, non-shared factors are of a greater 

magnitude and are likely to be more influential for health (Boomsma, Busjahn, & 

Peltonen, 2002; Petronis, 2010). 
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1.1.4 Twins 
The study of twins offers a new opportunity to study epigenetics since the genetic 

variability between identical or monozygotic twins is known to be very low or even 

absent (van Dongen, Slagboom, Draisma, Martin, & Boomsma, 2012; A. H. Wong, 

Gottesman, & Petronis, 2005). Monozygotic (MZ) twins develop from one single 

zygote that splits into two during the first few days of life. Dizygotic (DZ) twins 

develop from two different eggs fertilized by two separate sperm cells. The mechanism 

of MZ twining are not fully understood; however, it has been hypothesised that the time 

at which MZ embryos separate, determines the development of each embryo and affects 

growth and development (McNamara et al., 2016). According to this hypothesis, 

embryos that separate in the first four days of pregnancy develop with separate amniotic 

sacs and chorionic casings called dichorionic twins. They are like singletons in the 

womb as they have separate placentas and umbilical cords and have the highest survival 

rate among twins. They account for 25% of MZ twins.  On the other hand, eggs 

separating between 5-8 days share a single placenta and chorion but have two amniotic 

sacs and umbilical cords called monochorionic twins, which make up 75% of MZ twins. 

In this case, one twin can have an advantage over the other. The umbilical cord may be 

centrally located on one sac and marginally on the other, thereby limiting the nutrients 

for one twin compared to the other. Although this happens in-utero, the lighter twin can 

catch up in early life with a nurturing environment. Sharing of the placenta can also 

cause vascular anastomoses, in which shared blood supply can result in twin-twin 

transfusion syndrome leading to growth risks and even mortality. According to the 

above hypothesis, twins may also result from a split between 8-12 days of conception 

and share an amniotic sac, therefore called monoamniotic twins. The chance of survival 

of both twins in this instance is low as it is very likely that the cords can get entangled 

(Dickinson, 2005) leading to restricted blood flow and complications in both twins. 

Conjoint twins are formed as a result of the egg splitting after 12 days.  

Twin pregnancies are often accompanied with complications to the baby as well as the 

mother including pre-term delivery, restricted fetal growth, increased nausea, 

gestational hypertension and pre-eclampsia. Placental sharing can be one of the factors 

that determine the risk in twin pregnancies (B, 2018; Hubinont et al., 2015; Lewi L, 
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2010). Compared to singletons, twin pregnancies are also at a higher risk to fetal 

anomalies and chromosomal abnormalities (Hubinont et al., 2015; Khong JJ, 2006; 

Lopriore E, 2006).  

Although twin pregnancies are associated with higher risk of health complications in 

general, they can be valuable in understanding in importance of genetic and 

environmental influences on complex trait variation. The classical twin model was a 

popular study design, where phenotypic differences between MZ and DZ twins were 

compared to distinguish the proportion of variance in a disease due to genetic variation 

within a population (Boomsma et al., 2002). Such studies had important implications 

for the medical community as neurological disorders such as epilepsy and autism were 

found to have a heritable component, overturning previous assumptions that it 

originated primarily in perinatal factors (Bailey A, 1995; Samuel F Berkovic, 1993). 

More sophisticated twin models like the ACE model involved estimating proportion of 

variance due to additive genetic effects (A), common or shared factors (C) and non-

shared or unique factors (E) for a given phenotype. In chronic diseases, the largest 

variance is expected from the non-shared factors or twin-specific environmental factors 

because the A (genetics) stays equal in MZ twin pairs and the C (shared factors) is 

relatively small in difference within twin pairs. This non-shared environment can also 

include the normal developmental noise that would be different between twins. Non-

shared factors refer largely to the fetoplacental unit where there may be differences in 

placental size, morphology, location of cord insertion, blood flow, infection etc. 

between the twin pairs. 

The comparison of discordant monozygotic twins, called the co-twin control model, is a 

powerful tool that can aid in the detection of biomarkers for various disorders, as it 

controls for shared genetic and shared environmental factors, enabling focus on non-

shared factors as mechanisms to explain the disease discordance. Twin registries have 

helped greatly in these studies by establishing collections of longitudinal and cross 

sectional data in twins across age categories from birth (Hur & Craig, 2013). Twin 

studies also continue to recruit cohorts specific to a disease phenotype, enabling very 

large twin studies to be carried out worldwide (Sahu & Prasuna, 2016). The advantage 

of using monozygotic twins is that they are perfectly matched for age, genetic 

background and sex. The differences between them can be analysed for association to 

unique biological pathways that may be responsible for the discordance. It also allows 
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for the exploration of environmental influences on twins during early life. Diverse 

epigenetic profiles and gene expression has been reported in previous studies indicating 

the role of stochastic and environmental factors in utero and in early life (van Dongen et 

al., 2012).  

Monozygotic twins originate from one zygote, but some studies have shown that their 

somatic cells are not always identical at the sequence level. Mutations may occur at 

various stages of development (Vadlamudi L, 2010; Vadlamudi et al., 2014). Structural 

variations such as copy number variations have been seen to vary with age and also with 

cell type. Studies comparing structural components in buccal and blood samples of 

twins have observed different results, sometimes a pre-twinning duplication in a twin 

pair or a post-twinning deletion in concordant twins or no difference at all depending on 

the disease phenotype (Ehli et al., 2012; Forsberg et al., 2012; Veenma et al., 2012). 

The technique used to measure these differences is also important. Most studies involve 

microarrays with the limitation of not being able to achieve total coverage across the 

whole genome. The application of whole genome sequencing techniques may give rise 

to more accurate and extensive sequence differences with each twin pair (Baranzini et 

al., 2010). Understanding the time of occurrence of de novo mutations is very important 

as it informs us of the risk of recurrence in multiple births. It can also be crucial to 

understand the biological mechanisms underlying the disease due to the mutagenesis. 

Studying twins can be a powerful tool that enables us to identify DNA sequence 

variants, epigenetic discordance for disease as well as gene expression and other 

aspects. The value of twin studies can be a constant platform of debate as they are 

naturally vulnerable to risk, yet they provide power by uniform genetics thereby helping 

us look at additional factors and better pinpoint the disease mechanisms and pathways. 

Twin models have been especially used to study major neurodevelopmental and 

neurocognitive conditions to understand the epigenetic landscape of disease 

discordance. This is a valuable model, especially in paediatric neurodevelopmental 

disorders, such as cerebral palsy and epilepsy, where the disorder is heterogeneous and 

disease mechanisms involved are complex. 
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1.1.5 Epigenetic studies in cerebral palsy 
There is growing evidence that risk for CP is mediated by epigenetic mechanisms 

(Fleiss & Gressens, 2012). Dysregulation of methylation capacity and folate single-

carbon metabolism has been reported in children affected with severe CP (Schoendorfer 

et al., 2012). Folate or single carbon metabolism provides the carbon substrate (methyl 

group) required for DNA methylation. Moreover, alterations in DNA methylation 

patterns are indicated in bacterial infection, inflammation, growth restriction and early 

life stress (Blaze & Roth, 2015; Houtepen et al., 2016). These are also considered risk 

factors to cerebral palsy. Several studies have looked at DNA methylation patterns in 

CP affected and unaffected individuals to potentially help create a diagnostic biomarker 

that allow for early interventions. One such study was (Crowgey, Marsh, Robinson, 

Yeager, & Akins, 2018) where they evaluated DNA methylation profiles using machine 

learning based classification model from 22 spastic CP affected individuals against 21 

controls, and found significantly differentially methylated CpG sites across the groups. 

They were also able to validate their findings in a similar cohort with 73% accuracy. 

Another recent study with a similar approach of using artificial intelligence, identified 

230 significantly differentially methylated CpG loci in 258 genes had a 95% sensitivity 

and 94.4% specificity for newborn prediction of CP (Bahado-Singh et al., 2019). 

Although both studies found significant association of differentially methylated CpGs to 

CP relevant biological processes, the limitations of both studies were its limited sample 

size. Studies of phenotypically discordant monozygotic twins have allowed for inter-

twin comparisons allowing the genetic and environmental components of complex 

human disorders to be better identified.   

 

1.1.6 Epigenetic studies in epilepsy 
The role of genetics in epilepsy has long been described, and has been applied to the 

heritable component of epilepsy. Various studies have confirmed and characterised 

patterns of inheritance of epilepsy, and the molecular explanations for these patterns 

(Berkovic et al., 1998; MI, 2010; Speed D, 2014; Vadlamudi et al., 2014).  
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There is growing evidence that epigenetics plays a major role in brain maturation and 

brain function as well as epileptogenesis (Kobow & Blumcke, 2014). For example, 

mutation in the methyl-CpG-binding protein 2 (MECP2) gene located on the Xq28 

chromosome was found to regulate neuronal function in Rett syndrome. This early 

discovery suggested that epigenetics may have a broader role in neurodevelopmental 

disorders. The first evidence for a role for DNA methylation in the pathogenesis in 

seizures was produced by in vitro studies, which demonstrated a decrease in 

spontaneous excitatory neurotransmission following inhibition of DNMT enzymes in 

hippocampal slices (Levenson et al., 2006), and then in hippocampal primary neurons 

(E. D. Nelson, Kavalali, & Monteggia, 2008). The study by Levenson et al. (Levenson 

et al., 2006) provided the first evidence that DNMTs play a role in modulating adult 

central nervous system function. Firstly, rapid changes in the DNA methylation were 

observed in two genes implicated in synaptic plasticity, BDNF and Reelin. Moreover, 

DNMT inhibition blocked induction of long-term potentiation, suggesting that DNMT 

activity is required for synaptic plasticity. These findings were validated by a similar 

study conducted by Nelson et al. (E. D. Nelson et al., 2008). They demonstrated that 

DNA methylation changes in BDNF, as well as a reduction in the frequency of 

excitatory postsynaptic currents and synaptic vesicle fusion. Together, these findings 

provided preliminary evidence that spontaneous synaptic transmission may be regulated 

by DNA methylation. Altered DNA methylation has been detected in a number of genes 

previously associated with neuronal hyperactivity and seizures. These include GRIA2 

(Machnes et al., 2013), GRIN2b (Ryley Parrish et al., 2013), and BDNF (Martinowich et 

al., 2003). Martinowich et al. were the first to describe dynamic methylation changes in 

the BDNF promoter, suggesting that methylation-mediated remodelling may play a 

critical role in long-lasting neuronal adaptive responses (Martinowich et al., 2003). 

Candidate gene studies have been used to investigate diverse epigenetic alterations in 

epilepsy, several contributing significant research to the field. A key example is a 2009 

study by Kobow et al. (Kobow et al., 2009), which investigated the role of Reelin 

promoter methylation in association with granule cell dispersion in temporal lobe 

epilepsy. Reelin is an extracellular matrix protein that plays a key role in cell position 

and neuronal migration during brain development, and synaptic function and plasticity 

in adult life (Pulido Fontes, Quesada Jimenez, & Mendioroz Iriarte, 2015; Qureshi & 

Mehler, 2010). Reelin promoter methylation was analysed from three hippocampal 

subregions from eight temporal lobe epilepsy and three matched controls, and was 
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found to be greater in all patients with temporal lobe epilepsy compared with controls. 

These data suggest that increased promoter methylation of the Reelin gene may 

contribute to lower Reelin expression in temporal lobe epilepsy with granule cell 

dispersion, and that epigenetic regulation is likely to play a role in this seizure disorder. 

These findings contribute to the growing body of evidence to support a role for DNA 

methylation in human epilepsies. More recently, in temporal lobe epilepsy, a candidate 

gene approach was used to investigate CPA6 promoter methylation (Belhedi et al., 

2014). Zhu et al. also investigated temporal lobe epilepsy, by examining DNMT1 and 

DNMT3A expression in 25 patients with temporal lobe epilepsy compared to ten 

healthy controls (Zhu et al., 2012). DNMT1 and DNMT3a expression was measured, 

and was significantly increased in patients with temporal lobe epilepsy. It is known that 

DNMT can regulate synaptic plasticity in the hippocampus and that DNMT inhibition 

causes deficits in excitatory synaptic transmission (Levenson et al., 2006; E. D. Nelson 

et al., 2008). Therefore, it was suggested that the increase in DNMT expression in this 

study may be related to epilepsy via an alteration of synaptic plasticity and neuronal 

network excitability (Levenson et al., 2006; E. D. Nelson et al., 2008; Zhu et al., 2012). 

This was the first study to report the change of DNA methyltransferase expression in 

the epileptic brain, and supports the principle that there is a association between chronic 

temporal lobe epilepsy and DNA methylation.  

Although there have been numerous studies focusing on epigenetics in epilepsy, there is 

a lack of studies examining epigenome wide associations in this disorder. The only 

epigenome wide association study in human epilepsy to date was published recently by 

Long et al 2017. This group compared whole blood genomic DNA methylation patterns 

in mesial temporal lobe epilepsy patients, relative to healthy controls. The cases and 

control groups were found to have significantly different DNA methylation profiles at 

216 sites. A subset of sites was cross validated, and all sites were compared to known 

functional genes. Whilst this recent study fills an important gap in the body of research 

in this field, it has numerous limitations, particularly in the analytical approach. It was 

evident from twin studies that the high level of discordance of epilepsy in MZ twins 

suggested the role of non-genetic factors in the aetiology of the disease. However there 

have been no epigenetic studies undertaken using the twin model thus far. This raises 

important questions on integrated genetic and epigenetic analyses using the power of 

twins in understanding the potential mechanism of epilepsy. 
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1.2 Study Aims 

1.2.1 Research Questions 
1. Are there epigenetic variations in neurological diseases such as cerebral palsy 

and epilepsy that may shed light on the biological pathways underlying the 

diseases? 

2. Does the combined knowledge of epigenetic markers and gene expression help 

in the prediction of these neurological diseases at birth?  
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1.2.2 Research aims 
 

1. To identify within-pair differences in DNA methylation within MZ twin pairs 

discordant for cerebral palsy 

2. To explore gene expression profiles from the same CP discordant MZ twin 

pairs from the cerebral palsy cohort. Further, to compare the results of gene 

expression against CP-specific DNA methylation biomarkers generated from 

preliminary epigenome wide association analysis of MZ twins discordant for 

CP.  

3. To identify significant within-pair differences in DNA methylation within MZ 

twin pairs discordant for idiopathic epilepsy  

4. To identify epigenetic signatures that could explain the role of epigenetics in 

self-limited epilepsy with centrotemporal spikes (SECTS) 
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Chapter 2 Methods 
 

This chapter details the methods used in this thesis. As a PhD by publication, relevant 

sections from this chapter have been used in publications and are therefore also 

included as part of chapters 3, 4 and 5.  

Section 2.1 discusses the study cohorts used in the study, the process by which the 

cohorts were recruited, and the bio samples collected; section 2.2 details the genomic 

DNA extraction method from multiple tissues; section 2.3 describes the DNA 

methylation array platforms used in this study; section 2.4 outlines the steps involved 

in epigenome-wide association study (EWAS) detailing the statistical DNA 

methylation analysis workflow; finally, section 2.5 discusses how the data was 

validated on an independent array platform. 

 

2.1 The UNIQUE twins cohort 
 

The UNIQUE twin cohorts are made up of clinical cohorts of monozygotic twins 

discordant for cerebral palsy and epilepsy. 

Table 2.1 Characteristics of UNIQUE cohorts used in this study 

Study cohort 
characteristics Cerebral palsy Epilepsy 

No. of twin pairs 15 15 

Tissue types   
Buccal cells  ✔ 

Blood sample  ✔ 

Guthrie spots ✔ ✔ 

Subtypes of disorder 5 2 

Age group 8-20 14-67 

Sex Both Both 

Geographical Location Victoria Australia 
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2.1.1 Recruitment 
 
 

2.1.1.1 Cerebral palsy 
Participants were sought from the Victorian Cerebral Palsy Register (VCPR) at RCH 

(RCH; HREC 33050), which in June 2016 included a total of 91 children with CP 

known to be of twin birth. Potential participants were enrolled in two stages  

(i) Initial contact from the VCPR sending out study cover letters inviting the families 

to contact the research team if interested. The register only stores information on the 

child with CP, therefore the status of the other child of each twin pair was unknown. 

Inclusion Criteria: Twin birth, both children alive, one child only of the pair 

diagnosed with cerebral palsy, aged between 3-17 years and with available newborn 

screening (“Guthrie”) card. 

(ii) Screening through telephone interview. If the twins were known to be dizygotic 

(via zygosity test or differing sex) or were probably dizygotic (different hair and eye 

colour) they were excluded from the project. If the twins were known to be 

monozygotic (via zygosity test) or are probably monozygotic (same sex, same hair 

and eye colour), they continued through recruitment. Medical conditions of both twins 

were noted, and any child that did not have CP but had another neurological condition 

was excluded. 

Clinical characteristics of the twin pairs were extracted from the newborn screening 

database and from VPCR. Further details of the cohort are explained in Chapter 3. 

 

2.1.1.2 Epilepsy 
Ethics approval for this research was obtained from Mater Health Services (ethics 

approval number HREC/13/MHS/114). Potentially eligible participants were obtained 

from the Epilepsy Research Centre (ERC) database, referral from Queensland 

Neurologists, the Queensland Institute of Medical Research Berghofer (QIMR-B), 

Epilepsy Queensland and the Australian Twin Registry (HREC /13/MHS/114 AM09). 

The Epilepsy Research Centre based at the Melbourne Brain Institute, and associated 

with Austin Health, Victoria maintains a database of epilepsy research participants. 

Discordant monozygotic twin pairs found through this database were contacted and 

asked if they would like to participate. Once participants expressed willingness to be 
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contacted by the research group, participant information sheets (PIS) and participant 

consent forms (PCF) were distributed to obtain permission to proceed with the study.  

Monozygotic twin pairs, aged between 14-67 years, where the affected twin has 

epilepsy from a non-acquired cause and included the following diagnoses were 

recruited for this study: 

• Genetic Generalised Epilepsy (GGE) 

• Self-limited Epilepsy with Centro-Temporal Spikes (SECTS)  

• Temporal Lobe Epilepsy with Hippocampal Sclerosis (TLE/HS)  

• Non-lesional Temporal Lobe Epilepsy (NLTLE) 

• Self-limited occipital epilepsy 

 

Each consenting participant underwent a systematic review of medical history, 

including seizure history and characterisation, review of relevant investigations such 

as EEG and MRI, and medication history. A research assistant engaged in this study 

filled questionnaires for each patient through a telephonic or direct interview process. 

The affected questionnaire involved an extensive history of the seizure types and 

utilized a validated questionnaire (Reutens, Howell, Gebert, & Berkovic, 1992). The 

unaffected questionnaire was aimed at excluding unrecognised seizures in the 

unaffected co-twin. 

Other points of focus for the questionnaires included birth, development and 

medications history (detailed in Chapter 4). 

 

2.1.2 Bio samples 
 

Guthrie cards or newborn blood spots: For the CP cohort, the Victorian Clinical 

Genetic Service (VCGS) was contacted for access to neonatal newborn screening card 

or guthrie card, collected 2 to 4 days after birth. For the epilepsy cohort, registries 

across all Australian states depending on where the patient was born were contacted. 

Where the guthrie cards have not yet been destroyed, punch-outs from these cards 

were requested. Whole 10mm diameter blood spots were obtained, from which six to 

ten 3mm samples were punched out for DNA extraction. 
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Buccal cells: Epithelial cells from the buccal surface of the cheek used for epigenetic 

analysis were collected during the research visits or through swab kits mailed to the 

families with written instructions. Samples collected were frozen until batch 

processing for DNA extraction using standard techniques and storage at -80°C.  

 

Whole Blood: Venous blood was collected from twins by trained phlebotomists using 

venipuncture or finger pricks at the time of presentation for clinical assessments. For 

blood samples collected, buffy coat was frozen viably in liquid nitrogen and for future 

studies, plasma was stored at -80°C. 

 

2.2 Genomic DNA extraction 
 
2.2.1 Genomic DNA extraction from blood  
 

Genomic DNA (gDNA) was extracted from the dried blood spot samples using the 

ZR DNA Card Extraction Kit (Zymo Research, Irvine, CA, USA) with some 

modifications to the manufacturer’s protocol. Briefly, eight 3-mm punches were from 

each 1-cm-diameter blood spot and were transferred to a 2-mL Eppendorf Safe-Lock 

microcentrifuge tube (Merck, Darmstadt, Germany) containing ZR BashingBeads. 

Four hundred microliters of PBS containing 40 µL of 20 mg/mL proteinase K (Sigma- 

Aldrich, St. Louis, Missouri, USA) was added, and samples were vortexed and 

centrifuged briefly, followed by incubation overnight at 37 °C. Following incubation, 

400 µL of ZR lysis solution was added to each tube. Punches were homogenised for 

30 s at 4 m/s2 using Thermo Savant FastPrep 120 Cell Disrupter System (Global 

Medical Instrumentation (GMI) Incorporation, Minnesota, USA). Tubes were 

centrifuged for 1 min at 10,000 rpm, and 390 µL of 2×digestion buffer and 10 µL of 

20 mg/mL proteinase K were added. Tubes were mixed by inversion and incubated 

for 30 min at 55 °C, then left to cool at ambient temperature for 3–4 min before 

centrifuging for 1 min at 8000 rpm. Six hundred fifty microliters of supernatant was 

added to 1.3 mL of DNA isolation buffer contained in a 5-mL Falcon tube (Thermo 

Fisher Scientific, MA, USA). This mixture was passed through the Zymo-Spin IC 

column by centrifuging for 1 min at 14,000 rpm, followed by the discard of flow-

through liquid. The spin column was then washed twice by adding 200 µL of DNA 
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wash buffer and centrifuged for 1 min at 14,000 rpm. Finally, 20 µL of DNA elution 

buffer (pre-warmed at 55 °C) was added to the column and incubated at ambient 

temperature for 15 min before final centrifugation for 2 min at 14,000 rpm. This was 

repeated, resulting in a final elution volume of 40 µL containing genomic DNA. DNA 

concentration was measured by spectrophotometry (Nanodrop, Wilmington, DE, 

USA) to allow calculation of the required volume of each sample for array analysis. 

The quality of the extracted gDNA samples was visualised using agarose gel 

electrophoresis. 

 

2.2.2 Genomic DNA extraction from buccal 
 

Genomic DNA extraction from buccal sample was performed with the NucleoBond 

CB20 DNA Extraction Kit (Macherey-Nagel; Du ̈ren, Germany). For blood samples, 

genomic DNA was extracted using the Flexigene kit (Qiagen; Hilden, Germany) 

following manufacturer’s protocol. Following genomic DNA extraction from each of 

the samples, the concentration of extracted DNA was measured by 

spectrophotometry, and the quality of the extracted samples was determined by gel 

electrophoresis. 

 

2.3 DNA methylation arrays 
 

Chemical modifications to the DNA sequence and histones can be complex to 

comprehend and decipher. The growth of high throughput sequencing technologies 

has enabled the assessment of methylation marks across the whole genome in 

mammalian organisms. Sequence based assays developed to detect methylation 

patterns can be broadly divided based on affinity enrichment, chemical conversion or 

enzymatic restriction. In this study, the Illumina Infinium platforms were used which 

are described below: 

 

2.3.1 Illumina Infinium Human Methylation450 BeadChip Array 
(HM450) 
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Illumina Infinium HumanMethylation450 BeadChip (HM450) arrays are a cost-

effective alternative to whole genome bisulfite sequencing, and as such have been 

widely used to profile DNA methylation, particularly for studies with large numbers 

of samples. Illumina first initiated measurement of DNA methylation by Infinium 

technology on the HumanMethylation27 array (L. J. Bibikova M, Barnes B, Saedinia-

Melnyk S, Zhou L, Shen R, Gunderson KL., 2009), which measured methylation at 

approximately 27,000 CpGs, primarily in promoter regions. Like bisulfite sequencing, 

the Infinium assay detects methylation status at single base resolution. However, 

because of its limited coverage the array was not truly considered to represent the 

“true picture of the genome” until the HM450 array was established (Illumina, 2015). 

The HM450 array increased the genomic coverage of the platform to 485,000 sites 

representing genes by combining the original Infinium I assay with the novel Infinium 

II probes. The array covers 99% of RefSeq genes, with an average of 17 CpG sites per 

gene region distributed across the promoter, 5'UTR, first exon, gene body, and 

3'UTR. It covers 96% of CpG islands, with additional coverage in island shores and 

the regions flanking them. The assay interrogates these chemically differentiated loci 

using two site-specific probes, one designed for the methylated locus (M bead type) 

and another for the unmethylated locus (U bead type) (Figure 2.1). Single-base 

extension of the probes incorporates a labelled ddNTP (dideoxynucleotides 

triphosphates), which is subsequently stained with a fluorescence reagent. The level 

of methylation for the interrogated locus can be determined by calculating the ratio of 

the fluorescent signals from the methylated versus unmethylated sites.  
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Figure 2.1 Illumina Infinium HumanMethylation BeadChip array chemistry 

(Figure from Illumina datasheet, 2015): The HumanMethylation450 BeadChip 

employs both Infinium I and Infinium II assays, enhancing its breadth of coverage. 

Infinium I assay design employs two bead types per CpG locus, one each for the 

methylated and unmethylated states. The Infinium II design uses one bead type, with 

the methylated state determined at the single base extension step after hybridization. 

 

2.3.2 Illumina Infinium MethylationEPIC BeadChip array (EPIC) 
 

Illumina have recently release a new platform, the Illumina Infinium 

MethylationEPIC BeadChip array (EPIC), which increases the number of CpG probes 

from ~450,000 to ~850,000. The EPIC array also uses a combination of the Infinium I 
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and II assays but achieves additional coverage by increasing the size of each array. It 

builds on the Infinium HM450 arrays with > 90% of the original CpGs plus an 

additional 350,000 CpGs in enhancer regions. Although the number of CpGs covered 

is increased on the new array, the same probe chemistry is being used and thus the 

principles for analysing the new EPIC array is similar, to a large extent, to the HM450 

array. 

 

2.4 Statistical analysis workflow  
 

Statistical analysis of DNA methylation data was performed using the R programming 

language (http://www.R-project.org). Specifically, R Bioconductor packages 

developed for analysing DNA methylation array data such as minfi, missMethyl, 

limma and methylumi were used (Aryee et al., 2014; Phipson, Maksimovic, & 

Oshlack, 2016; Ritchie et al., 2015). Raw DNA methylation data generated from the 

array platform is stored as IDAT files.  These files along with a metadata comma 

separated file describing each sample, is loaded into the R environment for analysis. 

Along with these files, specific R package libraries required for the analysis and 

reference annotation information from Illumina are loaded as well.  

 

2.4.1 Quality Control 
 

Once the data is loaded into the R environment, the data quality is evaluated. Based 

on the sample material, in some cases, DNA quality, quantity and sample 

homogeneity may vary between individual samples. Similar to quality control 

standards used in genome-wide association studies, epigenome-wide analyses also 

have standardised quality control measures. The detection p-value reported by the 

Illumina software (Bead Studio) is used as a quality control measure of probe 

performance. This value is defined as 1 - p-value computed from the background 

model characterising the chance that the signal was distinguishable from negative 

control probes. According to Illumina standards, the probes that have a detection p-

value of greater than 0.05 are usually recommended to be excluded (Bibikova et al., 

2011). Depending on the data however, this value may vary. Detection p-values are 
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generated for every CpG in every sample, indicative of the quality of methylation 

signal. Very small p-values are indicative of a reliable signal whilst large p-values 

generally indicate a poor quality signal. 

 

2.4.2 Normalization 
 

Normalisation addresses the removal of sources of experimental artefacts, random 

noise and technical variation caused by the array technology. If the dataset is not 

normalised, it has the potential to overshadow the true biological differences (S. Sun, 

Huang, Yan, Huang, & Lin, 2011). There are various types of normalisation 

techniques developed for methylation arrays however in this study, two different 

types of normalisation are considered: (1) between-array normalisation, removing 

technical variations between samples on different arrays, and (2) within-array 

normalisation, correcting for array features such as intensity-related dye biases or 

probe types (Siegmund, 2011). Pre-processing can be different depending on the 

different R packages used and can be used to smooth out datasets with global 

methylation differences or different tissue types, or to normalise data in a single tissue 

type, where there is no global variability. The packages currently used for 

normalization are described below: 

 

2.4.2.1 SWAN 
Subset-quantile within-array normalization (SWAN) defines an average quantile 

distribution using probes that are biologically similar based on their total CpG content 

and allows both the Infinium I and II probes to be normalised together (Maksimovic, 

Gordon, & Oshlack, 2012). 

 

2.4.2.2 SQN 
Subset quantile normalisation (SQN) (Touleimat N, 2012), calculates subset of probes 

using the genomic locations of CpGs and applies quantile normalisation. The 

reference quantiles used in this approach are based only on type I Infinium probes 

with significant detection p-values. 
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2.4.2.3 BMIQ  
The β-mixture quantile dilation normalisation (BMIQ) method (Ruth Pidsley, 2013), 

is within array normalisation method, using quantiles to normalise the type II infinium 

probe values into a distribution comparable to the type I infinium probes using a β-

mixture model that fits type I and type II probes separately and then quantile 

normalises the distributions of type II probes corresponding to those of type I probe 

(Teschendorff et al., 2013). This method uses a three-methylation-state β-mixture 

model but does not use fit to the middle ‘hemimethylated' component in the 

normalisation; therefore, it requires a dual distribution (Teschendorff et al., 2013). 

With this method, probes that have matching biological characteristics are not 

selected and improve normalisation of the data. 

 

2.4.3 Data exploration 
 
2.4.3.1 Principal Component Analysis  
The use of principal component analysis in methylation analysis was initially 

described in the genome-wide HumanMethylation27k methylation analysis 

(Teschendorff et al., 2013). Principal component analysis is used to develop a small 

number of artificial variables, called principal components, which account for most of 

the variance in the observed variables of a sample (Jolliffe & Cadima, 2016). The first 

few components are kept as significant predictors for statistical analyses; however, 

additional principal components may be of biological significance due to strong 

confounding variables in the dataset. The main disadvantage with PCA lies in the 

poor interpretability of the resulting principal components and the requirement of a 

large sample size in order to obtain reliable results. 

 

2.4.3.2 Multi-dimensional Scaling 
Multi-dimensional scaling (MDS) plots are widely used and highly popular for 

visualising data. The foundation of MDS plots come from principal components 

analysis, which is an unsupervised method for looking at the similarities and 

differences between the various samples. Generally, samples that are more similar to 

each other cluster together, and samples that are very different are distant to each 

other on the plot. There are various dimensions that help visualise the degree of 
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variability within the samples. The first dimension (or principal component one) takes 

into account the largest source of variation in the data, second dimension takes the 

second largest orthogonal source of variation in the data and so on. By highlighting 

the data with known factors of interest, it is easy to identify the where the variation 

comes from in the data. One of the greatest uses of MDS plots is that it can help 

identify samples mix-ups right at the beginning of the analysis. By understanding the 

factors causing variability in the sample, the analysis can be driven to take into 

account these factors and adjust for unwanted bias.    

 

2.4.3.3 Filtering 
Poor probes  

Probes that have failed in one or more samples are removed for better accuracy of 

statistical testing. Based on detection p-values, the low performing probes are filtered 

out from the analysis.  

 

Cross-reactive probes 

Probes that are cross-reactive across the genome are usually removed from all 

methylation analysis. This is due to the cross-hybridisation of infinium probes on the 

450K array (Chen et al., 2013) or the EPIC array (Pidsley et al., 2016) that may 

account for the large spurious effects during analysis.  

 

Single nucleotide polymorphism (SNP) 

Another issue during quality control at the probe level arises from some probes within 

the CpG loci, which include single-nucleotide polymorphisms (SNPs) near or within 

the probe sequence or even in the target CpG dinucleotide. There may be up to 25% 

probes on the 450K array that are affected by a SNP. It is important to remove the 

SNP-associated loci from the data as this may have implications in downstream 

analysis. 

 

Sex-specific probes 

Probes present on the X and Y chromosomes are removed as part of data filtering 

when samples include both males females. This is done to remove unwanted bias in 

data analysis as males and females have different methylation of the X chromosome 
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which is usually much larger than the effect of interest. Filtering out these 

chromosomes enables comparison of both males and females. This step depends on 

the samples and the questions being asked during analysis.  

 

Cell type heterogeneity 

Since DNA methylation varies largely between all types, it is important to check the 

consistency of cell type proportions in samples and correct for heterogeneity if 

necessary. Cell-type percentages may be derived directly through blood counts as part 

of clinical diagnosis and this can be used as covariates in the regression model. If this 

information is absent, cell-type components are predicted using the Houseman 

method (Houseman et al., 2012). This method identifies proportions of Tcell, Bcell, 

granulocytes, natural-killer cells, etc and is common practice in methylation analysis. 

 

2.4.4 Regression analysis (differentially methylated probes (DMP)) 
For each CpG, there are two measurements: a methylated intensity (denoted by M) 

and an unmethylated intensity (denoted by U). These intensity values can be used to 

determine the proportion of methylation at each CpG locus. Methylation levels are 

commonly reported as either beta values (β = M/(M + U + α)) where α is a constant of 

absolute value 100, to regularise beta when both M and U values are small (L. J. 

Bibikova M, Barnes B, Saedinia-Melnyk S, Zhou L, Shen R, Gunderson KL., 2009; 

L. Z. Bibikova M, Zhou L, Chudin E, 2006) or M-values (Mvalue = log2(M/U)). Beta 

values and M-values are related through a logit transformation. Beta values are 

generally preferable for describing the level of methylation at a locus or for graphical 

presentation because percentage methylation is easily interpretable. However, due to 

their distributional properties, M-values are more appropriate for statistical testing 

(Du et al., 2010). 

Differential methylation analysis allows identifying probe-wise methylation 

differences within a specific group (within monozygotic twin pairs) or between 

specific groups (such as cases and controls). Specifically, the limma model uses an 

empirical Bayes moderated t-test, computed for each probe, which is similar to a 

paired t-test, except that the residual standard deviation is pooled across all samples 

(Ritchie et al., 2015). This "pooling of information" from many probes makes it 

powerful when there are only few replicates.  
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In this study, differential methylation analysis was performed using the Remove 

unwanted variation (RUVm) method (Maksimovic, Gagnon-Bartsch, Speed, & 

Oshlack, 2015), implemented using the RUVadjust function in the missMethyl R 

package (Phipson et al., 2016). RUV is a data-driven method of controlling for 

unwanted technical and biological variation in regression analyses using an 

empirically determined set of control probes. This method was first developed for 

gene expression analysis (Gagnon-Bartsch JA, 2012) and was later adapted for 

methylation analysis (Maksimovic et al., 2015). RUVm works on the concept of 

estimating the unwanted variation using negative control features that should not be 

associated with the factor of interest but are affected by the unwanted variation 

instead. RUVm uses factor analysis of the negative control features to estimate the 

components of unwanted variation and are then included in a linear model to perform 

the adjustment. Differentially methylated probes that had a false discovery rate (FDR) 

of < 0.05 after correcting for multiple testing using the Benjamini-Hochberg method 

(Hochberg, 1995) was considered statistically significant. 

 

2.4.5 Statistical testing (differentially methylated regions (DMR)) 
Often a probe-wise analysis is performed, however it is also important to know 

whether multiple CpGs, in close proximity to each other, are concordantly 

differentially methylated. The identification of differentially methylated regions can 

be done using several bioconductor packages. Some of the most popular are the 

bumphunter function in minfi package (Aryee et al., 2014; Jaffe et al., 2012), and, the 

recently published dmrcate in the DMRcate package (Peters et al., 2015). They are 

each based on different statistical methods. DMRcate is based on the limma model 

that takes into account the moderated t-test scores and the confounding variables used 

in the regression analysis. DMRcate applies a kernel smoothing process and 

Stouffer’s method to compute p-values that are then corrected by Benjamini-

Hochberg method (Hochberg, 1995) and considered significant CpGs if within a 

certain threshold. Regions for DMRs are identified by collapsing contiguous 

significant CpGs that are within a defined number of nucleotides from each other.  

The bumphunter function calculates ‘bumps’ in the data by running user-defined 

number of permutations and calculating significant p-value. In comparison to 

DMRcate, the process can be slow to run or the run needs to be parallelised. The 
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parameters used in the bumphunter function for each study are detailed in the 

respective chapters. 

 

2.4.6 Gene Ontology testing 
Gene Ontology (GO) provides a detailed representation of functional relationships 

between biological processes, molecular function and cellular components (Ashburner 

et al., 2000). To test for enrichment of gene ontology terms, all differentially 

methylated CpGs were ranked by p-value and the resulting ranked gene list was 

supplied to the R package, gometh from the missMethyl package. GOmeth performs 

GO enrichment analyses taking into account the varying numbers of CpGs associated 

with genes. For example, in the HM450 array, the numbers of CpGs mapping to genes 

can vary from as few as 1 to as many as 1200. The genes that have more CpGs 

associated with them will have a higher probability of being identified as 

differentially methylated compared to genes with fewer CpGs. However, gometh 

takes care of this bias in the data by adjusting for the number of CpGs associated with 

each gene. It considers the significant CpGs and calculates the probability of a gene 

being selected given the number of associated CpGs. A Wallenius’ noncentral 

hypergeometric distribution test is then performed for each gene ontology (GO) 

category. Significant GO terms were selected among the category of biological 

process based on p-value and FDR threshold of 0.05. 

 

2.4.7 Biological pathway analysis 
Pathway analysis was performed using the gometh function from the missMethyl 

package, which takes into account the variable number of probes associated with each 

gene. The KEGG option of the gometh function in missMethyl was used to provide 

further insights into relevant pathways associated with the differentially methylated 

CpGs. 

 

2.5 Validation on an independent platform 
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Site-specific validation was attempted using the Sequenom MassArray EpiTYPER 

(Agena Biosciences). The Sequenom EpiTYPER is a DNA methylation analysis 

technology that allows looking through hundreds on CpGs and amplifying sequences 

up to 600 base pairs to detect around 5% methylation differences. The method 

employs base specific cleavage and matrix assisted desorption/ionization mass 

spectrometry (MALDI-TOF MS). DNA is bisulphite-converted followed by PCR 

amplification of an area of interest (Suchiman et al., 2015). RNA transcription is 

performed on the reverse stand followed by base specific cleavage. Analysis of the 

weight of the cleavage products results in a signal pattern distinct to both methylated 

and non-methylated DNA fragment.  

In-silico assay prediction was performed using the BiocLite MassArray package. The 

source and batch of DNA used for validation was the same as that used for the 

Infinium array analysis. Bisulphite treatment of genomic DNA was performed using 

the EZ-96 DNA Methylation-Lightning MagPrep kit (Zymo Research; Irvine, USA) 

according to the manufacturer’s instructions. T7 tagged primers were designed for 

gene regions of interest using the Sequenom EpiDesigner package (Suchiman et al., 

2015). PCR amplification was performed on the bisulphite converted DNA samples. 

Each DNA sample was amplified in triplicate, to ensure that the results were reliable 

and reproducible. The amplification reaction consisted of 5.3 µL of nuclease free 

water, 7.5 µL of FastStart Master Mix (Roche, Mannhein, Germany), 0.6 µL of 10 

µM forward primer, and 0.6 µL of 10 µM reverse primer with thermal cycling 

conditions as follows: 95 °C for 10 minutes; 5 cycles of 95 °C for 10 seconds, 

annealing temperature determined by gradient optimisation for 30 seconds and 72 °C 

for 2 minutes; 35 cycles of 95 °C for 10 seconds, annealing temperature determined 

by gradient optimisation for 30 seconds and 72 °C for 90 seconds and final extension 

at 72 °C for 7 minutes.. Each 96 well PCR plate also included three negative controls, 

where nuclease free water replaced DNA. To reduce the impact of batch effect, all 

samples for each DMR were amplified in a single PCR plate.  

Raw data generated from the MassArray EpiTYPER were cleaned using a Microsoft 

Excel macro developed in-house (Cruickshank et al., 2013; Ollikainen et al., 2010). 

The median value of triplicates was determined and any replicates >10 % from the 

median were removed as previously described (Cruickshank et al., 2013; Ollikainen et 

al., 2010). Pearson’s correlation coefficients and p-values were calculated to assess 
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the cross-platform correlation. A correlation coefficient >0.50 was used as the cut-off 

for a strong correlation, and a p-value ≤ 0.05 indicated a significant correlation. 
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Chapter 3 Epigenome-wide analysis in newborn 
blood spots from monozygotic twins discordant 
for cerebral palsy reveals consistent regional 
differences in DNA methylation 
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Epigenome-wide analysis in newborn blood
spots from monozygotic twins discordant
for cerebral palsy reveals consistent
regional differences in DNA methylation
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Abstract

Background: Cerebral palsy (CP) is a clinical description for a group of motor disorders that are heterogeneous with
respect to causes, symptoms and severity. A diagnosis of CP cannot usually be made at birth and in some cases may
be delayed until 2–3 years of age. This limits opportunities for early intervention that could otherwise improve long-
term outcomes. CP has been recorded in monozygotic twins discordant for the disorder, indicating a potential role of
non-genetic factors such as intrauterine infection, hypoxia-ischaemia, haemorrhage and thrombosis. The aim of this
exploratory study was to utilise the discordant monozygotic twin model to understand and measure epigenetic changes
associated with the development of CP.

Methods: We performed a genome-wide analysis of DNA methylation using the Illumina Infinium Human Methylation
450 BeadChip array with DNA from newborn blood spots of 15 monozygotic twin pairs who later became discordant for
CP. Quality control and data preprocessing were undertaken using the minfi R package. Differential methylation analysis
was performed using the remove unwanted variation (RUVm) method, taking twin pairing into account in order to
identify CP-specific differentially methylated probes (DMPs), and bumphunter was performed to identify differentially
methylated regions (DMRs).

Results: We identified 33 top-ranked DMPs based on a nominal p value cut-off of p < 1 × 10−4 and two DMRs
(p < 1 × 10−3) associated with CP. The top-ranked probes related to 25 genes including HNRNPL, RASSF5, CD3D
and KALRN involved in immune signalling pathways, in addition to TBC1D24, FBXO9 and VIPR2 previously
linked to epileptic encephalopathy. Gene ontology and pathway analysis of top-ranked DMP-associated genes
revealed enrichment of inflammatory signalling pathways, regulation of cytokine secretion and regulation of
leukocyte-mediated immunity. We also identified two top-ranked DMRs including one on chromosome 6 within the
promoter region of LTA gene encoding tumour necrosis factor-beta (TNF-β), an important regulator of inflammation
and brain development. The second was within the transcription start site of the LIME1 gene, which plays a key role in
inflammatory pathways such as MAPK signalling. CP-specific differential DNA methylation within one of our two top
DMRs was validated using an independent platform, MassArray EpiTyper.
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(Continued from previous page)

Conclusions: Ours is the first epigenome-wide association study of CP in disease-discordant monozygotic twin pairs
and suggests a potential role for immune dysfunction in this condition.

Keywords: Cerebral palsy, DNA methylation, Inflammation, Epigenetics, Discordant twins

Background
Cerebral palsy (CP) describes a group of motor impairment
syndromes caused by lesions or anomalies of the developing
brain [1]. It is non-progressive, but the severity of symptoms
may change over time [2]. CP is the most common child-
hood physical disability [3] with a worldwide prevalence of
2.11 per 1000 live births [4]. In preterm infants (< 37 weeks
gestation), the prevalence is higher, ranging from 5 to 92
per 1000 depending on gestational age [5]. The prevalence
of CP in multiple births is almost four times that of single-
tons [6]. There are many factors that may be responsible for
this increased risk in multiple birth pregnancies, with the
most likely being low birth weight and preterm birth, both
known risk factors for CP.
The brain insult or anomaly resulting in CP may occur

during the prenatal, perinatal or early postnatal period [1, 7],
and in many cases, the timing is unknown. Although new-
borns may be recognised as being at risk of CP, less than half
of all children who are ultimately diagnosed are identified
before 1 year of age, and only three quarters are identified
before age 2 [8].
CP has a multifactorial pathogenesis and risk factors

including intrauterine growth restriction or infection,
placental abnormalities, inflammation, signs of fetal
distress and genetic variation [9, 10]. Although the latter
explains a proportion of CP cases, particularly cerebral
maldevelopments [9, 11, 12], many non-genetic factors
likely play a role [7] though their respective contribu-
tions have not been comprehensively addressed [13–15].
Genetically identical monozygotic (MZ) twin pairs dis-

cordant for CP highlight the role of non-shared factors in
the pathogenesis of CP [16]. Non-shared factors are often
described as the differences in the intrauterine environ-
ment that influences the development of individual mem-
bers of a twin pair [17, 18]. Such within-pair variation can
arise from differences in the length and morphology of the
umbilical cord or placenta. This can affect growth rate
and development of the individual twins leading to dis-
cordance in infection or inflammation, leading to disease
discordance [13, 19, 20]. More generally, the study of
phenotypically discordant MZ twins, matched for genetic
variation, sex, gestational age and maternal factors, pro-
vides a great opportunity to examine the role of epigenet-
ics in disease aetiology by allowing us to isolate the effect
of such non-shared environmental factors [21, 22].

Epigenetics refers to a range of modifications and
processes that regulate the activity of DNA, including
gene expression. Epigenetic variation has emerged as a
candidate mediator of a range of health outcomes begin-
ning in early life as part of the ‘Developmental Origins
of Health and Disease’ (DOHaD) phenomenon. [23–25].
In DOHaD, environmental conditions in utero and
during infancy alter the developmental trajectory of an
individual, which manifests as specific chronic health
phenotypes later in life.
DNA methylation is the most widely studied epigenetic

process and is one of the mechanisms that are involved in
tissue differentiation during early development. Despite
this, previous studies have investigated the concordance in
DNA methylation state between the brain and periph-
eral tissues, revealing many similarities [26–28]. Several
epigenome-wide association studies (EWAS) have iden-
tified DNA methylation variation in the cord blood in
association with later neurocognitive function and
behaviour [29–31]. Similarly, the whole blood has been
used to detect differential methylation patterns between
affected and unaffected individuals in brain disorders
such as schizophrenia [27], bipolar disorder [32, 33]
and Alzheimer’s disease [34]. Animal studies have also
reported that environmental factors affecting brain
processes leave biomarker signatures in the blood with
consistent methylation status across the brain and
peripheral tissues [35]. We have previously shown that
DNA methylation varies within pairs of MZ twins from
birth [36, 37]. In this study, we hypothesised that early
life non-shared factors that play a role in the aetiology
of CP in discordant MZ twins may be reflected in
differences in DNA methylation across tissues including
neonatal blood. Furthermore, we hypothesised that a
subset of differential methylation will be located in
genes previously implicated in CP aetiology [38–42], in
particular, pathways involved in inflammation, hypoxia-
ischaemia and thrombosis.

Methods
Samples and DNA extraction
Participant CP-discordant twin pairs, who were suspected
to be MZ on the basis of same sex and questionnaire data
that measured concordance for hair and eye colour, were
recruited through the Victorian Cerebral Palsy Register, a
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population-based registry of individuals born or receiving
medical services in the Australian state of Victoria. Partici-
pants were excluded if either twin presented with another
known neurological disorder. Written informed consent
from the families was obtained. A single 1-cm-diameter
dried blood spot was acquired from all participants from a
neonatal newborn screening card collected 2 to 4 days
after birth and then stored within the Victorian Clinical
Genetics Service.
Genomic DNA (gDNA) was extracted from the dried

blood spot samples using the ZR DNA Card Extraction
Kit (Zymo Research, Irvine, CA, USA) with some modi-
fications to the manufacturer’s protocol. Briefly, eight
3-mm punches were from each 1-cm-diameter blood
spot and were transferred to a 2-mL Eppendorf Safe-Lock
microcentrifuge tube (Merck, Darmstadt, Germany) con-
taining ZR BashingBeads. Four hundred microliters of
PBS containing 40 μL of 20 mg/mL proteinase K (Sigma-
Aldrich, St. Louis, Missouri, USA) was added, and samples
were vortexed and centrifuged briefly, followed by incuba-
tion overnight at 37 °C. Following incubation, 400 μL of
ZR lysis solution was added to each tube. Punches were
homogenised for 30 s at 4 m/s2 using Thermo Savant
FastPrep 120 Cell Disrupter System (Global Medical
Instrumentation (GMI) Incorporation, Minnesota, USA).
Tubes were centrifuged for 1 min at 10,000 rpm, and
390 μL of 2× digestion buffer and 10 μL of 20 mg/mL
proteinase K were added. Tubes were mixed by inversion
and incubated for 30 min at 55 °C, then left to cool at
ambient temperature for 3–4 min before centrifuging for
1 min at 8000 rpm. Six hundred fifty microliters of
supernatant was added to 1.3 mL of DNA isolation buffer
contained in a 5-mL Falcon tube (Thermo Fisher
Scientific, MA, USA). This mixture was passed through
the Zymo-Spin IC column by centrifuging for 1 min at
14,000 rpm, followed by the discard of flow-through
liquid. The spin column was then washed twice by adding
200 μL of DNA wash buffer and centrifuged for 1 min at
14,000 rpm. Finally, 20 μL of DNA elution buffer (pre-
warmed at 55 °C) was added to the column and incubated
at ambient temperature for 15 min before final centrifuga-
tion for 2 min at 14,000 rpm. This was repeated, resulting
in a final elution volume of 40 μL containing genomic
DNA. DNA concentration was measured by spectropho-
tometry (Nanodrop, Wilmington, DE, USA) to allow
calculation of the required volume of each sample for
array analysis. The quality of the extracted gDNA samples
was visualised using agarose gel electrophoresis.

Illumina Infinium HumanMethylation450 arrays
Following bisulphite conversion of genomic DNA, genome-
wide analysis of DNA methylation was assessed using
HM450 (Illumina, San Diego, CA, USA), at the Department
of Pathology, University of Melbourne. Hybridisation and

scanning were performed following the manufacturer’s
instructions. Statistical analysis was performed using
the R statistical programming language (http://www.R-
project.org) in conjunction with Bioconductor packages
developed for the analysis of methylation arrays.

Preprocessing of Illumina Infinium 450K array data
The raw intensity data (IDAT files) were imported into R
(3.3.1; http://cran.r-project.org/). Data quality was
assessed using the minfi (v1.20.2) Bioconductor package
[43]. From 485,512 HM450 probes, 67,120 were re-
moved based on either (1) poor performance (mean de-
tection p value of > 0.01, n = 14,056); (2) probes
containing either a single nucleotide polymorphism
(SNP) at the target CpG site or at the single nucleotide
extension site (n = 16,307); (3) probes that map to mul-
tiple locations in the genome (n = 27,120), [44]; and (4)
or to sex chromosomes (n = 9637). Samples were also
evaluated using a modified version of the Houseman
method [45, 46] implemented in minfi, to estimate the
cell type composition. The Wilcoxon signed-rank stat-
istical test was used to compare the difference in cell
type proportion between CP cases and controls. The
analysis was completed before a cord blood reference
panel was widely available, so cohorts used an adult
whole blood reference [43] to estimate the proportion
of B cells, CD8+ T-cells, CD4+ T-cells, granulocytes,
NK cells and monocytes in each sample. The data was
normalised using subset-quantile within array normalisa-
tion (SWAN) [47]. Covariates such as birth weight, birth
order and postnatal age (in days) at which newborn
screening cards were created were assessed as potential
confounders.

Differential methylation analysis
Beta (β) values (proportion of the methylated signal over
the total signal) were converted to M-values, the log2 ratio
of the intensities of the methylated signal versus the
unmethylated signal. Differential methylation analysis was
performed using remove unwanted variation (RUVm) [48],
implemented in the missMethyl R package [49] taking into
account the twin relationships. RUVm is a data-driven
method of controlling for unwanted technical and bio-
logical variation in regression analyses using an empirically
determined set of negative control probes assumed not to
be associated with the biological factor of interest. p values
were adjusted to control for the false discovery rate (FDR)
using the Benjamini-Hochberg method [50]. Differentially
methylated probes (DMPs) were considered significant if
they fell within the FDR threshold of 0.1. We also investi-
gated the top-ranked DMPs with an unadjusted p value
less than 1 × 10−4 [51].
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Identification of differentially methylated regions
Differentially methylated regions (DMRs) were identified
using the bumphunter package [43, 52]. The cut-off
value, which is a user-defined numeric value that
determines the upper and lower bounds of the genomic
profiles that will be used as candidate regions, was set to
0.02 and the number of permutations set to 1000.

Functional annotation and pathway analysis
Gene ontology and pathway analysis were performed using
the gometh function from the missMethyl package [49],
which appropriately takes into account the variable number
of HM450 probes associated with each gene. Gene
ontology enrichment was performed for the 1000 top-
ranked DMP-associated genes. The KEGG option of the
gometh function in missMethyl was used to provide further
insights into relevant biological processes associated with
the top-ranked DMPs.

Validation of differentially methylated regions
Site-specific validation was performed using the Sequenom
MassArray EpiTYPER (Agena Biosciences). T7-tagged
primers were designed for two regions (Additional file 1)
using the Sequenom EpiDesigner package [53]. Forward
primer sequences contained a 10 base 5′ tag (AGGAAGA-
GAG) and reverse primers a 31 base 5′ tag (CAGTAA-
TACGACTCACTATAGGGAGAAGGCT). In silico, assay
prediction was performed using the BiocLite MassArray
package. DNA used for validation was the same as that
used for the HM450 analysis. Bisulphite treatment of
genomic DNA was accomplished using the MethylEasy
Xceed Kit (Human Genetic Signatures, North Ryde,
Australia). One microliter of bisulphite-converted product
was amplified in triplicate for each sample using the
FastStart kit (Roche, Mannheim, Germany) in 15 μL of
reagents with thermal cycling conditions as follows: 95 °C
for 10 min; 5 cycles of 95 °C for 10 s, 60 for 30 s and 72 °C
for 2 min; 40 cycles of 95 °C for 10 s, 62 for 30 s and 72 °C
for 90 s; and final extension at 72 °C for 7 min. Raw data
generated from the MassArray EpiTYPER was cleaned
using a Microsoft Excel macro developed in-house [54, 55].
The median value of triplicates was determined, and any
replicates > 10% from the median were removed as
previously described [54, 55].

Within-twin pair analysis
To explore the top-ranked CpGs within each twin pair
and compare them across twin pair groups, probes were
ranked according to delta beta (Δβ, the difference in
DNA methylation of the CP minus non-CP twin) within
pairs, and the top-ranked 100 probes were compared
across all 15 twin pairs. The genes corresponding to all
probes with a Δβ value > 0.5 were then compared across
the 15 twin pairs. Gene ontology analysis was performed

on the top 1000 probes from each twin pair, and
common ontologies between twin pairs were identified.

Results
Subject characteristics
The study cohort consisted of 16 CP-discordant twin
pairs (ten male and six female) for which pre-screening
suggested a high probability of monozygosity (Table 1).
All were tested for genetic zygosity using data from 65
SNPs from the Infinium arrays. The variability of SNPs
for one twin pair (pair no. 9003) was substantially larger
than the remaining samples and was therefore assigned
as dizygotic (DZ). This pair was excluded from further
analysis. Five subtypes of CP were reported: spastic
diplegia (6), spastic quadriplegia (3), spastic hemiplegia
(3), dyskinesia (2) and ataxia (1). The severity of CP
ranged from mild (independently ambulant) to severe
(wheelchair dependent), and the underlying neuro-
pathology included white matter (11), grey matter brain
injury (2) and both white and grey matter mixed injury
(2). Three twin pairs were born at term (37–41 weeks),
while all other twin pairs were born preterm (< 37 weeks).

Global DNA methylation profiles in CP-discordant mono-
zygotic twins
Global DNA methylation (average β value across all
probes) within twin pairs was compared using a pairwise
Pearson correlation for the 418,392 probes remaining
after filtering and quality control (see the ‘Methods’
section) for all 15 twin pairs. Within-pair methylation

Table 1 Descriptive characteristics of the study cohort
Twin ID Type of CP Gestational age (weeks) Brain Injury

9001 Spastic diplegia 27 (Preterm) WMI

9002 Spastic diplegia 28 (Preterm) WMI

9003* Spastic diplegia 29 (Preterm) WMI

9004 Spastic diplegia 29 (Preterm) WMI

9005 Spastic quadriplegia 31 (Preterm) WMI

9006 Spastic diplegia 32 (Preterm) WMI

9007 Spastic hemiplegia 32 (Preterm) WMI

9008 Spastic quadriplegia 33 (Preterm) WMI

9009 Spastic diplegia 33 (Preterm) WMI

9010 Spastic diplegia 36 (Preterm) M

9011 Dyskinetic: dystonic 38 (Term) GMI

9012 Dyskinetic: hypotonia 32 (Preterm) WMI

9013 Spastic quadriplegia 38 (Term) M

9014 Ataxia 34 (Preterm) GMI

9015 Spastic hemiplegia 32 (Preterm) WMI

9016 Spastic hemiplegia 38 (Term) WMI

WMI white matter injury, M miscellaneous, GMI grey matter injury
*Twin pair 9003 was later confirmed not to be MZ and removed from the analysis
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correlation coefficients ranged from 0.980 to 0.996
(Additional file 2) compared to 0.976 to 0.995 between
unrelated unaffected individuals.

Top-ranked CP-associated DMPs
Cleaned data was explored by principal component (PC)
analysis which revealed few (6/54) significant correlations
(p < 0.05, r < 0.6 shaded in Additional file 3) between the
top six principal components of DNA methylation and
nine technical (e.g. age at which Guthrie card was created)
and biological (e.g. sex, subtype of CP) covariates. This
suggested that none of the covariates tested was consist-
ently associated with DNA methylation. In addition, none
were associated with the largest principal component of
variation within the dataset, PC1. Multi dimensional scal-
ing (MDS) plots of the first three dimensions of the proc-
essed methylation data also showed that chip location and
position on the 450K array were not found to affect
methylation data (Additional file 4).
Apart from the above covariates, it is known that cell-

type heterogeneity within the whole blood can confound
epigenome-wide analyses. Therefore cell-type composition
within CP-discordant pairs was evaluated. The levels of
CD8+ T cells (CD8T) and CD4+ T cells (CD4T), B cells,
natural-killer (NK) cells, monocytes and granulocytes were
compared between the two groups (CP cases and normal
co-twins). There was no statistically significant difference
in the estimated cell-type proportions of CD8+ T cells, NK
cells, B cells and monocytes (p > 0.05). However, the
proportion of CD4+ T cells was lower (p = 0.002), and the
proportion of granulocytes was found higher (p = 0.021) in
CP cases relative to normal co-twins (Additional file 5).
To take into account potential sources of unwanted

variation (such as cell-type composition), the genome-
wide analysis was performed using RUVm, which adjusts
for biological and technical variation using a set of data-
driven negative control probes [46, 48, 56, 57]. This
analysis did not identify any significant CP-associated
DMPs after adjusting for multiple testing. Nevertheless,
as this is an exploratory epigenome-wide study of CP, we
focused on the characteristics of the top-ranked DMPs
based on a nominal p-value cut-off of p < 1 × 10−4 as
used by others [51]. This resulted in a list of 33 top-
ranked DMPs, corresponding to 25 genes (Table 2),
most of which showed a consistent direction in the ma-
jority of twin pairs (> 12/15). The average difference in
methylation (Δβ = CP twin minus unaffected twin)
ranged from + 0.6 to + 11.9% and from − 2.5 to − 12.4%
(Table 2). Figure 1 shows the within-pair differences in
methylation for the top ten DMPs.
The top-ranked probe cg00376816 (average Δβ = 11.6%,

p = 4.57 × 10−6) was located on chromosome 19, within
the gene body of the HNRNPL gene encoding the
heterogeneous nuclear ribonucleoprotein L. Others

included cg04242728 (in the 5′ end of the TBC1D24
gene, ranked 3) and cg19607845 (in the gene body of
FBXO9 gene, ranked 13). Probes located near the
gene body of immune and inflammatory genes, such
as Ras association domain family member 5 (RASSF5),
major histocompatibility complex DM alpha-chain
(HLA-DMA), CD3D and kalirin (KALRN) genes, were
also among the top-ranked 33 DMPs.
To identify enriched biological processes or molecular

functions, we performed gene ontology analysis on genes
associated with the top-ranked 1000 DMPs. The top 20
gene ontologies ranked by nominal p-value were ‘regulation
of immune response’, ‘lymphocyte activation’, ‘differentiation
and aggregation and T cell activation’ with the top two
ontologies related to cell-cell adhesion processes (Table 3;
Additional file 6). Enriched disease pathways, as reported
by KEGG analysis, included MAPK signalling (19 associated
genes from 245 genes in the KEGG pathway list; p value
3.6 × 10−10), cytokine-cytokine receptor interaction (13 as-
sociated genes from 240 genes; p value 1.3 × 10−08) and Ras
signalling (15 associated genes from 218 genes; p value:
9.8 × 10−08).
We also identified DMRs associated with CP [52]

(Table 4). The top-ranked DMR, spanning 434 bp and
with a p value of 5.6 × 10−4, was located on chromosome 6
(Fig. 2). This DMR spans 12 probes (average Δβ = 3.7%)
within the coding region of the LTA gene, approximately
~ 800 bp downstream of the transcription start site (TSS).
LTA codes for the lymphotoxin-alpha protein otherwise
known as tumour necrosis factor beta (TNF-β). Other top
DMRs include those within LTBP1, CD300, CHST11 and
LIME1. Gene ontology analysis of the top-ranked
DMR-associated genes revealed similar findings to top-
ranked DMPs (Table 5; Additional file 7). We found an
over-representation of inflammatory signalling path-
ways, also similar to that of the top-ranked DMPs. The
top pathways included TNF and TGF-beta signalling
and cytokine-cytokine receptor interaction. The nuclear
factor kappa-light-chain-enhancer of activated B cell
(NF-κB) signalling pathway was also enriched.

Validation of DMRs
LIME1 and LTA DMRs were selected for validation as
they were highly ranked, had large, consistent effect sizes
across all pairs and were biologically relevant to CP.
Three CpGs from the HM450 platform contained within
three CpG units on the MassArray Epityper (consisting
of seven CpG sites in total) were tested for the LIME1
DMR, and four CpGs contained within three units on
the MassArray Epityper (four CpG sites in total) were
tested for the LTA DMR, both in regions being approxi-
mately 200 base pairs upstream of the transcriptional
start site (TSS200) and likely to be in gene promoters.
Scatter plots were generated to assess the validity of the
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data for the three LIME1 and LTA probes within a 250-
base-pair region across both the HM450 and the EpiTYPER
platforms (Additional file 8). Pearson’s correlation coeffi-
cients were determined, and the significance of the
correlation was assessed for each probe-CpG unit
comparison. Five out of six probes (cg21201401,
cg06653796, cg14597739, cg11586857, cg21999229) had
a positive correlation between the two platforms.
Among these, one probe out of three for LIME1 and
two of three for LTA had moderate correlations (r > 0.5).
All moderate correlations were also significant with p < 0.05
(r = 0.88, p = 1.6 × 10−4; r = 0.40, p = 0.197; r = 0.12, p = 0.65

for LIME1 and r = 0.69, p = 1.4 × 10−4; r = 0.59, p = 0.043;
r = 0.21, p = 0.34 for LTA.). The Δβ values were calculated
for two of the three probes within the LTA gene region,
with correlation coefficient values of r = 0.69 for
cg14597739 and r = 0.21 for cg21999229. The Δβ for probes
within the LIME1 gene region were not calculated
due to insufficient data points, resulting from limited
material remaining, for a valid within-pair analysis.

Differential methylation analysis within individual twin pairs
Since CP is a highly heterogeneous disorder [58], it is pos-
sible that a subset of disease-associated DNA methylation

Table 2 The top-ranked DMPs (ranked on unadjusted p value) in cerebral palsy discordant twins
Probe ID Rank Chromosome position Gene Location P value Methylation difference (%)

cg00376816 1 chr19: 39332571 HNRNPL 4.57E-06 11.64

cg25011252 2 chr8: 61777859 CHD7 6.33E-06 7.64

cg04242728 3 chr16: 2536153 TBC1D24 1.46E-05 − 8.20

cg03907855 4 chr8: 1106363 – Island 1.52E-05 − 3.20

cg05707458 5 chr1: 205424829 – Island 1.93E-05 2.39

cg18369327 6 chr5: 109220986 LOC100289673 2.07E-05 − 2.54

cg18768238 7 chr10: 49892829 WDFY4 2.52E-05 − 8.58

cg14163311 8 chr1: 206730397 RASSF5 3.21E-05 8.20

cg16602500 9 chr1: 52889575 ZCCHC11 3.64E-05 6.25

cg06419846 10 chr11: 66083572 CD248 3.65E-05 5.95

cg03929569 11 chr13: 30688864 – Island 4.35E-05 0.60

cg14414943 12 chr1: 111770718 CHI3L2 4.65E-05 6.21

cg19607845 13 chr6: 52930050 FBXO9 4.79E-05 − 9.61

cg19942731 14 chr22: 45609421 C22orf9 5.11E-05 − 10.38

cg14073571 15 chr7: 158823178 VIPR2 5.14E-05 − 7.59

cg03106245 16 chr11: 47399788 SPI1 5.33E-05 − 11.45

cg08936645 17 chr4: 37910273 TBC1D1 5.36E-05 − 7.84

cg02806715 18 chr6: 32920567 HLA-DMA 5.69E-05 − 6.58

cg17512380 19 chr10: 18971598 – OpenSea 5.81E-05 5.67

ch.10.89216809R 20 chr10: 89226829 – OpenSea 6.52E-05 − 3.85

cg15613292 21 chr2: 232478359 – Shore 6.89E-05 2.62

cg00263248 22 chr14: 98444151 C14orf64 6.94E-05 6.40

cg19540797 23 chr2: 3605489 RNASEH1 7.30E-05 2.27

cg08360638 24 chr13: 20781097 – OpenSea 7.52E-05 7.09

cg07728874 25 chr11: 118213272 CD3D 7.93E-05 9.14

cg11348257 26 chr1: 76556226 ST6GALNAC3 8.03E-05 − 12.35

cg07011093 27 chr3: 123987726 KALRN 8.38E-05 − 5.03

cg09335613 28 chr6: 71998106 OGFRL1 8.85E-05 − 6.68

cg22230912 29 chr3: 16331335 OXNAD1 8.90E-05 11.86

cg13505608 30 chr9: 140128562 SLC34A3 9.22E-05 2.53

cg04975778 31 chr2: 62732758 TMEM17 9.26E-05 2.31

cg12306086 32 chr4: 106117747 TET2 9.52E-05 − 10.22

Methylation difference (%) was calculated as the mean of the DNA methylation levels of the CP twin minus the unaffected twin (Δβ)
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patterns may be specific to each proband. To test this
[59], we determined the top CP-associated CpGs for each
twin pair ranked by absolute differences in DNA methyla-
tion (Δβ > 0.5) and looked at significant gene ontologies
common to multiple pairs (Additional file 9). Gene ontol-
ogies corresponding to cell adhesion were found in 5/15
twin pairs (Additional file 10). Similarly, common CpGs
with a within-pair methylation difference > 50% were found
in multiple twin pairs (Table 6) in genes such as BICD2,
HLA-DPB2, RPTOR and PIK3CG (Additional file 11), in-
volved in neuronal cell migration, muscular atrophy or
muscle contraction pathways and immune response and in-
flammatory pathways, respectively [60–63]. Notably, two
different CpG sites within twin pairs 4 and 8 corresponding
to the WWTR1 gene had an absolute methylation differ-
ence of greater than 50% with the same direction of effect.

Affected CpG sites were located near the 5′ end of the gene
in both pairs (Table 6).

Discussion
This exploratory study represents an initial step towards
investigating potential CP-associated epigenetic differ-
ences, with the longer-term aim of identifying predictive
biomarkers with clinical utility. We identified DNA
methylation differences in dried blood spots from 15
CP-discordant MZ twin pairs and found differential
methylation at several gene loci associated with hypoxia
signalling, inflammation and cell adhesion. These path-
ways had been previously linked to CP, consistent with
part of our hypothesis.
Pairwise global DNA methylation difference between

CP and non-CP members of each pair measured for

Fig. 1 DNA methylation differences (CP minus normal twin) for the top ten CP-specific DMPs. The direction of methylation difference for each probe was
consistently in the same direction (hyper- or hypomethylated) across > 12/15 twin pairs. The dotted line represents the average methylation difference,
and methylation difference is represented in absolute value (effect size of 0.1 is 10% methylation difference)
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each twin group and comparison of the size of DNA
methylation difference made between groups allowed
for an assessment of how variable the differences in
methylation may be for different cases of CP. Our
results are consistent with previous studies (e.g. [59])
that have indicated that neurodevelopmental disorders
such as autism spectrum disorder are not associated
with systemic within-twin pair differences in global
DNA methylation.
We tested site-specific DNA methylation patterns

across the genome for their association with CP,

taking CP status within discordant MZ pairs into
account. Although no probe reached an adjusted
statistical significance at FDR < 0.1, the top-ranked
DMPs, at a nominal cut-off of p < 1 × 10−4, were
enriched for the cellular processes of inflammation,
cell adhesion and immune response. These showed
the direction of effect across most or all discordant
twin pairs. This was in accordance with EWAS of
other neurodevelopmental disorders including twins
discordant for autism spectrum disorders [59], asthma
[51], depression [64] and aggressive behaviour [65].

Table 3 Top 20 gene ontology (GO) terms (BP = biological process) analysed for the 1000 top-ranked CP-associated DMPs
GO ID GO term Ontology No. of genes DM genes Unadjusted p value

GO:0098609 Cell-cell adhesion BP 1091 90 8.27E-06

GO:0007156 Homophilic cell adhesion via plasma membrane adhesion molecules BP 149 25 1.70E-05

GO:0042098 T cell proliferation BP 157 18 2.91E-05

GO:0042129 Regulation of T cell proliferation BP 133 16 3.28E-05

GO:0046649 Lymphocyte activation BP 557 46 6.47E-05

GO:0032729 Positive regulation of interferon-gamma production BP 58 10 7.55E-05

GO:0070661 Leukocyte proliferation BP 241 23 9.24E-05

GO:0001775 Cell activation BP 811 61 9.70E-05

GO:0050863 Regulation of T cell activation BP 270 26 1.27E-04

GO:0022610 Biological adhesion BP 1611 117 1.28E-04

GO:1903037 Regulation of leukocyte cell-cell adhesion BP 284 27 1.30E-04

GO:0070663 Regulation of leukocyte proliferation BP 187 19 1.66E-04

GO:0045321 Leukocyte activation BP 656 50 1.93E-04

GO:0007159 Leukocyte cell-cell adhesion BP 442 37 2.27E-04

GO:0098742 Cell-cell adhesion via plasma-membrane adhesion molecules BP 214 27 2.32E-04

GO:0050865 Regulation of cell activation BP 437 37 2.37E-04

GO:0016337 Single organismal cell-cell adhesion BP 669 54 2.49E-04

GO:0032649 Regulation of interferon-gamma production BP 85 11 2.51E-04

GO:0007155 Cell adhesion BP 1606 115 2.56E-04

GO:0045601 Regulation of endothelial cell differentiation BP 28 7 2.75E-04

DM differentially methylated, FDR false discovery rate

Table 4 Differentially methylated regions (DMRs) from Bumphunter analysis
Chromosome position Gene Gene description P value Fwer

chr6: 31539735-31540169 LTA Lymphotoxin-alpha 0.00056 0.988

chr12: 31799116-31799118 – – 0.00125 0.992

chr11: 47399813-47400146 SPI1 Spi-1 Proto-Oncogene 0.00129 0.996

chr2: 33359198-33359688 LTBP1 Latent transforming growth factor beta binding protein 1 0.00166 0.996

chr17: 72527607-72527724 CD300LB CD300 molecule like family member b 0.00244 0.996

chr12: 105071483-105071483 CHST11 Carbohydrate chondroitin 4 sulfotransferase 11 0.00259 0.996

chr9: 130868874-130868874 SLC25A25 Solute carrier family 25 member 25 0.00269 0.996

chr11: 2722062-2722195 KCNQ1 Potassium voltage-gated channel subfamily Q member 1 0.00164 1

chr1: 27961563-27962037 FGR FGR proto-oncogene, Src family tyrosine kinase 0.00223 1

chr20: 62367805-62367893 LIME1 Lck interacting transmembrane adaptor 1 0.00167 1

fwer family-wise error rate
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Average within-pair DNA methylation differences of
up to 12.5% were observed, comparable to previous
findings in neurodevelopmental disorders, ranging
from 1.5 to 12%. Furthermore, we validated five of
the six CpG probes, with positive correlations across
platforms. Three of these five probes (one from
LIME1 and two from LTA) showed a strong and sig-
nificant cross-platform correlation, indicating the val-
idity of methylation values between platforms.
Genes associated with top-ranked DMPs and DMRs

were enriched for similar ontologies and pathways, namely
immune response, lymphocyte-mediated immunity, interferon-
gamma production and regulation of immune response.
Our study revealed top-ranked DMRs associated with

genes that play a role in inflammation, such as LTA/TNFβ
and LIME1, supporting part of our hypothesis that inflam-
mation plays a key role in CP aetiology. Genetic variants of
LTA have been implicated in multiple studies as being associ-
ated with risk for CP [66–68]. LTA plays an important role
in inflammation and brain development, mediating preterm

birth and white matter brain injury [69]. It has been impli-
cated that inflammation [70] and increased levels of its iso-
form TNF-α were found in children with CP compared to
healthy controls [71]. LIME1 gene links T and B cell signal-
ling to the activation of tyrosine and MAP kinases [72].
Other top DMR-associated genes such as LTBP1 and CD300
are also known mediators of inflammatory pathways such as
ERK signalling pathway, interleukin-3,-5 pathway, B cell re-
ceptor signalling pathway and other chemokine signalling
[72–74]. Genes associated with top-ranked DMPs also
showed involvement in other key inflammatory pathways
such as Ras signalling (WDFY4), MAP kinase signalling
(CD3D) and interleukin-3,-5 signalling (KALRN). Analysis
within individual twin pairs also revealed associations to the
WWTR1 gene, which is involved in the activation of TGF-β
signalling pathway, an inflammatory pathway that regulates
neural survival and death [75, 76]. Gene ontology analysis of
top-ranked DMPs showed enrichment of genes involved in
regulation of immune response pathways such as those in-
volved in signalling or T-cell activation. It is noteworthy that

Fig. 2 Schematic representation of the top-ranked DMR (LTA). The genomic coordinates are plotted on the top lane using the version hg19 of the UCSC
genome browser (https://genome.ucsc.edu), where each division is 200 base pairs. Mean beta values for CP (red line) and normal (green lines) twins are
plotted on the next lane. The light blue box indicates the differentially methylated region. DNase I hypersensitive sites is plotted in subsequent lane. The
DNase I hypersensitive site data was obtained from the UCSC Genome Browser, and the dark blue boxes represent the characterised gene based on
reference sequence. The vertical blue lines on the genome browser map indicate the three CpG units validated on MassArray EpiTYPER
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intrauterine infection is a known risk factor for CP and that
many inflammatory cytokines have been shown to be critical
to the risks associated with CP [38, 41, 60].
Perinatal brain injury can be induced by a range of

insults such as hypoxic-ischaemic injury or infection [77].
An in utero infection such as chorioamnionitis may trig-
ger an innate immune response, resulting in elevated cyto-
kine levels. Cytokines in the fetal blood may contribute to
a systemic fetal inflammatory response with eventual
penetration across the blood-brain barrier resulting in an
inflammatory cascade in the fetal brain [78]. Brain injury
induced by neonatal hypoxia-ischaemia also involves key
components of inflammation such as immune cells,
chemokines, cytokines and cell adhesion molecules [79].
Therefore, we suggest that inflammation may play a role
in perinatal brain damage associated with CP.
We also observed an enrichment of CP-associated

DMPs and DMRs in gene ontologies associated with cell
adhesion, and this was also observed in individual twin
pairs. Aberrant expression of cell adhesion molecules
has been reported in muscle biopsies of both children
and adults with CP [39]. Previous whole exome and
whole genome sequencing studies have also illustrated
the potential role of cell adhesion in CP by identifying

genetic variants in novel candidate genes which function
as neural adhesion molecules essential for neurite out-
growth and axon guidance [9, 12]. The NF-κB transcrip-
tion factor signalling pathway was common in both
DMPs and DMRs.
Our results are consistent with a previous gene expres-

sion study in newborn blood spot samples from children
with CP [80], which identified up-regulation of inflam-
matory pathways in preterm children who later developed
the disorder. Other similarities between the two studies
include variation in genes involved in T-cell and B-cell
receptor signalling pathways and cytokine-cytokine receptor
interaction, all of which were shown to have a dysregulation
in CP cases [80]. However, we found no evidence for an
association with increased thyroid function in preterm-born
CP cases as hypothesised and reported previously [80].
Another top-ranked DMP was HNRNPL, which likely

plays a role in response to hypoxia via regulation of the vas-
cular endothelial growth factor (VEGF) gene [81]. Hypoxia
is known to hinder normal development and maturation of
the brain and can cause white matter injury in preterm
born infants [82] resulting in CP [83]. This finding supports
our hypothesis that epigenetic alterations in genes involved
in hypoxic pathways play a role in the aetiology of CP.

Table 5 Gene ontology (GO) analysis for cerebral palsy-associated DMRs. (DM: differentially methylated; FDR: false discovery rate)
GO ID GO term Ontology No. of genes DM genes Unadjusted p value FDR

GO:0002705 Positive regulation of leukocyte mediated immunity BP 80 5 4.57E-10 9.60E-06

GO:0002703 Regulation of leukocyte mediated immunity BP 139 5 7.48E-09 5.26E-05

GO:0002699 Positive regulation of immune effector process BP 142 5 7.52E-09 5.26E-05

GO:0050715 Positive regulation of cytokine secretion BP 91 4 8.69E-08 4.56E-04

GO:0002443 Leukocyte mediated immunity BP 258 5 1.42E-07 5.95E-04

GO:0002697 Regulation of immune effector process BP 291 5 4.04E-07 1.09E-03

GO:0042742 Defence response to bacterium BP 204 4 4.13E-07 1.09E-03

GO:0050778 Positive regulation of immune response BP 571 6 4.17E-07 1.09E-03

GO:0050707 Regulation of cytokine secretion BP 135 4 5.96E-07 1.39E-03

GO:0050663 Cytokine secretion BP 154 4 9.84E-07 2.06E-03

GO:0001819 Positive regulation of cytokine production BP 360 5 1.32E-06 2.52E-03

GO:0002876 Positive regulation of chronic inflammatory Response
to antigenic stimulus

BP 2 2 1.61E-06 2.81E-03

GO:0050776 Regulation of immune response BP 769 6 1.82E-06 2.82E-03

GO:0002682 Regulation of immune system process BP 1191 7 1.88E-06 2.82E-03

GO:0002874 Regulation of chronic inflammatory response to
antigenic stimulus

BP 3 2 2.15E-06 3.00E-03

GO:0050830 Defence response to Gram-positive bacterium BP 68 3 2.45E-06 3.22E-03

GO:0002925 Positive regulation of humoral immune response
mediated by circulating immunoglobulin

BP 4 2 2.82E-06 3.48E-03

GO:0002678 Positive regulation of chronic inflammatory response BP 4 2 3.23E-06 3.76E-03

GO:0002718 Regulation of cytokine production involved in
immune response

BP 52 3 3.84E-06 4.24E-03

GO:0002684 Positive regulation of immune system process BP 820 6 4.24E-06 4.44E-03
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Two high-ranking DMPs lie within the TBC1D24 and
FBOX9 genes respectively, and both have previously
been associated with epilepsy [84, 85]. In 29% of CP
cases in Victoria, Australia, epilepsy is comorbid with
CP [5]. These results may suggest a potentially shared
aetiology between epilepsy and CP [86, 87].
Our findings agree with those of others showing a link

between early life DNA methylation state and neurodeve-
lopmental and cognitive outcomes [29, 88], which would
allow for early diagnosis and facilitate timely intervention.
Currently, MRI scans, assessment tests such as the General
Movements Assessment and interventions such as environ-
mental enrichment, early developmental, early motor and
physiotherapy interventions are used to inform strategies
for early intervention in high-risk groups, such as preterm
born children, [89–93].
Given that CP is a highly heterogeneous condition, this

study highlights the importance of using epigenetic

biomarkers to distinguish and detect underlying path-
ways across the disorder. For individuals, such an epi-
genetic state at birth could be used to estimate risk for
subsequent development of overt CP.
The strength of using MZ twins is that they are

matched for parental age, age, sex, season of birth and
genetic factors. Although twins have a higher risk of CP
than singletons, the causative mechanisms, such as
thrombosis, and infection in the mother, the placenta or
the umbilical cords are likely to be similar [7]. Studying
twins discordant for CP allows genetic and environmental
components to be partitioned from each other and
provides a unique opportunity to evaluate the importance
of non-shared environmental factors such as umbilical
cord or placental function during early development in
isolation. It is possible that only twin of a pair may develop
an infection or inflammation of the umbilical cord or
placenta ([13, 19, 20, 94]). Such non-shared environmental
factors are known to influence the development of
individual members of a twin pair. This pilot study also
highlights the importance of analysing DNA methylation
in dried blood spots, which are collected at birth and
stored by many countries and the potential for developing
future predictive diagnostic tests [55, 95, 96].
Although each tissue has a subset of CpGs whose DNA

methylation patterns are tissue-specific, DNA methylation
changes that are concordant between the blood and brain
have been detected in previous studies [32, 97, 98]. One ex-
ample is where they identified parallel changes in DNA
methylation between the brain and blood in 30% of the genes
implicated in Parkinson’s disease [98]. It was also shown that
a DNA methylation module exists in key ageing-related regu-
latory genes both in the brain and blood [99]. In addition,
animal studies have reported that an early environment
resulting in a brain disorder can alter DNA methylation in
the same gene across the brain and peripheral tissues [35].
There are some limitations to this study. While similar

in sample size to many comparable twin studies of
brain-related disorders [58, 59, 64, 100], we acknowledge
that larger sample sizes of 25 twin pairs or more are
preferable to detect a mean effect size of at least 8%
methylation (FDR = 0.05) [101]. As CP is a heteroge-
neous condition, the small sample size of our cohort,
with a lack of CP concordant and healthy twin pairs for
comparison, also limits our capability to understand the
biological mechanisms of brain injury that may be
specifically associated with CP subtype. The use of
peripheral tissue and blood also limits our capability to
pinpoint the mechanism of CP. Despite the fact that the
brain and blood arise from separate cell lineages, and
are thought to be epigenetically distinct, many epigenetic
studies are often conducted in the blood due to ease of
availability [102]. Previous investigations of methylomic
variation across the blood and brain tissue from different

Table 6 Genes/probes with an absolute methylation difference
of > 50% common to multiple twin pairs
Twin pair group Methylation difference Common genes

TW7 0.784 MED27 (cg26228569)

TW15 − 0.749

TW5 0.824 BICD2 (cg14341177)

TW6 − 0.796

TW7 0.705

TW1 0.534 HLA-DPB2 (cg01309395)

TW2 − 0.627

TW11 0.693

TW10 0.585

TW2 − 0.768 CNOT6L (cg11671265)

TW4 0.745

TW2 0.634 SIM1 (cg00736459)

TW4 0.556

TW2 − 0.752 NR2C2 (ch.3.343413R)

TW14 0.584

TW2 0.753 LRP11 (cg24761195)

TW16 0.811

TW4 − 0.554 WWTR1 (cg02134705)

TW8 − 0.773 WWTR1 (cg19547293)

TW8 − 0.746 HYAL3;NAT6 (cg13682223)

TW14 0.872

TW5 − 0.707

TW9 0.797 RPTOR (cg08905415)

TW14 − 0.748

TW4 0.615 PIK3CG (cg08779777)

TW16 − 0.505

TW10 − 0.678
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regions of the brain have found distinct differences in
gene expression and DNA methylation patterns [26,
103–105]. Studies have also shown the inconsistencies in
DNA methylation markers from the blood in predicting
brain DNA methylation status [27, 106]. However,
evidence from animal studies have also shown that blood
DNA methylation patterns may in fact reflect patterns in
the brain in a subset of genes [35, 107], suggesting that
peripheral epigenetic marks may reflect disease mecha-
nisms in some cases. Examples where methylation levels
correlate between blood and brain have been reported in
Parkinson’s disease, depression, schizophrenia, bipolar
disorder and autism [107, 108]. The blood is also par-
ticularly useful in investigating disease biomarkers [98]
and is an important peripheral tissue to consider for
neurological disorders, as it is easily accessible to assist
in diagnosis. Another limitation is that our data apply to
twins only, and we cannot yet generalise our findings
more broadly, as there is evidence that risk factors and
associated mechanisms leading to CP may be different
in twins compared to singletons [109]. To overcome
this, our analysis will be repeated in further sets of twins
and singletons. Only with this information can we then
start to put together risk models for predicting CP at the
time of birth. This approach will provide a unique
opportunity to identify a biomarker to predict neurode-
velopmental outcomes such as CP.

Conclusion
This study provides the first evidence that environment-
mediated differential methylation in genes involved in
known processes such as hypoxia and inflammation, and
perhaps processes such as cell adhesion, may contribute
to the development of CP. Our data also pave the way
for larger studies to use DNA methylation data in risk
models to help predict CP before the onset of overt
symptoms and therefore provide a chance for timely
ameliorative interventions.
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Aim: Epilepsy is a common neurological disorder characterized by recurrent seizures. We performed epi-
genetic analyses between and within 15 monozygotic (MZ) twin pairs discordant for focal or generalized
epilepsy. Methods: DNA methylation analysis was performed using Illumina Infinium MethylationEPIC
arrays, in blood and buccal samples. Results: Differentially methylated regions between epilepsy types
associated with PM20D1 and GFPT2 genes in both tissues. Within MZ discordant twin pairs, differentially
methylated regions associated with OTX1 and ARID5B genes for generalized epilepsy and TTC39C and
DLX5 genes for focal epilepsy. Conclusion: This is the first epigenome-wide association study, utilizing the
discordant MZ co-twin model, to deepen our understanding of the neurobiology of epilepsy.

First draft submitted: 23 August 2018; Accepted for publication: 18 February 2019; Published online:
5 June 2019

Keywords: discordant monozygotic twins • DNA methylation • epigenetics • epilepsy

Epilepsy is a group of common and severe neurological disorders associated with recurrent and unprovoked seizures.
It affects over 50 million people worldwide. One in 26 people will develop epilepsy during their lifetime [1], which
can have substantial psychological and socioeconomic impacts, impairing quality of life. Only 35% of epilepsy
cases have a clear extraneously-acquired cause such as head injury or stroke [2]. The remaining 65% are of unknown
cause and were historically termed ‘idiopathic’, defined as ‘no known or suspected etiology other than possible
hereditary predisposition’ [3]. Epilepsies can be classified into focal, defined as ‘originating within networks limited
to one cerebral hemisphere’; and generalized as ‘originating at some point within and rapidly engaging, bilaterally
distributed networks’ [4].

The genetic component of epilepsies was clearly recognized in familial and twin studies prior to the genomic
era [5,6]. In 1995, the first epilepsy gene was discovered, CHRNA4 [7], launching the era of discovery of monogenic
familial epilepsy syndromes. More recently large-scale molecular genetic studies have led to the identification of a
plethora of epilepsy-associated genes with large effect sizes, usually described using the odds ratio, which corresponds
roughly to the increase in disease risk. Many genes have exhibited epilepsy type specificity, for example, pathogenic
variants in genes such as SCN1A, and GABRG2 are enriched in generalized epilepsy and DEPDC5, LGI and
GRIN2A variants are more prevalent in focal epilepsy [8]. Collectively, these genetic studies suggest that the epilepsy
types may have distinct underlying genetic etiology, at least for epilepsies displaying mendelian inheritance.

The genotype-phenotype correlations in epilepsies are complicated, even where major genes are known, and are
likely to be more so in the commoner epilepsies where complex inheritance is present [9,10]. Complex inheritance
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implies an interaction of many genetic and environmental factors, and the latter are likely mediated by epigenetic
mechanisms [11].

There is growing evidence for the role of epigenetic change (changes in gene expression without DNA sequence
change that are heritable through mitosis) in normal and aberrant neurodevelopment, including epileptogenesis and
its progression. Research has focused on investigating the role of DNA methylation in temporal lobe epilepsy [12–14],
histone modification changes during epileptic seizures [15] and miRNAs in epileptogenic processes [16,17].

Twin studies are ideal for the study of genetic and environmental causes of disease. In particular, the disease
discordant monozygotic (MZ) co-twin model controls for shared environment and shared genetics. This model
allows us to isolate non-shared environmental factors, which represent the highest component of variance of
neurodevelopmental disorders [18,19].

In this exploratory study, we use DNA from two tissues from disease-discordant MZ twins to evaluate DNA
methylation profiles in epilepsy. We investigate the differences in DNA methylation patterns between the two
common epilepsy types and we further perform two separate epigenetic analyses within MZ twin pairs discordant
for focal or generalized epilepsy. To the best of our knowledge, there have been no studies of the epigenetic profile
of generalized and focal epilepsies. Understanding these DNA methylation profiles is imperative to understanding
their neurobiology as well as for new treatment approaches.

Materials & methods
Samples & DNA extraction
Participants within epilepsy-discordant MZ twin pairs were recruited through Twins Research Australia (https://ww
w.twins.org.au), the Epilepsy Research Centre Database, Melbourne (http://www.epilepsyresearch.org.au), referral
from Queensland Neurologists, the Twin Database at the Queensland Institute of Medical Research Berghofer
(https://www.qimrberghofer.edu.au/qtwin/) and Epilepsy Queensland (https://www.epilepsyqueensland.com.au).
In the cohort, analyses of red cell antigens and human leukocyte antigen markers were performed to confirm
zygosity of the older twins pairs, whereas in the younger twin pairs at least 9 different polymorphic DNA marker
assay and a 12-marker microsatellite test was performed. If all markers were concordant, the twin pairs were
designated MZ. After providing consent, each participant went through a systematic review of medical history,
including seizure history and characterization, review of relevant investigations such as electroencephalography and
magnetic resonance imaging, and medication history. Both the affected and unaffected twins were interviewed with
a validated questionnaire [20]. Blood and buccal biosamples were taken from all participants: epithelial cells from
the buccal surface of the cheek were obtained through OraCollect OCR-100 swabs (DNA Genotek, Canada).
These kits were mailed to participants with written instructions. Such swabs typically contain 90% buccal epithelial
cells [21]. Buccal samples were frozen at -20◦C until extraction. Blood samples were obtained at a collection centre
local to each individual and stored in 4 ml EDTA tubes. Samples were processed within 24 h to extract the buffy
coat layer from blood samples. These samples were then stored in liquid nitrogen until extraction.

Genomic DNA extraction from buccal sample was performed with the NucleoBond CB20 DNA Extraction
Kit (Macherey-Nagel; Düren, Germany). For blood samples, genomic DNA was extracted using the Flexigene
kit (Qiagen; Hilden, Germany) following manufacturer’s protocol. Following genomic DNA extraction from each
of the samples, the concentration of extracted DNA was measured by spectrophotometry, and the quality of the
extracted samples was determined by gel electrophoresis.

Illumina Infinium EPIC arrays
Following bisulphite conversion of genomic DNA, genome-wide analysis of DNA methylation was assessed
using Illumina Infinium EPIC arrays (Illumina, CA, USA) with probes for over 850,000 methylation sites, at
the Australian Genome Research Facility (AGRF). Hybridization and scanning was performed following the
manufacturer’s instructions. Statistical analysis was performed using the R statistical programming language (http:
//www.R-project.org) in conjunction with Bioconductor packages developed for the analysis of methylation arrays.

Preprocessing of Illumina Infinium EPIC array data
The raw intensity data (IDAT files) were imported into R (3.3.1; http://cran.r-project.org/). Data quality was
assessed using the minfi (v1.20.2) Bioconductor package [22]. Data from EPIC probes were filtered by removing
those based on: poor performance (mean detection p-value of >0.01); probes containing either a single nucleotide
polymorphism at the target CpG site or at the single nucleotide extension site; probes that map to multiple locations
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in the genome [23]; and probes that map to sex chromosomes (for accurate analysis across all pairs, including males
and females). The data were normalized using subset-quantile within array normalization [24]. Covariates such as use
of illicit drugs or alcohol, smoking status, presence of febrile seizures, type of anti-epileptic medication, gestational
age and birth order of the twins, were assessed as potential confounders.

Differential methylation analysis
Beta (β) values (proportion of the methylated signal over the total signal) were converted to M-values, the log2 ratio
of the intensities of the methylated signal versus the unmethylated signal. Differential methylation analysis was
performed using a data-driven method of controlling for unwanted technical and biological variation called Remove
Unwanted Variation for differential methylation (RUVm) [25], implemented in the missMethyl R package [26] taking
twin relationships into account. P-values were adjusted for multiple correction using the Benjamini–Hochberg
method [27]. Differentially methylated probes (DMPs) were considered significant if they were lower than the false
discovery rate (FDR) threshold of 0.1. We investigated the top-ranked CpGs with an unadjusted p-value less than
1 × 10-4 [28].

Identification of differentially methylated regions
Differentially methylated regions (DMRs) were identified using the bumphunter package [22,29]. The cut-off value,
which is a user-defined numeric value that determines the upper and lower bounds of the genomic profiles that
will be used as candidate regions, was set to 0.05 and the number of permutations set to 250.

Functional annotation & pathway analysis
Gene ontology and pathway analysis were performed using the gometh function from the missMethyl package [26],
which takes into account the variable number of EPIC probes associated with each gene. Gene ontology enrichment
was performed for the 1000 top-ranked DMP-associated genes. The KEGG option of the gometh function in
missMethyl was used to provide further insights into relevant biological processes associated with the top-ranked
DMPs.

Validation of DMRs
Site-specific validation was attempted using the Sequenom MassArray EpiTYPER (Agena Biosciences). In silico assay
prediction was performed using the BiocLite MassArray package. The source and batch of DNA used for validation
was the same as that used for the EPIC analysis. Bisulphite treatment of genomic DNA was performed using the
EZ-96 DNA Methylation-Lightning MagPrep kit (Zymo Research; Irvine, USA) according to the manufacturer’s
instructions. T7 tagged primers were designed for regions (Supplementary Table 1) using the Sequenom EpiDesigner
package [30]. PCR amplification was performed on the bisulphite converted DNA samples. Each DNA sample was
amplified in triplicate, to ensure that the results were reliable and reproducible. The amplification reaction consisted
of 5.3 µl of nuclease free water, 7.5 µl of FastStart Master Mix (Roche, Mannhein, Germany), 0.6 µl of 10 µM
forward primer and 0.6 µl of 10 µM reverse primer with thermal cycling conditions as follows: 95◦C for 10 min;
five cycles of 95◦C for 10 s, annealing temperature determined by gradient optimization for 30 s and 72◦C for 2
min; 35 cycles of 95◦C for 10 s, annealing temperature determined by gradient optimization for 30 s and 72◦C for
90 s and final extension at 72◦C for 7 min. Each 96 well PCR plate also included three negative controls, where
nuclease free water replaced DNA. To reduce the impact of batch effect, all samples for each DMR were amplified
in a single PCR plate.

Raw data generated from the MassArray EpiTYPER were cleaned using a Microsoft Excel macro developed
in-house [31,32]. The median value of triplicates was determined and any replicates >10% from the median were
removed as previously described [31,32]. Pearson’s correlation coefficients and p-values were calculated to assess the
cross-platform correlation. A correlation coefficient >0.50 was used as the cut-off for a strong correlation, and a
p-value ≤0.05 indicated a significant correlation.

Results
Cohort characteristics
Our cohort consisted of 15 MZ twin pairs (ten female and five male) aged between 14 and 67 who were discordant
for epilepsy without a known acquired cause (Table 1). The cases were divided into generalized (n = 6) or focal
(n = 9) types, based on clinical history and investigations. The focal epilepsies included four with self-limited
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Table 1. Descriptive characteristics of the study cohort.
Case Sex Current age Gestational age Seizure onset

(years)
Febrile seizures Medication history Family history† Epilepsy type

1 Female 23 Preterm 8 No Sodium valproate Yes Focal‡

2 Female 49 Preterm 11 No Carbamazepine No Focal§

3 Female 45 Term 9 No Carbamazepine No Focal¶

4 Female 53 Preterm 27 No Sodium valproate No Focal¶

5 Male 67 Term 7 Yes Dilantin, phenobarbital Yes Focal‡

6 Male 14 Term 10 No Sodium valproate No Focal‡

7 Female 29 Term 6 No Carbamazepine No Focal‡

8 Female 65 Term 30 No Dilantin Yes Focal¶

9 Female 67 Preterm 16 Yes Dilantin Yes Focal§

10 Female 64 Preterm 14 No Sodium valproate No Generalized

11 Male 51 Preterm 28 No Sodium valproate No Generalized

12 Male 41 Term 19 No Sodium valproate No Generalized

13 Male 38 Term 7 No Ethosuximide No Generalized

14 Female 48 Preterm 23 No Sodium valproate Yes Generalized

15 Female 55 Preterm 3 Yes Dilantin Yes Generalized

†Family history is defined as at least one relative (up to third degree) previously diagnosed with epilepsy.
Focal epilepsy:
‡Self-limited epilepsy with centrotemporal spikes.
§Self-limited occipital epilepsy.
¶Temporal lobe epilepsy without a structural etiology.

epilepsy with centrotemporal spikes, three with temporal lobe epilepsy without a structural etiology, and two with
self-limited occipital epilepsy.

Three cases were reported to have had febrile seizures. Seven affected twins were on sodium valproate (n = 4
generalized group and n = 3 focal group), while all other affected twins were on other anticonvulsant medications
such as carbamazepine, phenytoin, ethosuximide and phenobarbitone (Table 1). Five twin pairs reported at least
one relative (up to third degree) previously diagnosed with epilepsy.

Within-pair analysis of blood & buccal tissue in all twins
Data exploration using principal component analysis (PCA) and multi-dimensional scaling (MDS) was performed
to estimate the variation in the data. Known covariates including age, sex, anticonvulsant medication, alcohol,
drugs, birth weight, birth order, gestational age, socioeconomic status (SES) and depression and anxiety stress scale
scoring (DASS) were tested to capture similarities and variations between samples of the data and none were shown
to be consistently associated with DNA methylation (Figure 1). The cell-type proportions for whole blood samples
were calculated using a modified version of the Houseman method [33,34] and no statistically significant differences
were observed between the levels of CD8+ T cells (CD8T) and CD4+ T-cells (CD4T), B cells, natural-killer (NK)
cells, monocytes and granulocytes between affected and unaffected co-twins (data not shown).

Genome-wide differential methylation analysis of all 15 twin pairs found no statistically significant epilepsy-
associated probes with an adjusted FDR value of <0.1 in either tissue. Since this was an exploratory EWAS, we then
lowered the threshold of significance to a nominal p-value cut-off of p < 1 × 10-4 as used in previous studies [28,35].
This resulted in a list of 34 top-ranked CpGs in buccal tissue and 21 in whole blood.

To minimise type 1 errors, we focussed on identifying DMRs each identified using multiple proximal probes
(more than three probes within a distance of <1 kb) [29] and effect sizes of greater than 5%. This analysis identified
six DMRs in buccal samples with multiple contiguous probes with an average DNA methylation difference ranging
from 5 to 10%. Analysis of whole blood samples resulted in no statistically significant DMRs, indicating minimal
evidence of differential methylation analysis within twin pairs discordant for all epilepsies.

Analysis between generalized & focal epilepsy cases in buccal & blood samples
Next we compared DNA methylation patterns between the two major epilepsy types in buccal and blood samples.
CpGs that were differentially methylated between cases of generalized and focal epilepsy in both tissues using
RUVm were identified and explored by cluster analysis. There were 62 top-ranked CpGs in buccal and 145 top-
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Age

Sex

BW grouped

BW disparity

Birth order

GA

EP sub

Sample group

Medication

SES

DASS

LTE

Febrile seizures

Smoking

Alcohol

Drug use

PC1 PC2 PC3 PC4 PC5 PC6

0.1
(0.6)

0.1
(0.6)

-0.32
(0.1)

0.17
(0.4)

0.046
(0.8)

-0.57
(0.001)

-0.26
(0.2)

-0.16
(0.4)

-0.14
(0.5)

-0.12
(0.6)

NA
(NA)

0.25
(0.2)

0.064
(0.7)

0.036
(0.9)

0.078
(0.7)

0.073
(0.7)

1.0

0.5

0.0

-0.5

-1.0

-0.65
(2e-04)

-0.14
(0.5)

0.071
(0.7)

0.058
(0.8)

-0.096
(0.6)

-0.094
(0.6)

-0.038
(0.8)

0.054
(0.8)

-0.071
(0.7)

0.59
(0.001)

NA
(NA)

-0.048
(0.8)

0.15
(0.5)

0.31
(0.1)

-0.21
(0.3)

-0.24
(0.2)

-0.39
(0.04)

0.43
(0.02)

-0.01
(1)

-0.08
(0.7)

0.14
(0.5)

-0.24
(0.2)

0.095
(0.6)

0.044
(0.8)

0.12
(0.6)

0.12
(0.6)

NA
(NA)

NA
(NA)

NA
(NA)

NA
(NA)

0.056
(0.8)

0.068
(0.7)

-0.096
(0.6)

-0.14
(0.5)

-0.27
(0.2)

0.14
(0.5)

-0.32
(0.1)

-0.36
(0.06)

0.27
(0.2)

-0.076
(0.7)

0.16
(0.4)

-0.08
(0.7)

-0.22
(0.3)

-0.12
(0.5)

-0.11
(0.6)

-0.17
(0.4)

0.0026
(1)

-0.16
(0.4)

0.26
(0.2)

-0.15
(0.4)

-0.4
(0.03)

-0.02
(0.9)

-0.01
(1)

0.27
(0.2)

-0.31
(0.1)

-0.044
(0.8)

0.22
(0.3)

-0.12
(0.6)

-0.095
(0.6)

-0.13
(0.5)

0.34
(0.07)

-0.23
(0.2)

0.49
(0.008)

-0.35
(0.07)

-0.27
(0.2)

0.33
(0.08)

0.28
(0.1)

-0.33
(0.08)

0.21
(0.3)

-0.028
(0.9)

-0.41
(0.03)

0.46
(0.01)

0.022
(0.9)

0.028
(0.9)

0.16
(0.4)

0.2
(0.3)

-0.064
(0.7)

0.1
(0.6)

0.27
(0.2)

-0.1
(0.6)

Figure 1. Heat map of the associations between the six largest principal components and specified covariates. The heat map provides a
score of the strength of the association between DNA methylation (using M-values) and each covariate, with positive and negative
correlations ranging according to magnitude (red positive, blue negative). The values in brackets for each association represent the
p-value of the correlation. Of the ten significant (p < 0.05) associations, all are weak (correlation <0.65).
BW: Birth weight; DASS: Depression anxiety stress scales and LTE, stress over the past year; EP sub: Epilepsy type; GA: Gestational age; PC:
Principal component; SES: Socioeconomic status.

ranked CpGs in blood (nominal p-value <1 × 10-4) (Supplementary Tables 2A & B). A heatmap was generated
based on the top 1000 CpG sites ranked by unadjusted p-value after linear regression of epilepsy types within
affected individuals (Figure 2). This revealed a distinct differential DNA methylation pattern involving contrasting
hypo- and hypermethylation between cases of focal and generalized epilepsy supporting our hypothesis that DNA
methylation state in epilepsy types potentially demonstrate specific patterns associated with clinical phenotypes.

We also identified epilepsy type-specific DMRs that ranked high in both sample types (Table 2). The two top-
ranked DMRs in both tissues were associated with two genes, PM20D1 with p-values of 6.8 × 10-5 (buccal) and
1.0 × 10-5 (blood) and GFPT2 with p-values of 1.35 × 10-5 (buccal) and 1.4 × 10-5 (blood). The average difference
in DNA methylation level of PM20D1 and GFPT2 was higher in focal epilepsy compared with generalized epilepsy
(buccal = 13.9–20%; blood = 18–23%) in both buccal tissue as well as blood. The PM20D1 DMR located
on chromosome 1 spans 653bp with 12 probes likely within the gene promoter region, approximately ∼200bp
downstream of the transcription start site. The GFPT2 DMR located on chromosome 5 spans 377bp with four
probes within the coding region of the gene.

Given the distinct DNA methylation differences observed between generalized and focal epilepsy, we next
searched for epilepsy-specific DNA methylation states within disease-discordant MZ twin pairs, but this time,
separately for each epilepsy type.
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Figure 2. Dendogram highlighting epilepsy type clustering within the top 1000 CpG sites showing contrasting methylation patterns
across focal and generalized epilepsy. The top 1000 CpG sites ranked by p-value are represented. Blue to yellow indicates
hypomethylation through hypermethylation. The color coded bar indicates the epilepsy types of the affected twin, red: focal epilepsy and
blue: generalized epilepsy; numerals on the X-axis indicates affected twins from each twin pair.

Generalized epilepsy: within-twin pair analysis of discordant pairs
Within-pair differences in DNA methylation levels in buccal and blood samples were analysed at individual CpG
sites across the genome within six MZ twin pairs discordant for generalized epilepsy. Data were explored for
technical and biological variation in the dataset using PCA and MDS plots (see the ‘Methods’ section), which
revealed no consistent association between the covariates tested and DNA methylation (data not shown). EWAS,
performed using RUVm, identified no statistically significant DMPs (FDR <0.1). However, 35 DMPs in buccal
and seven DMPs in blood were identified at the nominal cut-off of p < 1.0 × 10-4) (Supplementary Tables 2A &
B). The average within-pair difference in DNA methylation (case minus control) ranged from +1.2 % to +10.8
% and from -0.5 % to -12.5 %.

We next investigated DMRs using bumphunter, and identified regions associated with ARID5B, TAP1 and
TRIM39 genes in blood and within LY6D, OTX1 and GDNF genes in buccal tissue. The top-ranked DMR in
blood, ARID5B (family-wise error rate; fwer = 0.15; p-value = 3.2 × 10-6), on chromosome 10, consists of 11
CpGs within a distance of 1153bp. Another DMR, ranked second, identified in buccal tissue, OTX1 (fwer = 0.38;
p-value = 1.37 × 10-5), on chromosome 2, consists of 20 CpG sites within the region (Figure 3). The other
top-ranked DMRs are shown in Table 3.

To identify enriched biological processes, we performed gene ontology analysis on genes associated with the
top-ranked 1000 DMPs. Gene ontology terms representing biological processes corresponding to ‘regulation of
cellular metabolic process’, ‘regulation of tyrosine phosphorylation of Stat5 protein’ and ‘regulation of spontaneous
neurotransmitter secretion’ were found (Supplementary Tables 3A & B). The top pathways, as reported by KEGG
analysis, included metabolic pathways, were ‘TNF signaling’, ‘dopaminergic synapse’, ‘neuroactive ligand-receptor
interaction’ and ‘mTOR signaling’ (Supplementary Tables 4A & B).
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Table 2. The top-ranked differentially methylated regions (ranked on unadjusted p-value) in generalized versus
focal cases.
Gene p-value fwer Probes within region (chromosome: location) Distance between

probes (bp)
No of probes in
region

Focal vs generalized epilepsy (buccal)

SLC17A3 3.27E-06 0.072 cg15691649 chr6:25882328 5

cg03264133 chr6:25882463 135

cg01615050 chr6:25882559 96

cg03517284 chr6:25882590 31

cg24065597 chr6:25882633 43

PM20D1 6.87E-05 0.368 cg17178900 chr1:205818956 12

cg26354017 chr1:205819088 132

cg14159672 chr1:205819179 91

cg14893161 chr1:205819251 72

cg07533224 chr1:205819345 94

cg12898220 chr1:205819356 11

cg05841700 chr1:205819383 27

cg11965913 chr1:205819406 23

cg07167872 chr1:205819463 57

cg24503407 chr1:205819492 29

cg16334093 chr1:205819600 108

cg07157834 chr1:205819609 9

GFPT2 1.35E-04 0.484 cg23221052 chr5:179740743 4

cg13944838 chr5:179740914 171

cg23248424 chr5:179741104 190

cg02891314 chr5:179741120 16

Focal vs generalized epilepsy (blood)

GPR88 8.70E-06 0.22 cg09408571 chr1:101003634 3

cg06223162 chr1:101003688 54

cg07412545 chr1:101003924 236

PM20D1 1.01E-05 0.232 cg17178900 chr1:205818956 12

cg26354017 chr1:205819088 132

cg14159672 chr1:205819179 91

cg14893161 chr1:205819251 72

cg07533224 chr1:205819345 94

cg12898220 chr1:205819356 11

cg05841700 chr1:205819383 27

cg11965913 chr1:205819406 23

cg07167872 chr1:205819463 57

cg24503407 chr1:205819492 29

cg16334093 chr1:205819600 108

cg07157834 chr1:205819609 9

GFPT2 1.40E-05 0.32 cg23221052 chr5:179740743 4

cg13944838 chr5:179740914 171

cg23248424 chr5:179741104 190

cg02891314 chr5:179741120 16

Focal epilepsy: within-twin pair analysis of discordant pairs
Exploratory data analysis including PCA and MDS plots similar to our previous analysis were applied, with none
of the covariates associated with DNA methylation (data not shown), and regression analysis using RUVm within
twin pairs was used to determine focal epilepsy-associated DMPs. We identified 37 DMPs within the nominal
p-value threshold of p < 1 × 10-4 in buccal tissue and 22 in blood (Supplementary Tables 2A & B), corresponding
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Table 3. The top-ranked differentially methylated regions (ranked on unadjusted p-value) in generalized epilepsy
discordant twin pairs.
Gene p-value fwer Probes within region (chromosome: location) Distance between

probes (bp)
No of probes in
region

Within twin pair analysis of generalized epilepsy discordant twin pairs (buccal)

LY6D 6.67E-06 0.288 cg21307747 chr8:143866716 21

cg25451586 chr8:143866729 13

cg05660914 chr8:143866786 57

cg17252645 chr8:143867129 343

cg20032794 chr8:143867383 254

cg05800321 chr8:143867799 416

cg24495007 chr8:143867989 190

cg07572435 chr8:143868013 24

cg08209691 chr8:143868049 36

cg04811942 chr8:143868062 13

cg09964873 chr8:143868136 74

cg14585892 chr8:143868158 22

cg20100987 chr8:143868262 104

cg26466375 chr8:143868530 268

cg02918648 chr8:143868844 314

cg17080283 chr8:143868856 12

cg02679028 chr8:143868917 61

cg23436058 chr8:143869231 314

cg26042490 chr8:143869328 97

cg01054454 chr8:143869334 6

cg14031465 chr8:143869473 139

cg05585897 chr8:143869842 369

OTX1 1.3692E-05 0.384 cg07938743 chr2:63283939 20

cg21472506 chr2:63283967 28

cg23229261 chr2:63284066 99

cg10122865 chr2:63284132 66

cg25371919 chr2:63284481 349

cg19763461 chr2:63284557 76

cg22249789 chr2:63284574 17

cg22666373 chr2:63284768 194

cg22303418 chr2:63284784 16

cg17145370 chr2:63285097 313

cg05092308 chr2:63285365 268

cg19351026 chr2:63285425 60

cg13768290 chr2:63285491 66

cg04371726 chr2:63285645 154

cg18947951 chr2:63285739 94

cg07617338 chr2:63285846 107

cg27315333 chr2:63285950 104

cg11536474 chr2:63286049 99

cg25168494 chr2:63286355 306

cg10927449 chr2:63286621 266

GDNF 1.42E-05 0.4 cg07423205 chr5:37834672 20

cg11396695 chr5:37834848 176

cg21590264 chr5:37834850 2

cg26473844 chr5:37834909 59

cg18725867 chr5:37834958 49

cg03266646 chr5:37834999 41
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Table 3. The top-ranked differentially methylated regions (ranked on unadjusted p-value) in generalized epilepsy
discordant twin pairs (cont.).
Gene p-value fwer Probes within region (chromosome: location) Distance between

probes (bp)
No of probes in
region

cg24398268 chr5:37835021 22

cg08204023 chr5:37835109 88

cg18182111 chr5:37835111 2

cg20683765 chr5:37835168 57

cg26559974 chr5:37835506 338

cg00712841 chr5:37835548 42

cg19717018 chr5:37835636 88

cg23400942 chr5:37835684 48

cg17383727 chr5:37835701 17

cg19622474 chr5:37835784 83

cg15368455 chr5:37835958 174

cg02331025 chr5:37835965 7

cg08746486 chr5:37835968 3

cg00761985 chr5:37835999 31

Within twin pair analysis of generalized epilepsy discordant twin pairs (blood)

ARID5B 3.20E-06 0.152 cg02479789 chr10:63807920 11

cg17633222 chr10:63808249 329

cg20728881 chr10:63808314 65

cg23468816 chr10:63808748 434

cg08783988 chr10:63808750 2

cg17973778 chr10:63808852 102

cg22846816 chr10:63808857 5

cg08241406 chr10:63808875 18

cg06456847 chr10:63808883 8

cg01969278 chr10:63808948 65

cg14789659 chr10:63809073 125

TAP1 1.34E-05 0.268 chr6:cg26033526 9

chr6:cg01673307 53

chr6:cg24111025 10

chr6:cg25042789 43

chr6:cg02181920 65

chr6:cg06473288 73

chr6:cg26234900 112

chr6:cg10666909 35

chr6:cg08818207 106

TRIM39 1.38E-05 0.28 cg03094134 9

cg13079571 83

cg09020199 63

cg04425551 18

cg17080697 44

cg07905808 7

cg14066298 176

cg06230847 29

cg01383911 33
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Figure 3. Mean DNA methylation values from buccal samples of discordant monozygotic twin pairs for OTX1 differentially methylated
region. Dotted lines represent error bars with standard errors.

to 31 genes in buccal and 16 in blood. The average within-pair difference in DNA methylation (case minus control)
ranged from +0.7 to +6.2% and from -1.1 to -12.8 %.

We next set out to identify DMRs between focal epilepsy affected and unaffected twin pairs. The top three
DMRs identified in buccal tissue were all within the DLX5 gene on chromosome 7 and the DMR, ranked fourth,
was within DLX5 gene on chromosome 14, all spanning from five to seven probes and within 659–1290 base pairs.
The average DNA methylation difference ranged from 5.9 to 7.4% (Figure 4). The top-ranked DMRs in whole
blood were within genes ZC3H3, TTC39C and FGD4. The TTC39C DMR, on chromosome 18, consists of five
probes and is located 200bp downstream of the transcription start site and within the promoter of this gene. The
average !β ranged from 5.9 to 7.8%. The top-ranked DMRs are shown in Table 4.

The top 20 gene ontologies ranked by nominal p-value included biological processes such as ‘cerebral cortex
tangential migration’, ‘positive regulation of axon extension involved in axon guidance’, ‘negative regulation of
glial cell apoptotic process’ with the top two ontologies related to ‘homophilic-cell adhesion via plasma membrane
adhesion molecule’ and ‘cell–cell adhesion via plasma membrane adhesion molecule’ in both buccal as well as
whole blood tissue analysis (Supplementary Tables 3A & B). Enriched disease pathways included MAPK signaling,
PI3K-Akt signaling, axon guidance, TNF signaling pathway and metabolic pathways (Supplementary Tables 4A
& B).

Validation of DMRs
Six DMRs were chosen for technical validation with an independent platform, Sequenom MassArray EpiTyper
(Supplementary Table 5). GFPT2 and PM20D1 were selected from the analysis of generalized and focal epilepsy
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Figure 4. Mean DNA methylation values from buccal samples of discordant monozygotic twin pairs for DLX5 differentially methylated
region. Dotted lines represent error bars with standard errors.

cases. One probe-specific CpG was chosen for the GFPT2 DMR, and three were chosen for PM20D1 for both
buccal and blood samples. All probe-associated CpGs were found to be strongly and significantly (r = 0.78 to 0.97;
p < 2.7 × 10-03) correlated between platforms (Supplementary Figure 1A & Supplementary Table 5). For the
within-twin pair analysis for generalized epilepsy, ARID5B was chosen from blood, and OTX1 from buccal analyses.
Five probe-associated CpGs were analysed for ARID5B, and two for OTX1. As this was a within-twin pair analysis,
both beta values and within-twin pair DNA methylation differences were compared. For ARID5B and OTX1, the
beta values were strongly and significantly correlated between platforms (r = 0.62 to 0.85, p = 2.94 × 10-02 to
3.81 × 10-04). However, the within-twin pair differences were found to be strongly but not significantly correlated
for most CpGs (r = 0.53 to 0.91, p = 0.05 to 0.27) (Supplementary Figure 1B & Supplementary Table 5). For
the within-twin pair analysis for focal epilepsy, TTC39C was selected from blood, and DLX5 from buccal samples.
As in the previous analysis, both absolute and between-group differences in DNA methylation were investigated.
TTC39C did not meet the criteria for validation, with weak, nonsignificant correlation (r = 0.1 to 0.5, p = 0.04 to
0.6) between platforms (Supplementary Figure 1). However, results for DLX5 were strongly, significantly correlated
(r = 0.96, p = 1 × 10-05) (Supplementary Figure 1).

Discussion
We identified DNA methylation signatures that differentiated focal and generalized epilepsy types and differentiated
each epilepsy type compared with their nonepileptic co-twin.

Analysis between generalized & focal epilepsy cases in buccal & blood tissue
The top-ranked DMPs revealed separate clustering of DNA methylation patterns across focal and generalized
epilepsy cases. The identification of the PM20D1 and GFPT2 DMRs in focal and generalized epilepsy respectively,
in both whole blood and buccal tissues, strengthens this observation.
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Table 4. The top-ranked differentially methylated regions (ranked on unadjusted p-value) in focal epilepsy
discordant twin pairs.
Gene p-value fwer Probes within region (chromosome: location) Distance between

probes (bp)
No of probes in
region

Within twin pair analysis of focal epilepsy discordant twin pairs (buccal)

DLX5 6.11E-04 0.844 cg08835113 chr7:96650192 7

cg00400832 chr7:96650323 131

cg15339231 chr7:96650407 84

cg00503840 chr7:96650509 102

cg20377305 chr7:96650668 159

cg20080624 chr7:96651111 443

cg13462129 chr7:96651281 170

DLX5 6.12E-04 0.844 cg25172279 chr7:96646598 7

cg25928986 chr7:96647079 481

cg01680010 chr7:96647117 38

cg00388195 chr7:96647323 206

cg04694035 chr7:96647440 117

cg26718878 chr7:96647882 442

cg08482436 chr7:96647888 6

DLX5 6.17E-04 0.848 cg27016494 chr7:96651586 7

cg18873386 chr7:96651915 329

cg27032146 chr7:96652115 200

cg11500797 chr7:96652123 8

cg11891395 chr7:96652153 30

cg08101303 chr7:96652222 69

cg02101486 chr7:96652245 23

DLX5 2.21E-03 0.924 cg12049236 chr14:38057893 5

cg27143688 chr14:38058243 350

cg07465387 chr14:38058263 20

cg19645221 chr14:38058284 21

cg12212453 chr14:38058639 355

Within twin pair analysis of focal epilepsy discordant twin pairs (blood)

ZC3H3 2.26E-04 0.612 cg11848483 chr8:144543486 5

cg04180114 chr8:144543568 82

cg20156237 chr8:144543750 182

cg11210357 chr8:144543951 201

cg24010658 chr8:144544041 90

TTC39C 3.02E-04 0.66 cg27399348 chr18:21572366 5

cg12639429 chr18:21572622 256

cg05401069 chr18:21572634 12

cg18719665 chr18:21572656 22

cg17205313 chr18:21572748 92

FGD4 9.75E-04 0.876 cg07120158 chr12:32638669 4

cg03418231 chr12:32638773 104

cg20470583 chr12:32638830 57

cg02251680 chr12:32638839 9

It is noteworthy that PM20D1 is one of five genes located within the PARK16 locus, which is involved in neuronal
growth and development. A significant decrease in the expression of PM20D1, associated with hypermethylation,
has recently been implicated in Alzheimers disease [36], whereas the overexpression of PM20D1 reduces cell death,
decrease β amyloid (Aβ) levels and improves cognitive performance. A subset of four probes within the PM20D1
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DMR are located within enhancer elements and promoter regions as documented in the Infinium MethylationEPIC
annotation data, which suggests a role in gene regulation.

The PM20D1 DMR has been classified as a metastable epiallele [37], in other words, one which is variably
methylated within MZ twin pairs but with consistent DNA methylation levels in more than one tissue from each
individual. Typically, epigenetic modifications at metastable epialleles occur stochastically during early embryonic
development, affecting all tissues of the body and prominent interindividual variation. Metastable epialleles can
indicate the potential importance of environmentally-driven epigenetic changes in the etiology of the diseases such
as epilepsy.

The second-ranked DMR-associated gene, GFPT2, is involved in neurite outgrowth, early neuronal cell devel-
opment and neuropeptide signaling/synthesis [38]. This gene was reported to have a splice site mutation detected
in a whole exome sequencing study of Rett syndrome, a disorder also associated with seizures [39].

Generalized epilepsy: within-twin pair analysis
Our analysis of MZ twin pairs discordant for generalized epilepsy revealed top-ranked DMRs in genes such as
LY6D, OTX1 and GDNF in buccal tissue and ARID5B, TAP1 and TRIM39 in blood. OTX1 gene is a transcription
factor and is fundamental to brain and sensory organ development [40]. A mouse knockdown of Otx1 demonstrated
spontaneous epileptic behaviour, indicating that the encoded protein is required for proper neurological devel-
opment [41,42]. The third-ranked DMR for generalized epilepsy-discordant twin pairs in buccal tissue, GDNF, is
another interesting gene that is reported to have seizure-suppressant action in animal models of epilepsy [43].

In blood, the top-ranked DMR, ARID5B, a DNA binding protein, modulates histone methylation and gene tran-
scription by forming a complex with protein kinase A-dependent histone lysine demethylase [44,45]. H3K9 methyla-
tion imbalance has been linked to cognitive impairment and to mental retardation, epileptic seizures and autism [46].
The second-ranked DMR-associated gene, TAP1, encodes a transporter associated with antigen processing. Poly-
morphisms of TAP1 have been found in juvenile myoclonic epilepsy [47]. TAP1 is also located in close genomic
proximity to the bromodomain-containing gene BRD2. Multiple linkage and population association studies have
connected BRD2 to forms of genetic generalized epilepsy [47,48].

In comparisons within generalized epilepsy-discordant twin pairs, we observed enrichment in biological processes
such as those involved in metabolic and neurotransmitter biosynthetic processes. Previous studies have marked the
critical role of metabolic pathways in maintaining neuronal excitability and the impairment of such regulation
leading to seizure activity associated with epileptic conditions [49,50].

Focal epilepsy: within-twin pair analysis of discordant pairs
Differential DNA methylation analysis of focal epilepsy-discordant twin pairs revealed top-ranked DMRs associated
with genes involving neuronal signaling. Four top-ranking DMRs in buccal tissue were associated to the DLX5 gene,
a transcription factor. DLX5 is associated with mechanistic target of rapamycin serine/threonine kinase (mTOR)
pathway, which regulates the generation of cortical neurons during brain development [51]. The expression of other
members of this transcription factor family, in particular, Dlx1 and Dlx2 is critical for production of the GABAergic
cells in mice [52,53]. Disruptions in neural development can impair the functionality of these regions, leading to the
instability of neural networks and ultimately, seizures.

Gene ontology terms associated with focal epilepsy were more likely to play a role in cell-adhesion in both buccal
and blood. Recent studies have shown that cell adhesion receptors such as integrins are required for the regulation
of GABAergic transmission and can mediate seizure-induced cell death [54,55]; ). Cell adhesion proteins also play a
role in guidance and motor mechanisms of axon growth and synaptic stability, required for neuroplasticity [56,57].

Comparisons to previous DNA methylation studies in epilepsy
We compared our DMRs to previous DNA methylation studies of epilepsy [12–14,58–61] and found no overlap of
differentially expressed genes (data not shown). This may be explained by different study designs whereby previous
studies examined a specific type of epilepsy, most often temporal lobe epilepsy [12,14,61]; were either performed in
animal models [58,59] or focused on epilepsy candidate genes [13,14,60]. However, our pathway analysis within twin
pairs discordant for generalized epilepsy revealed similarities such as calcium signaling and neuroactive ligand–
receptor interaction that were consistent with those found in DNA methylation analysis of refractory epilepsy [61].
The top-ranking pathways within focal epilepsy discordant twin pairs were enriched in calcium signaling, MAPK
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signaling, axon guidance, antigen processing and presentation and endocytosis. These were consistent with pathways
enriched in downregulated genes in chronic temporal lobe epileptic hippocampi in rats [58].

Strengths of our study

This is the first study to explore DNA methylation profiles in epilepsies and presents support that generalized
and focal epilepsy types differ in their DNA methylation patterns. One of the strengths of this study is the use of
multiple easily accessible peripheral tissues. Peripheral tissues such as buccal and blood can optimise the discovery
of clinical biomarkers [62,63]. Epigenetic state of accessible tissue is already being used as a clinical biomarker in
some disorders [63,64], but not yet in epilepsy. By definition, a biomarker must be from an easily-accessible tissue
and need not necessarily resemble the gene expression patterns in the brain. Therefore, using both blood and buccal
samples will maximize the potential of finding novel biomarkers [65]. In addition, studying MZ twins discordant
for epilepsy highlights the interplay between genetics, shared and non-shared environment leading to phenotypic
differences between twins.

Limitations of our study

While the co-twin model is an advantage of this study, it also comes with limitations. MZ co-twins that are carefully
assessed for discordance of epilepsy phenotype can be difficult to recruit and screen, which leads to a limitation in
the sample size of the cohort. Although similar to sample sizes in many comparable twin studies of brain-related
disorders [66–69], we acknowledge that larger sample sizes of 25 twin pairs or more are preferable to detect a mean
effect size of at least 8% methylation (FDR = 0.05) [70]. MZ co-twins also are likely to share genetic liability hence,
despite their differences in the clinical phenotype, discordant MZ twins can be quite similar in terms of underlying
disease susceptibility.

Epigenetic state is known to have a tissue-specific component; however, many recent studies have used accessible
peripheral tissues in developing clinical biomarkers for chronic disorders [71–76]. While brain samples remain the
gold standard tissue of choice for epigenetic analyses of disease mechanisms in epilepsy, the inaccessibility of brain
precludes its feasibility and utility in a clinical biomarker setting. And although there is evidence that peripheral
biomarker-associated genes have functions in the brain [62,77], such a relationship is not necessary for a good clinical
biomarker.

Whether an epigenetic biomarker represents cause versus effect of a disease remains a challenging subject and
longitudinal studies would ideally allow delineation of biomarkers as potential causes of disease (present before
disease onset) versus effects of disease (present after disease onset).

Conclusion
To our knowledge this is the first twin epigenome-wide association study to investigate the role of DNA methylation
profiles in epilepsy, identifying distinctive methylation clusters that differ between generalized and focal epilepsies.
Our data leads the way for larger studies as understanding DNA methylation profiles associated with epilepsy types
is central to understanding their neurobiology in the search for new treatment approaches.

Future perspective
This study of MZ twins discordant for epilepsy highlights the interplay between genetic and epigenetic factors.
Replication in further twin and singleton cohorts and is a necessary step toward developing peripheral epigenetic
biomarkers for epilepsy. However, the specificity of future predictive biomarkers would be enhanced by the analysis
of parallel multi-omic data. Such an integrated approach will help identify the underlying biological pathways
affected by aberrant DNA methylation in epilepsy. In addition, a deeper understanding of the neurobiology of
epilepsy, including epigenetic state, will enhance targeted treatment approaches for this debilitating disorder.
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Summary points

• Epilepsy is a common neurological disorder characterized by recurrent seizures and classified into focal and
generalized epilepsy types.

• DNA methylation has been implicated as a mediator of early life effects in offspring.
• We measured DNA methylation in two peripheral tissues in 15 monozygotic (MZ) twin pairs discordant for

epilepsy using Illumina Infinium EPIC arrays.
• Analysis of all affected epilepsy cases versus unaffected twins found no differentially methylated regions (DMRs).
• Analysis between focal and generalized epilepsy cases showed that each clustered separately using DNA

methylation status.
• Analyses within MZ twin pairs discordant for focal epilepsy identified DMRs in DLX5 (buccal) and ARID5B (blood).
• Analyses within MZ twin pairs discordant for generalized epilepsy identified DMRs in OTX1 (buccal) and TT39C

(blood).
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A B S T R A C T

Objective: The aetiology of self-limited epilepsy with centro-temporal spikes (SECTS) remains controversial and
a strong genetic basis has long been presumed. The discordant monozygotic twin (MZ) model controls for shared
genetic and environmental factors, enabling focus on the potential role of the non-shared environment.
Methods: DNA methylation data was acquired from DNA extracted from three discordant MZ twin pairs, from
both new born blood spots before epilepsy onset, and blood samples taken after epilepsy onset. An epigenome-
wide analysis was performed, using the Illumina Infinium EPIC array. Differentially methylated regions (DMR)
were identified using the bumphunter package in R. Comparative analyses were undertaken at the two different
time points as well as a combined analysis independent of time.
Results: Many of the top DMR-associated genes have previously been described in neurodevelopmental dis-
orders. The LYPD8 gene was associated with a top-ranked DMR both at birth and across the two time points.
Conclusion: We have demonstrated the novel utility of the longitudinal, discordant MZ twin model, to facilitate a
deeper appreciation of the complex neurobiology of SECTS. The genetic architecture of SECTS is complex and is
likely to involve an interplay between genes and environment, in part mediated by epigenetics.

1. Introduction

Self-limited epilepsy with centrotemporal spikes (SECTS), pre-
viously termed benign rolandic epilepsy, is an age-dependent focal
epilepsy of childhood. Onset is usually between 5 and 10 years of age
and characterized by unilateral sensorimotor seizures, normal neuro-
logical development and the electroencephalogram (EEG) trait of cen-
trotemporal spikes.

Historically, SECTS was thought to be caused by genetic factors
(Bray and Wiser, 1965; Heijbel et al., 1975). A purely genetic basis for
SECTS has been challenged over the years by the paucity of affected
relatives and lack of concordance in monozygotic (MZ) twins
(Vadlamudi et al., 2004, 2006).

To date, genes such as GRIN2A, DEPDC5, ELP4, BDNF and KCNQ2
have been implicated in SECTS. For a number of these genes the data is
not strong or the observations are in cases on the severe end of the
phenotypic spectrum of focal epilepsies, often with associated neuro-
logical impairment (Xiong and Zhou, 2017).

The role of environmental factors needs consideration in SECTS,
potentially mediated by epigenetic mechanisms such as DNA methyla-
tion. Recently, epigenetic analyses of MZ twins discordant for neuro-
developmental disorders such as cerebral palsy (Mohandas et al., 2018)
have identified differences in DNA methylation in relevant genes.
Whilst epigenetic states have a significant tissue-specific component,
recent evidence has shown that for some brain disorders including
epilepsies, epigenetic analyses of peripheral tissues are of value
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(Karsten et al., 2011; Yuen et al., 2018).
DNA methylation analysis of Guthrie cards (heel-prick test cards

routinely taken shortly after birth) enables identification of epigenetic
marks that occur prior to the disease onset supporting the mark being a
potential cause rather than effect of the disease, an inference further
supported if the mark persists after disease onset.

In this pilot study, we analysed genome-wide DNA methylation in
three pairs of MZ twins discordant for SECTS. Our primary aim was to
identify gene regions that show SECTS-specific differences in DNA
methylation across all pairs at birth and further observe if any of these
or other differences was present post diagnosis.

2. Material and methods

2.1. Study participants

Ethics approval was obtained from the Mater Health Services (ethics
approval number HREC/13/MHS/114). SECTS-discordant MZ twin
pairs were recruited through Twins Research Australia (https://www.
twins.org.au) and the Epilepsy Research Centre Database (http://www.
epilepsyresearch.org.au). Zygosity testing confirmed monozygosity.
Informed consent was obtained from each twin individual. Diagnoses
were confirmed with clinical and EEG findings. Blood spots from stored
neonatal Guthrie cards were sourced and blood samples post diagnosis
(aged 14–29 years) were collected (Table 1).

2.2. DNA methylation analysis

Following genomic DNA extraction from all of the samples, an
epigenome-wide analysis was performed, using the Illumina Infinium
EPIC array. Data was analysed through a Bioconductor workflow for
analyzing DNA methylation array data (Mohandas et al., 2018). Dif-
ferentially methylated probes (DMPs) were considered significant if the
false discovery rate (FDR) threshold was< 0.1 and if the unadjusted p-
value<1× 10−4. Differentially methylated regions (DMRs), which
are multiple proximal CpGs that are concordantly differentially me-
thylated, were identified using the bumphunter package in R and ranked
by bootstrap-based family-wide error rates (fwer), which is the pro-
portion of permutations that have at least one region as extreme as the
observed region.

3. Results

3.1. DNA methylation differences at birth

Data exploration using principal component analysis and multi-di-
mensional scaling was performed to estimate the sources of variation in

the data. Known covariates including age, sex, birth weight, birth order,
medication and gestational age were tested to capture similarities and
variations between data samples. DMPs were identified but none were
considered statistically significant, as they were not within the false
discovery rate threshold of 0.1.

To minimise type 1 errors, we focussed on identifying DMRs, each
identified as more than 3 probes within a distance of< 1 kb and effect
sizes (difference in DNA methylation) of greater than 5%. With our
limited sample size, we found no significant DMRs (family-wise error
rate; fwer< 0.1) at birth.

Within the top ten DMR-associated genes ranked by fwer, those
previously associated with neurodevelopmental disorders, included
TRIM39, RNF144A and S100A8. The other top-ranked DMRs are shown
in Table 2. The top-ranked DMR, LYPD8 (fwer= 0.78; p-
value= 4.63× 10−05) is located on chromosome 1, and included
seven probes with average within-pair DNA methylation differences
between 8.2% and 13.6%.

3.2. Post-diagnostic DNA methylation analysis

Within the top ten DMR-associated genes ranked by fwer, those
previously associated with neurodevelopmental disorders included
OR8U8 and ITGBL1, TBCD and ABCC5. The other top-ranked DMRs are
shown in Table 2.

3.3. DNA methylation analysis independent of time

To identify epigenetic differences that differ between SECTS-af-
fected twins and their co-twins from birth through to diagnosis, we
compared all SECTS-discordant twin pairs, independent of sample col-
lection time. This enabled greater power for analysis through a tech-
nical replication of samples in each group (samples from the same twin
taken at the different time points).

Within the top ten DMR-associated genes ranked by fwer, those
previously associated with neurodevelopmental disorders included,
BAIAP2, RXRA, SP110 and RNH1. The top-ranked DMR, LYPD8 (family-
wise error rate; fwer= 0.83; p-value= 5.22× 10−04), is located on
chromosome 1 and included six probes with average DNA methylation
differences between 5.5% and 8.8%. This gene was also identified as the
top DMR in analysis at birth but was not identified as a top ranked DMR
post diagnosis. For this DMR, there were greater within-pair DNA me-
thylation differences seen at birth compared with post-diagnosis
(average DNA methylation differences of 11% and 1.8% respectively)
and across both time points. Comparison of the average differences in
DNA methylation is shown in Fig. 1. Other top-ranked DMRs are shown
in Table 2.

Table 1
Characteristics of the affected twins with SECTS.
Twin individual 1* 2 3*
Sex Female Male Female

Age of seizure onset (years) 8 10 7
Age at last seizure (years) 11 14 10
Age when second samples taken (years) 23 14 29
Seizure semiology Gagging noises, drooling, focal seizures drooling, focal seziures focal seizures
EEG Left centro-temporal spikes Right centro-temporal spikes Right centro-temporal spikes
Brain MRI & Neurological examination Normal Normal Normal
Family history Maternal aunt seizures of uncertain nature, mother nocturnal events No No

*Vadlamudi et al. 2004.
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4. Discussion

The genetic architecture of SECTS is complex and is likely to involve
an interplay between genes and environment, in part mediated by
epigenetics. Whilst no gene regions reached our stringent threshold for
significance in our limited discordant twin sample, the potential role of
epigenetics is supported by the observation that many of the identified
genes have been previously reported in epilepsies and also have large
effect sizes.

The LYPD8 gene was associated with a top-ranked DMR at birth
and also across both time points. LYPD8 has a wide range of cellular
and immune functions and is expressed in the colon and prefrontal
cortex (Loughner et al., 2016). To date, there is no clinical/pheno-
typic data for gene variants for this gene. The overlap of DMR find-
ings associated with LYPD8 gene at different time points, with a re-
duction in this difference with time, suggests this change may have
been present from early life and could be a transient effect, which is
interesting in light of the fact that SECTS is an age-dependant dis-
order.

The general lack of overlap of DMRs at birth and post diagnosis may
indicate a short-lived effect of SECTS-specific epigenetic programming
at birth or the alteration of epigenetic marks by other environmental
influences such as age or medications after birth.

We acknowledge that the sample size is small and limits under-
standing of epigenetic mechanisms associated with SECTS. Larger
sample sizes of 25 twin pairs or more are preferable to detect a mean
DNA methylation effect size of at least 8% methylation (FDR=0.05)
(Pei-Chien Tsai, 2015). The use of blood rather than brain tissue, can
limit understanding of biological mechanisms underlying SECTS,
however, epigenetic patterns in blood have been shown to be of
value (Karsten et al., 2011; Yuen et al., 2018) and blood is readily ac-
cessible.

5. Conclusions

Although limited by small numbers, we have demonstrated the
novel utility of the longitudinal, discordant MZ twin model, to facilitate
a deeper appreciation of the complex neurobiology of SECTS.
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Chapter 6 Comparative analysis of DNA 
methylation and gene expression of cerebral 
palsy discordant monozygotic twin pairs 
 

6.1 Introduction 
Cerebral palsy (CP) is an umbrella term for a group of heterogeneous, non-

progressive motor impairment conditions with the onset of symptoms occurring either 

in utero or during the early stages of life. The symptoms of this disorder are 

heterogeneous thereby making it hard to define the disease. Primarily, CP affects 

movements and posture limiting physical capabilities. It can often also be 

accompanied by difficulties in sensation, perception, cognition, communication and 

behaviour as well as secondary musculoskeletal problems (Rosenbaum et al., 2007). 

These impairments may worsen over lifespan in some cases. CP is often not 

diagnosed until 2-3 years of age, which limits the period of early intervention 

(Smithers-Sheedy et al., 2016). It is one of the leading cause of physical disabilities 

occurring in childhood, with its prevalence worldwide being 2–3 per 1000 live births 

(Clover A, 2014). Nearly half of the affected children are born preterm and a higher 

incidence of the disorder is reported in twins (Pharoah & Cooke, 1996).  

 

Around 30% of CP cases are known to have underlying genetic mutations associated 

with the disorder (Fahey, Maclennan, Kretzschmar, Gecz, & Kruer, 2017). Single 

gene variants and copy number variations (CNVs) identified by genome-wide 

association studies are associated with CP (MacLennan, Thompson, & Gecz, 2015), 

(Oskoui et al., 2015). However, the combined effect of these genetic variation 

accounts for only a proportion of CP cases, and indicates the involvement of 

additional genetic or epigenetic factors. Evidence for the role of epigenetics in CP 

disease risk comes from the fact that identical monozygotic (MZ) twin pairs can be 

discordant for cerebral palsy (Pharoah & Dundar, 2009). MZ twins are an attractive 

model to explore the epigenetic landscape in disease. Epigenetic marks, such as DNA 

methylation, provides an insight into the molecular regulatory mechanisms through 

which the non-shared factors may modulate CP risk in discordant MZ twin pairs. In 
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Chapter 3, DNA methylation differences around genes specific to immune function, 

cell adhesion and inflammatory signalling was identified (N. Mohandas et al., 2018). 

In the study using DNA extracted from newborn blood spots (Guthrie cards), 33 

genomic sites were differentially methylated within 15 CP discordant twin pairs and 

these were associated with 25 genes, enriched in immune response signalling. A 

differentially methylated region (DMR) within the LTA gene, which has been reported 

to play a role in inflammation and brain development, mediating preterm birth and 

white mater brain injury, was also found to be consistently differentially methylated 

in CP cases across all twin pairs. Likewise, a 10kb gene region within the LIME1 

gene was differentially methylated in CP-affected twins across all pairs. Subsequent 

EWAS studies (Crowgey et al., 2018); (Bahado-Singh et al., 2019) have also 

implicated genes involved in immune signalling to be associated to the 

pathophysiology of CP. While these previous studies have successfully captured the 

DNA methylation patterns associated with CP, they have been limited in their ability 

to connect the DNA methylation differences to corresponding gene expression 

changes. 

 

In this chapter, the integration of genome-wide analysis of DNA methylation profiles 

and gene expression profiles in CP-discordant twin pairs was performed to investigate 

the relationship of the methylation and expression profile in blood taken at birth. The 

aim of the study was to explore gene expression profiles from 14 discordant MZ twin 

pairs from the Victorian UNIQUE cerebral palsy cohort. Further, I aimed to compare 

the results of gene expression against CP-specific DNA methylation biomarkers 

generated from preliminary epigenome wide association analysis of MZ twins 

discordant for CP (N. Mohandas et al., 2018). 

 

6.2 Materials and Methods 
 

6.2.1 Study subjects 
CP-discordant twin pairs were recruited from the Victorian Cerebral Palsy Registry 

based on a written questionnaire and screening assessment (as described in Chapter 
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3). Twin pairs where one of the twin was reported to have a neurological disorder 

other than CP, was excluded from the study. Twin ID 9016 was also excluded from 

this study, as appropriate consent was not received. The zygosity of the twin pairs was 

also confirmed to be monozygotic. A single 1-cm-diameter dried blood spot was 

acquired from all participants from a neonatal newborn screening card, stored within 

the Victorian Clinical Genetics Service that is collected 2 to 4 days after birth.  

 

6.2.2 RNA microarray  
RNA isolation, cDNA synthesis, and microarray on blood spot samples was 

performed at the Laboratory of Microarray Technology at VARI as per published 

protocol (Ho et al., 2013), (Khoo et al., 2011). Briefly, purified and labelled cDNA 

was applied onto an 8×60K whole human genome gene expression microarray 

(Agilent). Each array contains 60,000 oligonucleotide probes (60bp probe) covering 

27,958 entrez gene RNAs and 7,419 long intergenic non-coding RNAs. The arrays 

were hybridized for 17 hours at 65 °C and 10 rpm rotation speed, then washed for 2 

min each with wash buffer 1 and 2 and scanned with an Agilent G3 high-resolution 

scanner. Probe features were extracted from the microarray scan data using Feature 

Extraction software v.10.7.3.1 (Agilent). 

 

6.2.3 Gene expression data analysis 
Gene expression was performed on single channel Agilent (G4851B) human whole 

genome GE8x60K arrays. Data processing and analysis were performed using 

statistical software R (version 3.5). The raw microarray intensity data was imported 

into R. The background intensities were corrected followed by between-array quantile 

normalisation, which is recommended for background correction of non-specific 

signals. Gene annotation was assigned to gene symbols and entrez gene ids from the 

probe ids. Genes were filtered by removing control probes as indicated by the 

ControlType column. Probes with no entrez gene id or gene symbol were also filtered. 

All probes that didn’t appear to be expressed were excluded and only those above 

background intensity (>0) on at least 4 arrays were included. Multidimensional 

scaling plots were used to explore the variation present in the data. Following batch 

effect correction using surrogate variable analysis (SVA), differential expression 
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analysis of individual genes was performed with the moderated paired t-test of linear 

model and an empirical Bayes method implemented in R package limma (Ritchie et 

al., 2015). The significance of gene expression was corrected for multiple testing, 

setting the false discovery rate (FDR) at 0.05. Significant differentially expressed 

genes (DEGs) were selected with criteria of P<0.05 and log2 fold change (FC)| ≥1.1. 

 

Gene ontology (GO) and pathway analysis of the top-ranking 1000 differentially 

expressed genes were conducted using the goana and kegga function of the limma 

package (Ritchie et al., 2015). Gene-set enrichment analysis (GSEA) of differentially 

expressed genes were also analysed using the fgsea package in R (Sergushichev, 

2016). GSEA was performed to identify pathways that contain many co-regulated top 

differentially expressed genes but with small individual effects. It differs from gene 

ontology analysis in that it considers all genes in contrast to taking only significantly 

differentially expressed genes. Firstly all pathways from the Reactome pathway 

database was downloaded (https://reactome.org/). Differentially expressed genes and 

the corresponding t-statistic was extracted from the analysis. Duplicates of genes was 

removed and the maximum value of t-statistic from multiple probes on same gene was 

used.  

 

6.2.4 Protein-Protein Interaction (PPI) and function analysis of the 

methylation-related DEGs 
Although gene ontology analysis of differentially expressed genes provides an 

understanding of enriched biological processes, I performed protein-protein 

interaction (PPI) network analysis using a combination of databases: the MINT 

database (Chatr-aryamontri et al., 2007), from the human protein reference database 

(HPRD) (Peri S, 2004) and the BioGrid database (Stark et al., 2006), which includes 

protein-protein interactions, genetic interactions, chemical interactions, and post-

translational modifications. Together, these databases have a compiled set of human 

interactome, which allows the mapping of differentially expressed genes onto the 

interactome to determine the scores of interactions and identify key hubs of functional 

significance. The top-ranking DEGs were uploaded to the Search Tool for the 

Retrieval of Interacting Genes/Proteins (STRING) database 10.5 (https://string-
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db.org/) (Szklarczyk et al., 2015), to construct a PPI network.  This database 

calculates the direct (physical) and indirect (functional) associations of proteins in a 

given organism, providing critical assessment and integration of PPIs. The protein 

pairs with a combined confidence score > 0.4 were collected for PPI network 

construction using Cytoscape software 3.4.0 (http://cytoscape.org/) (Shannon et al., 

2003). As nodes with a high degree of connectivity contribute more to the stability of 

the network, the connectivity degree of each protein node in the PPI network was 

calculated and the top five were identified as the hub nodes using the Cytoscape 

plugin NetworkAnalyzer (release 2.7; med.bioinf.mpi-

inf.mpg.de/netanalyzer/index.php).  

 

6.3 Results 
6.3.1 Clinical characteristics of participants 
From a total of 15 MZ twin pairs discordant for CP from the Victorian CP registry, 14 

pairs were consented for gene expression study (twin ID 9016 was excluded for the 

reason provided above (section 6.2.1). Within the cohort, 12 twin pairs were born 

preterm (less than 38 weeks gestation) and CP diagnosis was heterogeneous including 

spastic diplegia, spastic quadriplegia, spastic hemiplegia, dyskinetic dystonic, 

dyskinetic hypotonia and ataxia types. Further details of the clinical characteristics of 

the cohort are described elsewhere (N. Mohandas et al., 2018).  

 

6.3.2 Differential gene expression analysis 
Data filtering and quality control steps outlined in Methods (section 2.4.3), 

differential expression analysis identified no statistically significant differentially 

expressed genes across CP cases and unaffected twins with an adjusted p-value of < 

0.05. However, among a total of 144 top-ranking differentially expressed genes based 

on a log fold change (logFC) cut-off of >1.1, I identified 84 genes that were 

upregulated and 60 genes that were downregulated (Table 6.1, Figure 6.1). The 

relative differences in expression were modest, with most genes being differing less 

than 2-fold (Table 6.1). The most downregulated gene was CBFA2T2 

(CBFA2/RUNX1 partner transcriptional co-repressor 2) with a logFC of -1.76. It was 
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previously reported in a case study of intellectual disability and motor developmental 

delay as a result of a de novo microdeletion (Hanafusa et al., 2017). The TASP1 

(taspase 1) gene with a logFC of -1.78, has been reported to have copy number 

variants indicated in attention deficit hyperactivity disorder (ADHD) (Martin et al., 

2014). Another top-ranking differentially expressed gene, ranking fifth and being the 

most upregulated, TTC1 (tetratricopeptide repeat domain 1), with a logFC of 1.96, 

was identified as a candidate gene with a single nucleotide polymorphism in brain 

malformation and functionally affected patients with neurological conditions (Karaca 

E, 2015).  
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Table 6.1 Genes differentially expressed (fold change ≥1.1, ≤-1.1) between cerebral 

palsy cases and unaffected co-twins.  

 

Gene symbol logFC AveExpr P.Value adj.P.Val
TTC1 1.959 6.581 1.58E-04 4.91E-01
RHOD 1.880 4.238 3.91E-02 6.01E-01
DDX28 1.837 4.191 3.85E-02 6.00E-01
CNOT11 1.833 5.269 6.61E-03 5.18E-01
CNOT11 1.754 5.311 1.56E-03 4.91E-01
LPCAT3 1.605 6.046 2.58E-04 4.91E-01
CNOT11 1.584 5.308 4.39E-03 4.95E-01
RMDN1 1.543 5.139 5.55E-03 5.05E-01
CNOT11 1.460 5.358 2.24E-03 4.91E-01
AHCYL1 1.453 3.876 1.38E-03 4.91E-01
ARHGAP25 1.447 6.091 2.24E-03 4.91E-01
CNOT11 1.443 5.208 2.47E-02 5.83E-01
RETN 1.430 7.397 8.07E-05 4.91E-01
MBD2 1.409 3.878 1.44E-03 4.91E-01
SERHL2 1.396 4.094 3.84E-02 6.00E-01
MRPL34 1.391 4.487 2.51E-04 4.91E-01
MYH9 1.391 6.838 7.16E-03 5.26E-01
LHFPL2 1.390 4.100 2.65E-04 4.91E-01
STEAP4 1.375 6.811 1.99E-04 4.91E-01
LAIR1 1.367 5.315 2.32E-04 4.91E-01
DNAJB2 1.365 4.889 2.04E-01 7.49E-01
CNOT11 1.345 5.270 7.51E-03 5.34E-01

HIST1H2BM 1.341 5.700 5.72E-05 4.91E-01
PXYLP1 1.335 4.438 7.19E-03 5.26E-01
SLC22A16 1.335 4.033 2.01E-01 7.47E-01
TRPM3 1.327 4.410 1.34E-01 7.01E-01
KCNK7 1.326 3.657 1.62E-03 4.91E-01
UBALD1 1.323 5.842 5.23E-04 4.91E-01
MAP3K20 1.301 4.539 2.52E-03 4.91E-01
GFOD1 1.301 4.023 5.59E-03 5.05E-01
PLSCR4 1.288 3.588 2.65E-03 4.91E-01
HP 1.288 6.604 1.68E-03 4.91E-01

PRPF40A 1.287 6.095 7.90E-03 5.34E-01
GFOD1 1.285 4.119 1.30E-02 5.60E-01
GPATCH2 1.285 4.350 2.32E-03 4.91E-01
RNF149 1.282 5.916 2.66E-03 4.91E-01
LSP1 1.281 7.116 1.38E-02 5.63E-01
INO80D 1.281 4.999 2.42E-02 5.83E-01
SLC10A3 1.272 4.026 2.87E-03 4.91E-01
CRACR2A 1.249 4.604 8.73E-03 5.37E-01
RNF149 1.243 5.917 7.32E-04 4.91E-01

Upregulated genes
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Gene symbol logFC AveExpr P.Value adj.P.Val
RTN4 1.241 4.671 1.05E-03 4.91E-01
NADK 1.237 5.251 8.00E-04 4.91E-01
CYSTM1 1.233 4.576 3.79E-03 4.91E-01
DSC2 1.230 3.896 1.59E-03 4.91E-01
CNBP 1.229 5.828 1.14E-03 4.91E-01
DHTKD1 1.226 3.620 3.87E-03 4.91E-01
UNC93B1 1.222 4.986 2.55E-01 7.76E-01
RNF149 1.216 5.952 8.08E-04 4.91E-01
TRNT1 1.215 5.422 1.50E-02 5.67E-01
YIPF3 1.212 4.725 2.67E-03 4.91E-01
RNF149 1.200 5.698 7.37E-03 5.33E-01
NRBF2 1.194 5.431 1.59E-03 4.91E-01
PSMD7 1.190 4.469 1.41E-03 4.91E-01
CNOT11 1.186 5.302 2.51E-02 5.83E-01
CNOT11 1.184 5.406 1.08E-02 5.46E-01
MBTPS2 1.182 3.840 1.20E-02 5.51E-01
CNOT11 1.180 5.420 2.73E-02 5.85E-01
CAPN10 1.177 5.306 1.68E-03 4.91E-01
NT5C2 1.173 5.162 2.19E-03 4.91E-01
CNOT11 1.171 5.283 1.13E-02 5.51E-01
AKAP8L 1.170 4.714 1.77E-03 4.91E-01
SSH2 1.165 3.929 5.46E-03 5.05E-01
GUK1 1.160 4.529 1.93E-04 4.91E-01
RNF149 1.159 5.978 2.18E-03 4.91E-01
HIST1H3F 1.158 4.078 1.69E-03 4.91E-01
BICD2 1.158 3.872 2.59E-02 5.84E-01
TPM3 1.157 4.441 6.50E-03 5.18E-01
CSF2RB 1.155 5.690 1.07E-03 4.91E-01
EHBP1L1 1.155 5.488 3.96E-03 4.91E-01
CRTC1 1.153 3.800 6.84E-03 5.19E-01
CUL5 1.151 4.025 1.80E-02 5.67E-01
TRIM4 1.147 3.588 1.46E-03 4.91E-01
DEFA3 1.146 7.846 9.71E-03 5.40E-01
BBX 1.143 3.592 2.08E-02 5.73E-01

PLXND1 1.131 5.024 9.24E-04 4.91E-01
OS9 1.130 6.492 1.08E-03 4.91E-01

MCOLN1 1.130 5.123 3.88E-02 6.00E-01
IL1B 1.128 4.375 2.69E-02 5.85E-01
SHISA5 1.123 8.169 1.14E-02 5.51E-01
PRDX1 1.122 5.364 1.13E-01 6.88E-01
PSMF1 1.115 4.891 2.22E-03 4.91E-01
PBRM1 1.113 5.262 7.35E-03 5.33E-01
BOLA2B 1.111 5.530 8.86E-03 5.37E-01
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Gene symbol logFC AveExpr P.Value adj.P.Val
TASP1 -1.789 4.434 9.32E-04 4.91E-01
CBFA2T2 -1.765 4.471 1.19E-05 4.30E-01
TASP1 -1.724 4.530 1.74E-04 4.91E-01
BCOR -1.724 4.415 2.45E-02 5.83E-01
TASP1 -1.722 4.485 3.22E-04 4.91E-01
EPS15 -1.708 5.442 7.25E-04 4.91E-01
GRK5 -1.649 4.721 5.18E-03 5.05E-01

SPARCL1 -1.623 3.456 2.17E-02 5.75E-01
ARSA -1.537 7.885 2.93E-02 5.85E-01

SLC25A19 -1.498 4.554 1.09E-03 4.91E-01
TASP1 -1.495 4.299 7.59E-03 5.34E-01
HDC -1.478 5.758 1.07E-03 4.91E-01
HDC -1.476 5.725 1.81E-03 4.91E-01
GRAPL -1.411 5.261 7.48E-03 5.34E-01
U2AF2 -1.398 5.606 2.48E-03 4.91E-01
CIAPIN1 -1.396 2.932 1.51E-04 4.91E-01
SNHG9 -1.392 6.378 1.67E-03 4.91E-01
HDC -1.389 5.817 1.04E-03 4.91E-01

SERPINB6 -1.375 5.042 2.84E-02 5.85E-01
TASP1 -1.360 4.582 6.28E-03 5.17E-01
FAAP20 -1.327 4.912 5.86E-04 4.91E-01
CHKB -1.324 6.587 5.66E-03 5.05E-01
HDC -1.319 5.663 7.00E-04 4.91E-01
SCMH1 -1.293 4.195 1.55E-01 7.19E-01
SUMO1 -1.291 5.693 4.04E-04 4.91E-01
RARB -1.285 4.009 1.93E-03 4.91E-01
HDC -1.265 5.706 1.21E-03 4.91E-01
HDC -1.260 5.739 6.74E-04 4.91E-01
VSTM1 -1.239 6.697 1.54E-02 5.67E-01
AMY1C -1.217 4.358 1.13E-03 4.91E-01
SPTAN1 -1.216 6.002 2.26E-03 4.91E-01
HDC -1.214 5.779 2.38E-03 4.91E-01
GNL1 -1.209 3.378 2.58E-03 4.91E-01
TASP1 -1.205 4.622 6.80E-03 5.19E-01
ADPRM -1.204 3.605 5.55E-03 5.05E-01
IKZF1 -1.199 6.630 5.49E-04 4.91E-01
IGF2 -1.198 4.339 5.81E-03 5.09E-01
WDR53 -1.196 4.445 4.98E-03 5.05E-01
CYFIP2 -1.193 3.836 2.77E-03 4.91E-01
CBR1 -1.186 3.837 8.32E-02 6.61E-01
PVRIG -1.172 6.238 1.20E-02 5.51E-01

Downregulated genes
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Gene symbol logFC AveExpr P.Value adj.P.Val
DCAF8 -1.168 4.330 9.42E-03 5.37E-01
PDCD4 -1.153 4.775 1.02E-03 4.91E-01
EIF4A2 -1.148 6.381 1.28E-02 5.58E-01
PUM1 -1.144 3.293 8.12E-03 5.34E-01

LINC01242 -1.142 3.611 2.97E-03 4.91E-01
TASP1 -1.141 4.218 2.38E-02 5.83E-01
DDI2 -1.137 3.699 1.97E-03 4.91E-01
NMI -1.137 4.041 1.08E-03 4.91E-01
POR -1.130 3.558 9.47E-04 4.91E-01
XYLT1 -1.123 3.626 7.51E-04 4.91E-01
BEX2 -1.116 4.229 4.37E-04 4.91E-01
TUBB8 -1.115 3.852 2.96E-02 5.85E-01
SSU72 -1.114 4.247 4.03E-04 4.91E-01
SDCBPP2 -1.113 6.422 7.37E-03 5.33E-01
TYW1 -1.113 4.150 9.23E-03 5.37E-01
PRKXP1 -1.108 4.824 3.78E-03 4.91E-01
OTUD6B -1.104 4.120 9.21E-03 5.37E-01
P2RX4 -1.104 6.431 7.86E-03 5.34E-01
USP15 -1.100 7.486 2.16E-02 5.75E-01
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Figure 6.1 Volcano plot visualisation of differential gene expression.  

 

The x-axis is the log of the fold change and the y-axis is the log of the p-value. Each dot corresponds to 

a specific gene – gene names that are blue are nominally significant (p-value < 0.05 and logFC ≥1.1 or 

≤-1.1) top-ranking differentially expressed genes. 

 

6.3.3 Gene ontology and KEGG pathway analysis 
The top-ranking differentially expressed genes were enriched in gene ontology 

annotations related to immune functions, with the top four significant biological 

process terms associating to orbitofrontal cortex development, immune-response-

activating signal transduction, immune response-regulating signalling pathway and 

activation of immune response (Table 6.2). KEGG pathway analysis revealed 

upregulated genes involved in pathways related to infection with the top five 

significant KEGG pathways enriched in pathogenic E coli infection, shigellosis, 

bacterial invasion of epithelial cells, salmonella infection and Fc gamma R-mediated 

phagocytosis (Table 6.3).  

Gene set enrichment analysis across the Reactome pathway revealed significantly 

perturbed curated gene sets (Table 6.4; Figure 6.2). The most prominently altered 
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were those related to immune system, interleukin signalling and signalling by Rho 

GTPases. 

 

Table 6.2 Gene ontology biological process enrichment analyses of differentially 

expressed genes for CP discordant monozygotic twin pairs.  

 

 

‘N’ represents the number of genes in the GO term; ‘Up’ represents the number of up-regulated 

differentially expressed genes; ‘P.Up’ represents p-value for over-representation of GO term in up-

regulated genes before adjusting for multiple testing. 
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Table 6.3 KEGG enrichment analyses of differentially expressed genes for CP 

discordant monozygotic twin pairs.  

 

 

‘N’ represents the number of genes in the KEGG pathway; ‘Up’ represents the number of up-regulated 

differentially expressed genes; ‘P.Up’ represents p-value for over-representation of GO term in up-

regulated genes before adjusting for multiple testing. 

 

Table 6.4 Top ten enriched pathways after gene-set enrichment testing with top-

ranking differentially expressed genes.  

 

‘ES’ represents an enrichment score. Leading edges correspond to genes that drive the enrichment as 

given by fgsea. 
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Figure 6.2 Gene-set enrichment plot for top-ranking differentially expressed genes.  

 

The x-axis shows the ranked list of genes, and the vertical bars on the x-axis show the genes that 

belong to gene set, which in this case is the “Immune system” set and the y-axis shows the enrichment 

score. The green line represents the genes enriched in immune system regulation. 

 

6.3.4 Protein-protein interaction network analysis 
The protein-protein interaction network of differentially expressed genes included 42 

nodes, which represent proteins and 156 edges (Figure 6.3), which represent protein-

protein associations, with a PPI enrichment p-value of 0.664 based on the STRING 

database. A module consisting of MAPKs (mitogen activated protein kinase), HDACs 

(histone deacetylases), DNMT3A and 3B (DNA methyltransferase), CEBP8 

(CCAAT/enhancer-binding protein beta) and IRFs (interferon regulatory factor) was 

recognized as a significant cluster associating to SPI1 in the PPI network.  
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Figure 6.3 Protein-protein interaction network of differentially expressed genes.  

 

Network includes 156 edges (interaction in grey lines) between 42 nodes (blue nodes) respectively. 

The node with yellow colour represents the key gene in the network module. 

 

6.3.5 Comparison with differential DNA methylation analysis  
To explore the relationship between DNA methylation and gene expression, I 

compared the top-ranking 100 differentially expressed genes (ranked by unadjusted p 

value) and the top-ranking 100 differentially methylated probe-associated genes 

(ranked by unadjusted p value) and found no overlap between the two datasets.  

  

To further investigate the relationship of DNA methylation variation with gene 

expression patterns, the gene expression profiles of genes at the site of differentially 

methylation were analysed in more detail. As DNA methylation is known to inhibit 

gene expression, genes that showed a negative correlation between DNA methylation 

and gene expression were focused on. I found 1012 genes that displayed an inverse 

relation, among which, 383 genes were found to be hypomethylated and upregulated 

and 629 genes were hypermethylated and downregulated (Figure 6.4). Out of the 33 
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top-ranking DMPs identified in the CP EWAS study, 10 genes were found to have an 

inverse correlation with gene expression. Among the enriched gene ontology terms in 

both gene expression and methylation analysis, an overlap of 10 GO terms, all 

relating to immune response/signalling pathways was found (Table 6.5).  

Figure 6.4 Starburst plot integrating alterations in DNA methylation and gene 

expression. 

 

The x-axis is the difference in DNA methylation levels (CP affected twin minus unaffected) (ΔM); the 

y-axis is the difference in gene expression (log 2 FC); green dots represent the hypomethylated/up-

regulated genes (383 gnes); red dots represent the hypermethylated/down-regulated genes (629 genes). 
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Table 6.5 Overlapping enriched gene ontology terms between gene expression and 

DNA methylation analysis 

 

 

 

6.4 Discussion 
The present chapter identified 144 DEGs as being differentially expressed within CP 

discordant twin pairs. Both differential expression and DNA methylation analysis of 

the same cohort of CP affected individuals, supports the dysregulation of immune 

signalling pathway as a common mechanism. Although the causes of CP may vary, 

there is enough evidence to indicate the role of prematurity and hypoxic brain damage 

in this condition (Leviton, 1993),(Hagberg, Edwards, & Groenendaal, 2016). 

Ischaemic insults can cause recurring neuroinflammatory responses leading to 

neonatal brain injury, which are often thought to be the mechanisms underlying CP 

(Lin et al., 2010),(Fleiss & Gressens, 2012). Proinflammatory cytokines are thought 

to be major mediators in brain injury in neonates with perinatal asphyxia, bacterial 

infection, or both (Girard et al., 2009). Gene ontology analysis also identified 

enrichment in orbitofrontal cortex development, which is striking as findings from 

functional neuroimaging studies have shown that executive functions is primarily 

mediated by frontal lobes, particularly the prefrontal cortex. Such executive functions 

deficits have been reported in many CP cases (Bodimeade, Whittingham, Lloyd, & 

Boyd, 2013), (Bottcher, Flachs, & Uldall, 2010), (Jenks, de Moor, & van Lieshout, 

2009). 
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Interestingly, KEGG analysis revealed enrichment in pathways related to infection. 

Inflammatory cytokines released during the course of intrauterine infection play a 

central role in the genesis of preterm parturition, fetal white matter brain injury, and 

cerebral palsy (Yoon BH, 1997). Increased levels of IL6 and TNFA in umbilical cord 

blood has been reported as predictor for white matter lesions (Szpecht, Wiak, 

Braszak, Szymankiewicz, & Gadzinowski, 2016). Animal models of E coli infection 

have been also used to examine causal relationships between intrauterine infection 

and white matter lesions (Debillon T, 2000). The study showed that all cases with 

brain white matter lesions had evidence of intrauterine inflammation. In another study 

for E coli infection, the infection found in placenta of cases was significantly higher 

than in controls (Chmielarczyk A, 2014). Another recent study (Bear & Wu, 2016) 

showed that a diagnosis of infection was more common in mothers of more than 8000 

infants with cerebral palsy than in mothers of unaffected children (13.7% vs. 5.5%, 

P<0.001). All three types of maternal infections studied (chorioamnionitis, other 

genitourinary infection and respiratory infection) were associated with cerebral palsy 

in multivariable analyses. Maternal extra-amniotic infections, whether diagnosed 

during prenatal or birth hospitalizations, conferred an increased risk of cerebral palsy 

(Yoon BH, 1997). 

 

In the PPI network, an important network module consisting of SPI1 was identified. 

SPI1 was identified as a top-ranking differentially methylated region, ranking third in 

the EWAS study. SPI1 activates gene expression during myeloid development in 

microglia and macrophages (Huang KL, 2017). A reduction in the expression of SPI1 

has been found decrease the viability of microglia (Huang KL, 2017). Discordance of 

DNA methylation for SPI1 may suggest a difference in the expression of genes 

associated with myeloid development and in turn a change in the overall viability of 

microglia. Changes in microglial activity have been shown to lead to an inflammatory 

cytokine response, which in turn can lead to neuronal injury in the brain (Nardone et 

al., 2014).  

 

Our results are consistent with a previous gene expression study of CP cases versus 

controls (van Eyk CL, 2018), in which authors reported that 124 upregulated genes 
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were enriched for GO categories relating to immune response. Overlap of specific 

gene ontology term GO:0006955 was also observed with our study. Another study, 

(Ho et al., 2013), reported IL1B to be upregulated in CP cases and this was found to 

be upregulated in our analysis too (logFC = 1.13; p-value = 0.002).  

 

This study is the first to study both gene expression and DNA methylation data of CP 

discordant monozygotic twins and demonstrates the dysregulation of common 

molecular pathways involved in clinically diverse CP, across two omic platforms. 

Although the study is limited by its sample size and bio sample used, it provides a 

basis for further investigation of specific genes and signalling pathways in future 

genomic and functional studies. Transcriptomic studies in neurodevelopmental 

disorders such as autism spectrum disorder and cerebral palsy have identified gene 

expression patterns in different tissues such as lymphoblastoid cell lines, peripheral 

blood, pluripotent stem-cell dervied neurons (Kong et al., 2013), (Ansel, Rosenzweig, 

Zisman, Melamed, & Gesundheit, 2016), (van Eyk CL, 2018), (Liu et al., 2017). 

While these tissues does not necessarily reflect the gene expression signatures in the 

brain, they provide a valuable source for biomarker analysis, with many studies 

showing the relevance to neuronal function (Nishimura et al., 2007), (Bittel, 

Kibiryeva, & Butler, 2007), (Bittel DC, 2007). The observed enrichment in the 

immune response pathways in CP cases may indicate increased susceptibility to 

neuronal damage resulting from environmental insults in utero or in early post-natal 

life. It may also indicate a shared systemic immune response due to infection or 

ischemia in a different tissue. Although our study revealed correlations between DNA 

methylation and gene expression, future studies are necessary to establish the effect of 

DNA methylation and gene expression on the phenotype of cerebral palsy. Integrating 

other omic platforms such as proteomic and metabolomic data is necessary to 

pinpoint disease mechanisms and disease risk (Higdon et al., 2015), (Y. V. Sun & Hu, 

2016), (Ghaemi MS, 2018).  

Animal models have also been used to investigate biological pathways during 

development and to better understand the effects of prenatal infections on 

neurodevelopment (Meyer, Feldon, & Fatemi, 2009), (Khandaker, Zimbron, Lewis, & 

Jones, 2013), (Boksa, 2010). Elevated levels of pro inflammatory cytokines during 
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pregnancy have been reported to be associated with reduced neuronal survival and 

decreased grey- and white-matter volume in animal studies (Meyer et al., 2009), 

(Short et al., 2010). This association suggests that perhaps there is a causal 

relationship between prenatal infection and neural system disorders in humans. 

Further validation and in depth characterisation of neural changes due to prenatal 

immune activation in animal models is needed. Extending studies to species other 

than rat and mouse, such as guinea pig, which has a more mature central nervous 

system during gestation, may increase relevance of findings to humans. Since 

neurodevelopmental disorders like cerebral palsy and autism, are of multifactorial 

aetiology with a strong genetic component, it is vital to integrate whole genome 

studies with other omic studies to comprehend the interaction of prenatal infection 

with genetic background. The discordant twin design also implies that these findings 

are independent of genetics, which usually confounds studies of singletons. 

Identifying the environmental and genetic interactions of this molecular aberration is 

an important step in understanding the aetiology of CP and predicting those at greater 

risk. 
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Chapter 7 Discussion and Implications 
 

7.1 Overview 
This thesis encompasses three major themes: twins, neurodevelopmental disorders and 

epigenetics. Together, these point to the importance of understanding the effect of 

genetic and non-genetic factors in neurodevelopmental disorders and also the 

importance of intrauterine environment for the health of the offspring. Previous studies 

have reported associations of DNA methylation at birth with neurodevelopmental 

disorders (Corley et al., 2019; Lewis & Kroll, 2018; Loke et al., 2015; Szyf, 2011). 

However, most of these studies only looked at affected singletons in a case-control 

study model or in one or two cell types. Chapters 3-5 of this thesis focus on this field of 

research under the major aim of investigating for associations of DNA methylation with 

neurodevelopmental disorders using monozygotic twins. Our studies used a statistical 

approach to identify evidence of associations between DNA methylation of genes and 

neurodevelopmental phenotypes. Our studies used linear and logistic regression analysis 

to analyse gene-specific methylation status of functionally important regions across the 

genome. The advantages and limitations of each of the studies have been discussed 

within the respective chapters.  

 

7.2 Role of epigenetics in neurodevelopmental 

disorders 
Chapter 3 involved identifying differentially methylated genes associated with cerebral 

palsy. We identified two gene-associated differentially methylated regions (DMRs) in 

LTA and LIME1, which are associated with inflammation, in a peripheral tissue, blood, 

at birth. Both DMRs, as well as the genes associated with top-ranking differentially 

methylated probes (DMPs) were associated to immune signaling and were found to be 

consistently differentially methylated in CP-affected individuals across all twin pairs. 

The most unexpected finding was identification of the differential methylation in the CP 

affected-twin in twelve probes within the promoter region of the LTA gene, encoding 

tumor necrosis factor-beta (TNFB), which is an important regulator of inflammation 

and brain development. This gene has been reported to mediate preterm birth and brain 
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injury (Leviton, 1993), and also elevated levels of its isoform have been indicated in 

cerebral palsy (J. Wu & Li, 2015). These findings provide an important insight that 

epigenetic marks such as DNA methylation, could be influenced by the early non-

shared environment in the womb. Furthermore, my preliminary findings indicate that 

differences in DNA methylation are associated with CP in monozygotic twins and these 

changes appear to predominately associate with processes involved in immune 

response. Future studies will be needed to attempt to replicate these findings, both in 

larger cohorts of similar CP-discordant monozygotic twins, as well as in non-twin 

cohorts.   

Chapter 4 follows a similar kind of analysis using discordant monozygotic twins, in this 

case, pairs in which one twin was diagnosed with idiopathic epilepsy. This study used 

two peripheral tissues, buccal epithelium and blood, and the cohort consisted of two 

types of epilepsy: generalised and focal. With a clear distinction between epilepsy 

phenotypes within the cohort, differences in DNA methylation patterns corresponding 

to each of the epilepsy types were identified. Due to this finding, DNA methylation was 

measured within twin pairs discordant for each epilepsy type separately. Of the top 

DMPs and DMRs found associating with generalised epilepsy, many genes have 

previously been associated with epilepsy and in neurotransmitter signaling. Similarly, 

top DMPs and DMRs identified within focal epilepsy discordant twin pairs associated 

with genes involved in cell adhesion and neuronal signaling and development. Data 

generated in this study revealed distinct DNA methylation differences between the two 

types of epilepsy. The results were also validated in another independent platform, 

Sequenom Epityper, with high degree of correlations between the two.  

 

Chapter 5 follows on from Chapter 4 to further investigate epigenetics in self-limited 

epilepsy with centrotemporal spikes (SECTS), a subtype of focal epilepsy. The novelty 

of this study is the use of a longitudinal discordant monozygotic twin model, which 

allows to deepen our understanding of the neurobiology of this type of epilepsy. 

Although the sample numbers in this preliminary study is limited, the analysis revealed 

top DMR genes previously implicated in neurodevelopmental disorders. The LYPD8 

gene was shown to be associated both at birth and at a later time point post diagnosis of 

epilepsy. This suggests that perhaps there is a potential role of epigenetic mechanism in 
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SECTS. Interestingly, DNA methylation differences of the LYPD8 gene within twin 

pairs at birth was higher than post diagnosis of epilepsy. Given SECTS is an age-

dependent disorder; these results indicate a transient effect of DNA methylation, with a 

reduction in DNA methylation difference with time. 

 

The final chapter of my PhD aimed to look at gene expression differences in cerebral 

palsy discordant twins and comparison to DNA methylation signatures within the same 

cohort. Interestingly, an overlap of gene ontologies enriched in immune responses was 

observed between top-ranking differentially expressed and methylated genes. The 

implication of these findings is that the dysregulation of immune signaling pathways act 

as a common target in cerebral palsy, and this may be an important risk factor in early 

postnatal life. Integrated analysis using multiple omics platforms such as methylomic 

and transcriptional analysis demonstrates the presence of convergent molecular 

signaling pathways in clinically heterogeneous disorders such as CP. This work 

provides a basis from which to conduct future multi-omic studies, prioritising genes for 

further functional and genomic studies.  

 

7.3 The systems biology approach 
‘Systems biology’ refers to the comprehensive assessment of biological molecules and 

includes genomics, transcriptomics, methylomics, proteomics and metabolomics. In the 

past decade, studies utilising omic platforms, mainly genomics, have enabled 

identification of thousands of genetic variants contributing to disease. However, with 

the large value of such studies published, it is increasingly being understood that most 

diseases results not just from genetic variations but from changes to gene regulation 

influenced by the environment and stochastic processes during development. 

Combining data from multi-omics studies has the potential to give insight into the 

biological pathways underlying the disease as well as provide disease markers to 

facilitate early diagnosis. Complex disorders such as neurodevelopmental disorders can 

benefit from such studies by assisting with a clear diagnosis, prognosis and progression 

and guiding personalised treatments.  
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A challenging aspect of multi-omic studies, however, is the reproducibility of results as 

most neurodevelopmental conditions are compounded by data heterogeneity and a lack 

of standard clinical assessments and clinical data linked to molecular data. With recent 

technological advances, omic datasets are typically large and complex. Analysis of such 

omic datasets requires tailored statistical approaches to answers specific biological 

questions. Data collection and design of the study are also important steps in integrated 

multi-omic studies to ensure true biological signals are detected. An initial study power 

calculation is necessary to ensure sufficient sample size in large-scale omic studies.  

 

7.4 Study sample size and power of analytical analysis 
This thesis employed two cohorts of twin pairs discordant for neurodevelopmental 

disorders to explore the role of DNA methylation in these conditions. Both twin cohorts 

represent small sample size of 15 discordant twin pairs. Although the power of 

epigenetic studies depends on large sample sizes as with other omics studies, it is 

known that the proportion of variance explained by single epigenetic variants is often 

larger than with genetic variants (Godfrey, Inskip, & Hanson, 2011; Relton et al., 2012). 

Typical published sample sizes have been growing from two to four digit numbers over 

the past few years and necessary sample size is dependent on effect size (Rakyan, 

Down, Balding, & Beck, 2011).  

Recent evidence has shown that sample size of 500 cases and 500 controls can detect an 

effect of 2% with greater than 80% power in 81% of sites (Mansell et al., 2019). 

Epigenome-wide association studies (EWAS) involving MZ twins offer greater power 

than studies of singletons, especially discordant MZ co-twin studies. The comparison of 

discordant MZ twins offers an alternative to the traditional case–control study.  

Tsai and Bell (Pei-Chien Tsai, 2015) have shown that sample sizes of 25 twin pairs or 

more are preferable to detect a mean effect size of 8% methylation with statistical 

significance of 0.05 after adjusting for multiple testing. Although this thesis includes 

cohorts with samples sizes of 15 twin pairs each, similar sample sizes have been used in 

many comparable twin studies of brain-related disorders (Dempster et al., 2014; Fisher 

et al., 2015; Kaut et al., 2016; C. C. Wong et al., 2014). Discordant MZ co-twin studies 

allows for smaller sample sizes because within-pair analysis controls for sex, age, 

parents, family environment, and genetics.  
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7.5 The discordant co-twin approach 
All the studies in this thesis highlight the use of discordant monozygotic twins in 

understanding the epigenetics of neurodevelopmental disorders. The use of information 

from discordant twins was first used in a study to understand the association between 

smoking and lung cancer (Friberg, Cederlof, Lundman, & Olsson, 1970). The main 

advantage of studying monozygotic twin pairs discordant for neurodevelopmental 

disorders is that we can potentially tease out the causal mechanism of the disorder or 

casual pathways associated with the disorder. It can also help in identifying epigenetic 

factors that differ between cases and controls, when they are perfectly matched for age, 

sex, genetics and parental factors. Twins can also be used in longitudinal studies where 

methylation patterns at various time points can be measured, which may enable us to 

understand the onset of disease if not already present at birth and go beyond association 

studies to shed light on causation. Epigenetic data produced by such studies could 

contribute towards the development of predictive, diagnostic and prognostic biomarkers 

for complex neurodevelopmental disorders. However, some aspects to consider when 

studying twins is that twins in general have a shorter mean gestational age than 

singletons and have higher chances of preterm delivery. This becomes an issue when 

factors associated with gestational age at birth influence health outcomes of interest, as 

is the case for cerebral palsy (Arpino et al., 2005; Elovitz et al., 2006). Lower birth 

weight is linked to preterm birth as well, which might indicate that this factor also likely 

increases the risk of developing a neurodevelopmental disorder (Leviton, 1993). Some 

other factors, such as the process of twinning itself, are sometimes considered as risk 

factors (K Williams, 1996). In epilepsy, it has been shown that the process of twinning 

is not related to the disorder (Samuel F Berkovic, 1993). Utilising twins as a model to 

study neurodevelopmental disorders has many advantages but care needs to be taken 

when extrapolating findings in twins to singletons.  
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7.6 Peripheral tissues and neurodevelopmental 

disorders 
This PhD also utilises peripheral tissues – blood and buccal epithelium, to study 

neurodevelopmental disorders. Although brain tissue is the biologically relevant tissue 

type in epigenetic analysis involving neurodevelopmental disorders, obtaining high 

quality brain tissue samples is often not feasible and includes its own challenges. Most 

often, studies that include brain tissues are obtained from post mortem samples. This 

makes it harder to get this tissue when studies involve living individuals. A common 

alternative is to use peripheral tissues such as blood, buccal or saliva, which are 

generally considered to be strong indicators of biological mechanisms in the brain 

(Masliah, Dumaop, Galasko, & Desplats, 2013; Wockner et al., 2014). However, where 

possible, the use of peripheral tissues must be validated by studies using post-mortem 

brain tissues or animal models to fully understand the effect of confounding factors 

such as cell composition and diverse biological pathways.   

 

Studies have shown that peripheral tissues can be used effectively to identify 

biomarkers of neurodevelopmental disorders that may or may not mirror mechanisms in 

the brain. In many cases, blood has been used to detect differentially methylation 

patterns between affected and unaffected individuals in disorders such as schizophrenia 

(Wockner et al., 2014), bipolar disorder (Teroganova, Girshkin, Suter, & Green, 2016) 

and Parkinsons disease (Masliah et al., 2013). The epigenetic profiles from blood tissue 

have been shown to have a large overlap with the profiles detected from brain samples 

(Masliah et al., 2013; Wockner et al., 2014). Moreover, tissues used for predicting 

biomarkers do not necessarily have to be from the brain. The utility of a biomarker is 

the indication of a dysfunctional biological process that can be measured easily and 

non-invasively. The predicted biomarker could mirror a specific pathway in the brain or 

be a cumulative effect of a number of biological processes being affected in a disease. 

Although epigenetic changes are known to be tissue-specific, the response to early life 

exposures can be system wide such as immune cells found in circulating blood, where 

multiple tissues respond to early life adversity.  
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Recently the use of buccal tissues as an alternative to blood has been reported to be 

effective in EWAS. A study (Lowe R, 2013) compared the methylome of buccal versus 

blood and found a higher association of DNA methylation to disease phenotype in 

buccal cells compared to that of blood. Buccal tissues are also reported to be a better 

proxy to study brain related disorders as they exhibit closer similarities to brain DNA 

methylation patterns than blood (Lowe R, 2013; Smith et al., 2015). Many studies also 

identified strong correlations between the differentially methylated CpG sites identified 

in brain tissue compared with buccal tissues in both diseased population as well as 

healthy cohorts looking at childhood stress and adverse effects (Essex et al., 2013; 

Hagerty, Bidwell, Harlaar, & Hutchison, 2016). Buccal cells are also considered a better 

tissue to use to study neurodevelopmental disorders as they originate from ectodermal 

cell lineage that is the same as the brain, and have been used to identify potential 

epigenetic biomarkers for neurological outcomes (Francois, Leifert, Martins, Thomas, 

& Fenech, 2014; Sabine AS Langie, 2017). This is especially relevant for studies 

looking at early life exposures that take place before buccal and brain cells differentiate 

from a common germinal epithelium. 

 

In summary, given the difficulty to sample brain tissues for studies using living 

individuals, the most practical solution for epigenetic studies is to make use of the 

appropriate peripheral tissues such as blood or buccal epithelium, or both.  

 

7.7 Future implications for individuals and populations 
With the analyses presented in this thesis, my hope is that these findings shed some 

light on the importance of epigenetic regulation such as DNA methylation in 

neurodevelopmental disorders. More importantly, DNA methylation state at birth may 

be able to predict risk factors or disease prior to its onset leading to critical early 

diagnosis and interventions. During the last few years it has become apparent that most 

chronic health conditions, from heart disease to psychiatric disorders, originate early in 

life. The exploratory studies included in this thesis serves as a platform to further carry 

out epigenome studies of larger cohorts and definitely warrants replication of results in 

non-twin population. An essential follow up to these epigenome-wide association 

studies to enhance the specificity and interpretability of such studies is to integrate 
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parallel multi-omic data within the same cohorts (Higdon et al., 2015; Wang, Tan, Tan, 

& Yu, 2019; Zhao et al., 2019).  

Minimising the functional and social impacts of neurodevelopmental diseases would 

represent a significant advance for large numbers of children with these life-long 

conditions which not only impact on the individual child but on their families too. 
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Appendix 1: Primer sequences used in site-specific validation using MassArray 

EpiTYPER 

 

Amplicon Left Primer Right Primer 
LIME1 GATTTGGTTTTGTGGGTTTGG CCAAAAAAATCTTTATACAACCCTC 
LTA GGGGATTTAGGTAGTAGGTGTAGGA CTTCTAAACCCTAAAAACTTCCCC 
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Appendix 2: Scatter plots of genome-wide DNA methylation discordance within twin 

groups. 
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Appendix 3: Heat map of the associations between the six largest principal components 

and specified covariates. The heat map provides a score of the strength of the 

association between DNA methylation (using M-values) and each covariate, with 

positive and negative correlations ranging according to magnitude (red positive, blue 

negative). The values in brackets for each association represent the p-value of the 

correlation. Of the six significant (p<0.05) associations, all are weak (correlation < 0.6). 

Abbreviations: CP, cerebral palsy; PC, principal component; PIC, person in charge of 

performing DNA extraction; GA, gestational age; GMFCS, gross motor function 

classification system; Guthrie age, age in postnatal days when Guthrie card was made. 
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Appendix 5: Gene Ontology (GO) analysis for top-ranked 1000 DMPs ranked by P-

value. 

 

GO ID GO Function Ontology P. Value
GO:0098609 cell-cell adhesion BP 5.60E-06
GO:0007156 homophilic cell adhesion via plasma membrane adhesion molecules BP 1.75E-05
GO:0042129 regulation of T cell proliferation BP 2.30E-05
GO:0042098 T cell proliferation BP 3.12E-05
GO:0050776 regulation of immune response BP 3.78E-05
GO:0046649 lymphocyte activation BP 4.16E-05
GO:0050863 regulation of T cell activation BP 8.47E-05
GO:0070661 leukocyte proliferation BP 1.13E-04
GO:0007159 leukocyte cell-cell adhesion BP 1.20E-04
GO:0002768 immune response-regulating cell surface receptor signaling pathway BP 1.33E-04
GO:0030098 lymphocyte differentiation BP 1.35E-04
GO:1903037 regulation of leukocyte cell-cell adhesion BP 1.53E-04
GO:0045321 leukocyte activation BP 1.56E-04
GO:0001775 cell activation BP 1.58E-04
GO:0098742 cell-cell adhesion via plasma-membrane adhesion molecules BP 1.70E-04
GO:0070663 regulation of leukocyte proliferation BP 1.71E-04
GO:0042110 T cell activation BP 2.05E-04
GO:0070489 T cell aggregation BP 2.05E-04
GO:0071593 lymphocyte aggregation BP 2.28E-04
GO:0022610 biological adhesion BP 2.49E-04
GO:0050670 regulation of lymphocyte proliferation BP 2.73E-04
GO:0045601 regulation of endothelial cell differentiation BP 3.11E-04
GO:0032944 regulation of mononuclear cell proliferation BP 3.27E-04
GO:0070486 leukocyte aggregation BP 3.31E-04
GO:0007155 cell adhesion BP 3.43E-04
GO:0045944 positive regulation of transcription from RNA polymerase II promoter BP 3.44E-04
GO:0044459 plasma membrane part CC 3.65E-04
GO:0048856 anatomical structure development BP 4.15E-04
GO:0022407 regulation of cell-cell adhesion BP 4.42E-04
GO:0098552 side of membrane CC 4.44E-04
GO:0044767 single-organism developmental process BP 4.48E-04
GO:0034110 regulation of homotypic cell-cell adhesion BP 4.54E-04
GO:0050865 regulation of cell activation BP 4.55E-04
GO:0002703 regulation of leukocyte mediated immunity BP 5.07E-04
GO:0015732 prostaglandin transport BP 5.10E-04
GO:0016337 single organismal cell-cell adhesion BP 5.13E-04
GO:0031329 regulation of cellular catabolic process BP 5.15E-04
GO:0032502 developmental process BP 5.20E-04
GO:0046640 regulation of alpha-beta T cell proliferation BP 5.35E-04
GO:0032729 positive regulation of interferon-gamma production BP 5.36E-04
GO:0098562 cytoplasmic side of membrane CC 5.49E-04
GO:0071363 cellular response to growth factor stimulus BP 6.80E-04
GO:0046651 lymphocyte proliferation BP 6.81E-04
GO:1901550 regulation of endothelial cell development BP 6.97E-04
GO:1903140 regulation of establishment of endothelial barrier BP 6.97E-04
GO:0002764 immune response-regulating signaling pathway BP 6.98E-04
GO:0009894 regulation of catabolic process BP 7.52E-04
GO:0002449 lymphocyte mediated immunity BP 8.29E-04
GO:0032943 mononuclear cell proliferation BP 8.37E-04
GO:0034109 homotypic cell-cell adhesion BP 8.38E-04
GO:0061484 hematopoietic stem cell homeostasis BP 8.49E-04
GO:0046634 regulation of alpha-beta T cell activation BP 8.63E-04
GO:0051249 regulation of lymphocyte activation BP 8.64E-04
GO:0070848 response to growth factor BP 8.69E-04
GO:0002706 regulation of lymphocyte mediated immunity BP 8.88E-04
GO:0042346 positive regulation of NF-kappaB import into nucleus BP 9.00E-04
GO:0048731 system development BP 9.36E-04
GO:0032501 multicellular organismal process BP 9.83E-04
GO:0002250 adaptive immune response BP 9.96E-04
GO:0006955 immune response BP 1.00E-03
GO:0038083 peptidyl-tyrosine autophosphorylation BP 1.00E-03
GO:0002521 leukocyte differentiation BP 1.06E-03
GO:0045619 regulation of lymphocyte differentiation BP 1.06E-03
GO:0022409 positive regulation of cell-cell adhesion BP 1.10E-03
GO:0002694 regulation of leukocyte activation BP 1.12E-03
GO:0030217 T cell differentiation BP 1.29E-03
GO:0031624 ubiquitin conjugating enzyme binding MF 1.30E-03
GO:0001205 transcriptional activator activity, RNA polymerase II distal enhancer sequence-specific binding MF 1.31E-03
GO:0031235 intrinsic component of the cytoplasmic side of the plasma membrane CC 1.32E-03
GO:0032609 interferon-gamma production BP 1.35E-03
GO:0016404 15-hydroxyprostaglandin dehydrogenase (NAD+) activity MF 1.42E-03
GO:1900750 oligopeptide binding MF 1.43E-03
GO:0045580 regulation of T cell differentiation BP 1.45E-03
GO:0032310 prostaglandin secretion BP 1.46E-03
GO:0005509 calcium ion binding MF 1.46E-03
GO:0046633 alpha-beta T cell proliferation BP 1.48E-03
GO:0002709 regulation of T cell mediated immunity BP 1.53E-03
GO:0048584 positive regulation of response to stimulus BP 1.55E-03
GO:0007169 transmembrane receptor protein tyrosine kinase signaling pathway BP 1.61E-03



 

GO ID GO Function Ontology P. Value
GO:0032649 regulation of interferon-gamma production BP 1.63E-03
GO:0050870 positive regulation of T cell activation BP 1.64E-03
GO:0009966 regulation of signal transduction BP 1.64E-03
GO:0009898 cytoplasmic side of plasma membrane CC 1.65E-03
GO:0002429 immune response-activating cell surface receptor signaling pathway BP 1.74E-03
GO:0098602 single organism cell adhesion BP 1.76E-03
GO:0002819 regulation of adaptive immune response BP 1.79E-03
GO:2000377 regulation of reactive oxygen species metabolic process BP 1.80E-03
GO:0032436 positive regulation of proteasomal ubiquitin-dependent protein catabolic process BP 1.88E-03
GO:0045785 positive regulation of cell adhesion BP 1.90E-03
GO:1903036 positive regulation of response to wounding BP 1.93E-03
GO:2000330 positive regulation of T-helper 17 cell lineage commitment BP 1.97E-03
GO:0044390 ubiquitin-like protein conjugating enzyme binding MF 2.08E-03
GO:0030155 regulation of cell adhesion BP 2.11E-03
GO:0007275 multicellular organism development BP 2.16E-03
GO:0002133 polycystin complex CC 2.19E-03

GO:0002822
regulation of adaptive immune response based on somatic recombination of immune receptors built 
from immunoglobulin superfamily domains

BP 2.27E-03

GO:0002376 immune system process BP 2.33E-03
GO:0002443 leukocyte mediated immunity BP 2.33E-03
GO:0034112 positive regulation of homotypic cell-cell adhesion BP 2.36E-03
GO:0042165 neurotransmitter binding MF 2.37E-03
GO:0004715 non-membrane spanning protein tyrosine kinase activity MF 2.37E-03
GO:1903039 positive regulation of leukocyte cell-cell adhesion BP 2.42E-03
GO:0042130 negative regulation of T cell proliferation BP 2.44E-03
GO:0048518 positive regulation of biological process BP 2.52E-03
GO:0043368 positive T cell selection BP 2.58E-03
GO:0044448 cell cortex part CC 2.70E-03
GO:0072311 glomerular epithelial cell differentiation BP 2.80E-03
GO:2000328 regulation of T-helper 17 cell lineage commitment BP 2.93E-03
GO:0003158 endothelium development BP 2.93E-03
GO:0051140 regulation of NK T cell proliferation BP 3.02E-03
GO:0051142 positive regulation of NK T cell proliferation BP 3.02E-03
GO:0002834 regulation of response to tumor cell BP 3.03E-03
GO:0002837 regulation of immune response to tumor cell BP 3.03E-03
GO:0042127 regulation of cell proliferation BP 3.05E-03
GO:0000145 exocyst CC 3.08E-03
GO:0050851 antigen receptor-mediated signaling pathway BP 3.14E-03
GO:0038127 ERBB signaling pathway BP 3.21E-03
GO:0051251 positive regulation of lymphocyte activation BP 3.23E-03
GO:0007399 nervous system development BP 3.23E-03
GO:0007167 enzyme linked receptor protein signaling pathway BP 3.38E-03
GO:0048534 hematopoietic or lymphoid organ development BP 3.52E-03
GO:0043584 nose development BP 3.62E-03
GO:0072010 glomerular epithelium development BP 3.70E-03
GO:0006952 defense response BP 3.72E-03
GO:0002696 positive regulation of leukocyte activation BP 3.76E-03
GO:0090241 negative regulation of histone H4 acetylation BP 3.86E-03
GO:0010647 positive regulation of cell communication BP 3.87E-03
GO:0008283 cell proliferation BP 3.90E-03
GO:0007166 cell surface receptor signaling pathway BP 4.05E-03
GO:0002711 positive regulation of T cell mediated immunity BP 4.10E-03
GO:0007165 signal transduction BP 4.13E-03
GO:0031226 intrinsic component of plasma membrane CC 4.36E-03
GO:2000321 positive regulation of T-helper 17 cell differentiation BP 4.39E-03
GO:0046631 alpha-beta T cell activation BP 4.44E-03
GO:0050868 negative regulation of T cell activation BP 4.47E-03
GO:0015629 actin cytoskeleton CC 4.53E-03
GO:0035502 metanephric part of ureteric bud development BP 4.60E-03
GO:0009893 positive regulation of metabolic process BP 4.64E-03
GO:2000344 positive regulation of acrosome reaction BP 4.65E-03
GO:1901800 positive regulation of proteasomal protein catabolic process BP 4.69E-03
GO:0046136 positive regulation of vitamin metabolic process BP 4.69E-03
GO:0060557 positive regulation of vitamin D biosynthetic process BP 4.69E-03
GO:0060559 positive regulation of calcidiol 1-monooxygenase activity BP 4.69E-03
GO:0070664 negative regulation of leukocyte proliferation BP 4.99E-03
GO:0043547 positive regulation of GTPase activity BP 5.22E-03
GO:0042345 regulation of NF-kappaB import into nucleus BP 5.23E-03
GO:0042348 NF-kappaB import into nucleus BP 5.23E-03
GO:0050867 positive regulation of cell activation BP 5.29E-03
GO:0043085 positive regulation of catalytic activity BP 5.36E-03
GO:0035556 intracellular signal transduction BP 5.38E-03
GO:0006468 protein phosphorylation BP 5.40E-03
GO:0009967 positive regulation of signal transduction BP 5.44E-03
GO:0002682 regulation of immune system process BP 5.56E-03
GO:0048844 artery morphogenesis BP 5.62E-03
GO:0042102 positive regulation of T cell proliferation BP 5.72E-03
GO:0071495 cellular response to endogenous stimulus BP 5.83E-03
GO:0072074 kidney mesenchyme development BP 6.19E-03
GO:1903038 negative regulation of leukocyte cell-cell adhesion BP 6.44E-03
GO:0035601 protein deacylation BP 6.44E-03

GO:0002460
adaptive immune response based on somatic recombination of immune receptors built from 
immunoglobulin superfamily domains

BP 6.61E-03

GO:0006464 cellular protein modification process BP 6.64E-03



 

  

GO ID GO Function Ontology P. Value
GO:0036211 protein modification process BP 6.64E-03
GO:0022412 cellular process involved in reproduction in multicellular organism BP 6.69E-03
GO:0001866 NK T cell proliferation BP 6.70E-03
GO:0031622 positive regulation of fever generation BP 6.78E-03
GO:0010949 negative regulation of intestinal phytosterol absorption BP 6.82E-03
GO:0045796 negative regulation of intestinal cholesterol absorption BP 6.82E-03
GO:0060752 intestinal phytosterol absorption BP 6.82E-03
GO:1904730 negative regulation of intestinal lipid absorption BP 6.82E-03
GO:0050853 B cell receptor signaling pathway BP 7.04E-03
GO:0046632 alpha-beta T cell differentiation BP 7.07E-03
GO:0032306 regulation of prostaglandin secretion BP 7.15E-03
GO:0032308 positive regulation of prostaglandin secretion BP 7.15E-03
GO:0023056 positive regulation of signaling BP 7.16E-03
GO:0019953 sexual reproduction BP 7.22E-03
GO:0071310 cellular response to organic substance BP 7.34E-03
GO:2000319 regulation of T-helper 17 cell differentiation BP 7.39E-03
GO:0031933 telomeric heterochromatin CC 7.50E-03
GO:0031234 extrinsic component of cytoplasmic side of plasma membrane CC 7.51E-03
GO:0046637 regulation of alpha-beta T cell differentiation BP 7.58E-03
GO:0043382 positive regulation of memory T cell differentiation BP 7.71E-03
GO:0042474 middle ear morphogenesis BP 7.81E-03
GO:0098732 macromolecule deacylation BP 7.83E-03
GO:0010893 positive regulation of steroid biosynthetic process BP 7.88E-03
GO:0007173 epidermal growth factor receptor signaling pathway BP 7.98E-03
GO:0072021 ascending thin limb development BP 8.18E-03
GO:0072218 metanephric ascending thin limb development BP 8.18E-03
GO:0043370 regulation of CD4-positive, alpha-beta T cell differentiation BP 8.32E-03
GO:0045732 positive regulation of protein catabolic process BP 8.32E-03
GO:0042993 positive regulation of transcription factor import into nucleus BP 8.52E-03
GO:0033077 T cell differentiation in thymus BP 8.61E-03
GO:0071594 thymocyte aggregation BP 8.61E-03
GO:0002520 immune system development BP 8.64E-03
GO:0071944 cell periphery CC 8.70E-03
GO:0048522 positive regulation of cellular process BP 8.80E-03
GO:1902932 positive regulation of alcohol biosynthetic process BP 8.83E-03
GO:0043065 positive regulation of apoptotic process BP 8.92E-03
GO:1902107 positive regulation of leukocyte differentiation BP 8.94E-03
GO:0010033 response to organic substance BP 9.12E-03
GO:0002418 immune response to tumor cell BP 9.43E-03
GO:0034045 pre-autophagosomal structure membrane CC 9.48E-03
GO:0015671 oxygen transport BP 9.63E-03
GO:0030010 establishment of cell polarity BP 9.67E-03
GO:0032872 regulation of stress-activated MAPK cascade BP 9.75E-03
GO:0007264 small GTPase mediated signal transduction BP 9.81E-03
GO:0003779 actin binding MF 9.93E-03



Appendix 6: Gene Ontology (GO) analysis for top DMRs ranked by P-value. 

 

GO ID GO Function Ontology P. Value FDR
GO:0002705 positive regulation of leukocyte mediated immunity BP 3.31E-10 6.84E-06
GO:0002925 positive regulation of humoral immune response mediated by circulating immunoglobulin BP 3.38E-09 3.50E-05
GO:0002699 positive regulation of immune effector process BP 5.99E-09 4.13E-05
GO:0002703 regulation of leukocyte mediated immunity BP 8.49E-09 4.39E-05

GO:0002824
positive regulation of adaptive immune response based on somatic recombination of immune receptors 
built from immunoglobulin superfamily domains BP 2.50E-08 7.36E-05

GO:0002708 positive regulation of lymphocyte mediated immunity BP 2.82E-08 7.36E-05
GO:0050830 defense response to Gram-positive bacterium BP 3.12E-08 7.36E-05
GO:0002821 positive regulation of adaptive immune response BP 3.33E-08 7.36E-05
GO:0002923 regulation of humoral immune response mediated by circulating immunoglobulin BP 3.46E-08 7.36E-05
GO:0002922 positive regulation of humoral immune response BP 3.68E-08 7.36E-05
GO:0002697 regulation of immune effector process BP 3.91E-08 7.36E-05
GO:0044130 negative regulation of growth of symbiont in host BP 7.69E-08 1.24E-04
GO:0044146 negative regulation of growth of symbiont involved in interaction with host BP 7.82E-08 1.24E-04
GO:0050715 positive regulation of cytokine secretion BP 8.46E-08 1.24E-04
GO:0044126 regulation of growth of symbiont in host BP 9.46E-08 1.24E-04
GO:0044144 modulation of growth of symbiont involved in interaction with host BP 9.59E-08 1.24E-04
GO:0044117 growth of symbiont in host BP 1.39E-07 1.53E-04
GO:0044110 growth involved in symbiotic interaction BP 1.40E-07 1.53E-04
GO:0044116 growth of symbiont involved in interaction with host BP 1.40E-07 1.53E-04
GO:0002861 regulation of inflammatory response to antigenic stimulus BP 1.52E-07 1.57E-04

GO:0002822
regulation of adaptive immune response based on somatic recombination of immune receptors built from 
immunoglobulin superfamily domains BP 1.94E-07 1.83E-04

GO:0002443 leukocyte mediated immunity BP 1.95E-07 1.83E-04
GO:0002714 positive regulation of B cell mediated immunity BP 2.30E-07 1.98E-04
GO:0002891 positive regulation of immunoglobulin mediated immune response BP 2.30E-07 1.98E-04
GO:0002706 regulation of lymphocyte mediated immunity BP 2.48E-07 2.05E-04
GO:0002250 adaptive immune response BP 3.08E-07 2.45E-04
GO:0002819 regulation of adaptive immune response BP 3.22E-07 2.47E-04
GO:0002682 regulation of immune system process BP 4.92E-07 3.63E-04
GO:0042742 defense response to bacterium BP 5.38E-07 3.84E-04
GO:0050707 regulation of cytokine secretion BP 5.77E-07 3.98E-04
GO:0002920 regulation of humoral immune response BP 6.62E-07 4.42E-04
GO:0002455 humoral immune response mediated by circulating immunoglobulin BP 7.87E-07 5.09E-04
GO:0050778 positive regulation of immune response BP 8.41E-07 5.27E-04
GO:0002712 regulation of B cell mediated immunity BP 9.84E-07 5.68E-04
GO:0002889 regulation of immunoglobulin mediated immune response BP 9.84E-07 5.68E-04
GO:0050663 cytokine secretion BP 9.88E-07 5.68E-04
GO:0002252 immune effector process BP 1.42E-06 7.93E-04
GO:0001819 positive regulation of cytokine production BP 1.51E-06 8.20E-04
GO:0002876 positive regulation of chronic inflammatory response to antigenic stimulus BP 1.59E-06 8.43E-04
GO:0002874 regulation of chronic inflammatory response to antigenic stimulus BP 2.13E-06 1.10E-03
GO:0098542 defense response to other organism BP 2.32E-06 1.17E-03
GO:0002449 lymphocyte mediated immunity BP 2.97E-06 1.47E-03
GO:0002437 inflammatory response to antigenic stimulus BP 3.08E-06 1.48E-03
GO:0002678 positive regulation of chronic inflammatory response BP 3.20E-06 1.50E-03

GO:0002460
adaptive immune response based on somatic recombination of immune receptors built from 
immunoglobulin superfamily domains

BP 3.28E-06 1.51E-03

GO:0002439 chronic inflammatory response to antigenic stimulus BP 5.69E-06 2.52E-03
GO:0002367 cytokine production involved in immune response BP 5.72E-06 2.52E-03
GO:0050714 positive regulation of protein secretion BP 6.25E-06 2.69E-03
GO:0002684 positive regulation of immune system process BP 7.24E-06 3.06E-03
GO:0032649 regulation of interferon-gamma production BP 9.66E-06 4.00E-03
GO:0001817 regulation of cytokine production BP 1.12E-05 4.46E-03
GO:0002676 regulation of chronic inflammatory response BP 1.12E-05 4.46E-03
GO:0050729 positive regulation of inflammatory response BP 1.15E-05 4.49E-03
GO:0050776 regulation of immune response BP 1.20E-05 4.59E-03
GO:0016064 immunoglobulin mediated immune response BP 1.22E-05 4.59E-03
GO:0019724 B cell mediated immunity BP 1.34E-05 4.91E-03
GO:0002700 regulation of production of molecular mediator of immune response BP 1.35E-05 4.91E-03
GO:0032609 interferon-gamma production BP 1.56E-05 5.55E-03
GO:0002830 positive regulation of type 2 immune response BP 1.80E-05 6.24E-03
GO:0050764 regulation of phagocytosis BP 1.83E-05 6.24E-03
GO:0001816 cytokine production BP 1.84E-05 6.24E-03
GO:0002863 positive regulation of inflammatory response to antigenic stimulus BP 2.01E-05 6.70E-03
GO:0002376 immune system process BP 2.50E-05 8.20E-03
GO:0002374 cytokine secretion involved in immune response BP 2.63E-05 8.51E-03
GO:0006959 humoral immune response BP 4.03E-05 1.28E-02
GO:0002544 chronic inflammatory response BP 4.12E-05 1.29E-02
GO:0002440 production of molecular mediator of immune response BP 4.63E-05 1.43E-02
GO:0031347 regulation of defense response BP 4.82E-05 1.47E-02
GO:1903036 positive regulation of response to wounding BP 5.40E-05 1.62E-02
GO:1903532 positive regulation of secretion by cell BP 5.53E-05 1.64E-02
GO:0002828 regulation of type 2 immune response BP 6.06E-05 1.77E-02
GO:0032733 positive regulation of interleukin-10 production BP 6.54E-05 1.88E-02
GO:0043207 response to external biotic stimulus BP 6.88E-05 1.92E-02
GO:0051707 response to other organism BP 6.88E-05 1.92E-02
GO:0051046 regulation of secretion BP 7.22E-05 1.99E-02
GO:0051047 positive regulation of secretion BP 8.30E-05 2.23E-02
GO:0051092 positive regulation of NF-kappaB transcription factor activity BP 8.33E-05 2.23E-02
GO:0009607 response to biotic stimulus BP 8.42E-05 2.23E-02
GO:0043901 negative regulation of multi-organism process BP 8.77E-05 2.30E-02
GO:0009617 response to bacterium BP 1.12E-04 2.90E-02
GO:0042092 type 2 immune response BP 1.23E-04 3.14E-02
GO:0045834 positive regulation of lipid metabolic process BP 1.33E-04 3.36E-02
GO:0006955 immune response BP 1.37E-04 3.41E-02
GO:1901224 positive regulation of NIK/NF-kappaB signaling BP 1.46E-04 3.60E-02
GO:0050708 regulation of protein secretion BP 1.48E-04 3.60E-02
GO:0051222 positive regulation of protein transport BP 1.52E-04 3.65E-02
GO:0005164 tumor necrosis factor receptor binding MF 1.55E-04 3.69E-02
GO:0070374 positive regulation of ERK1 and ERK2 cascade BP 1.64E-04 3.86E-02
GO:0043900 regulation of multi-organism process BP 1.74E-04 4.04E-02
GO:0032653 regulation of interleukin-10 production BP 1.96E-04 4.50E-02
GO:0006954 inflammatory response BP 2.06E-04 4.69E-02
GO:0006952 defense response BP 2.23E-04 5.01E-02
GO:0032613 interleukin-10 production BP 2.35E-04 5.23E-02
GO:0002709 regulation of T cell mediated immunity BP 2.56E-04 5.64E-02
GO:1904951 positive regulation of establishment of protein localization BP 2.68E-04 5.83E-02
GO:1901222 regulation of NIK/NF-kappaB signaling BP 2.85E-04 6.06E-02



 

GO ID GO Function Ontology P. Value FDR
GO:0051050 positive regulation of transport BP 2.86E-04 6.06E-02
GO:0009306 protein secretion BP 2.87E-04 6.06E-02
GO:0032757 positive regulation of interleukin-8 production BP 3.16E-04 6.60E-02
GO:0002702 positive regulation of production of molecular mediator of immune response BP 3.52E-04 7.28E-02
GO:0050727 regulation of inflammatory response BP 3.61E-04 7.39E-02
GO:0051240 positive regulation of multicellular organismal process BP 3.68E-04 7.47E-02
GO:0043903 regulation of symbiosis, encompassing mutualism through parasitism BP 3.76E-04 7.56E-02
GO:0032813 tumor necrosis factor receptor superfamily binding MF 3.87E-04 7.70E-02
GO:0002718 regulation of cytokine production involved in immune response BP 4.12E-04 8.12E-02
GO:0043552 positive regulation of phosphatidylinositol 3-kinase activity BP 4.50E-04 8.76E-02
GO:0032602 chemokine production BP 4.53E-04 8.76E-02
GO:0030100 regulation of endocytosis BP 4.59E-04 8.77E-02
GO:1901700 response to oxygen-containing compound BP 4.62E-04 8.77E-02
GO:0032755 positive regulation of interleukin-6 production BP 4.74E-04 8.92E-02
GO:0032103 positive regulation of response to external stimulus BP 4.79E-04 8.92E-02
GO:0071310 cellular response to organic substance BP 4.85E-04 8.96E-02
GO:0032729 positive regulation of interferon-gamma production BP 4.92E-04 9.00E-02
GO:0070372 regulation of ERK1 and ERK2 cascade BP 5.04E-04 9.15E-02
GO:0009611 response to wounding BP 5.35E-04 9.63E-02
GO:0090218 positive regulation of lipid kinase activity BP 5.44E-04 9.71E-02
GO:0006909 phagocytosis BP 5.57E-04 9.84E-02
GO:0070371 ERK1 and ERK2 cascade BP 5.70E-04 9.97E-02
GO:0051353 positive regulation of oxidoreductase activity BP 5.78E-04 9.97E-02
GO:0051091 positive regulation of sequence-specific DNA binding transcription factor activity BP 5.78E-04 9.97E-02
GO:0032677 regulation of interleukin-8 production BP 6.07E-04 1.04E-01
GO:0046903 secretion BP 6.15E-04 1.04E-01
GO:0022409 positive regulation of cell-cell adhesion BP 6.30E-04 1.06E-01
GO:0050766 positive regulation of phagocytosis BP 6.43E-04 1.07E-01
GO:0032637 interleukin-8 production BP 6.95E-04 1.15E-01
GO:1903727 positive regulation of phospholipid metabolic process BP 7.02E-04 1.15E-01
GO:0040007 growth BP 7.63E-04 1.24E-01
GO:0002696 positive regulation of leukocyte activation BP 7.64E-04 1.24E-01
GO:1901701 cellular response to oxygen-containing compound BP 7.85E-04 1.25E-01
GO:1903530 regulation of secretion by cell BP 7.87E-04 1.25E-01
GO:0050867 positive regulation of cell activation BP 8.31E-04 1.31E-01
GO:0045321 leukocyte activation BP 8.42E-04 1.32E-01
GO:0043551 regulation of phosphatidylinositol 3-kinase activity BP 8.73E-04 1.35E-01
GO:0045926 negative regulation of growth BP 8.82E-04 1.35E-01
GO:0002377 immunoglobulin production BP 8.87E-04 1.35E-01
GO:0019901 protein kinase binding MF 8.92E-04 1.35E-01
GO:0002456 T cell mediated immunity BP 9.21E-04 1.35E-01
GO:0048583 regulation of response to stimulus BP 9.73E-04 1.35E-01
GO:0002805 regulation of antimicrobial peptide biosynthetic process BP 9.85E-04 1.35E-01
GO:0002807 positive regulation of antimicrobial peptide biosynthetic process BP 9.85E-04 1.35E-01
GO:0002808 regulation of antibacterial peptide biosynthetic process BP 9.85E-04 1.35E-01
GO:0002815 biosynthetic process of antibacterial peptides active against Gram-positive bacteria BP 9.85E-04 1.35E-01
GO:0002816 regulation of biosynthetic process of antibacterial peptides active against Gram-positive bacteria BP 9.85E-04 1.35E-01
GO:0006963 positive regulation of antibacterial peptide biosynthetic process BP 9.85E-04 1.35E-01
GO:0006965 positive regulation of biosynthetic process of antibacterial peptides active against Gram-positive bacteria BP 9.85E-04 1.35E-01
GO:0032498 detection of muramyl dipeptide BP 9.85E-04 1.35E-01
GO:2000361 regulation of prostaglandin-E synthase activity BP 9.85E-04 1.35E-01
GO:2000363 positive regulation of prostaglandin-E synthase activity BP 9.85E-04 1.35E-01
GO:0032500 muramyl dipeptide binding MF 9.85E-04 1.35E-01
GO:0002777 antimicrobial peptide biosynthetic process BP 9.91E-04 1.35E-01
GO:0002780 antibacterial peptide biosynthetic process BP 9.91E-04 1.35E-01
GO:0032496 response to lipopolysaccharide BP 9.95E-04 1.35E-01
GO:0032499 detection of peptidoglycan BP 1.02E-03 1.38E-01
GO:0032675 regulation of interleukin-6 production BP 1.06E-03 1.42E-01
GO:0002237 response to molecule of bacterial origin BP 1.07E-03 1.43E-01
GO:0032701 negative regulation of interleukin-18 production BP 1.08E-03 1.43E-01
GO:0032635 interleukin-6 production BP 1.14E-03 1.51E-01
GO:0071608 macrophage inflammatory protein-1 alpha production BP 1.17E-03 1.53E-01
GO:0046324 regulation of glucose import BP 1.19E-03 1.54E-01
GO:0070887 cellular response to chemical stimulus BP 1.21E-03 1.57E-01
GO:0098589 membrane region CC 1.25E-03 1.60E-01
GO:0033674 positive regulation of kinase activity BP 1.25E-03 1.60E-01
GO:0043550 regulation of lipid kinase activity BP 1.27E-03 1.60E-01
GO:0060584 regulation of prostaglandin-endoperoxide synthase activity BP 1.28E-03 1.60E-01
GO:0060585 positive regulation of prostaglandin-endoperoxide synthase activity BP 1.28E-03 1.60E-01
GO:1903706 regulation of hemopoiesis BP 1.32E-03 1.64E-01
GO:0034988 Fc-gamma receptor I complex binding MF 1.32E-03 1.64E-01
GO:0051239 regulation of multicellular organismal process BP 1.34E-03 1.64E-01
GO:0019900 kinase binding MF 1.34E-03 1.64E-01
GO:0071224 cellular response to peptidoglycan BP 1.37E-03 1.64E-01
GO:0002225 positive regulation of antimicrobial peptide production BP 1.40E-03 1.64E-01
GO:0002760 positive regulation of antimicrobial humoral response BP 1.40E-03 1.64E-01
GO:0002803 positive regulation of antibacterial peptide production BP 1.40E-03 1.64E-01
GO:0002784 regulation of antimicrobial peptide production BP 1.40E-03 1.64E-01
GO:0002786 regulation of antibacterial peptide production BP 1.40E-03 1.64E-01
GO:0002775 antimicrobial peptide production BP 1.40E-03 1.64E-01
GO:0002778 antibacterial peptide production BP 1.40E-03 1.64E-01
GO:0048584 positive regulation of response to stimulus BP 1.41E-03 1.64E-01
GO:0009615 response to virus BP 1.42E-03 1.64E-01
GO:0071417 cellular response to organonitrogen compound BP 1.44E-03 1.65E-01
GO:0019216 regulation of lipid metabolic process BP 1.44E-03 1.65E-01
GO:0051223 regulation of protein transport BP 1.48E-03 1.68E-01
GO:0007166 cell surface receptor signaling pathway BP 1.52E-03 1.71E-01
GO:1903034 regulation of response to wounding BP 1.52E-03 1.71E-01
GO:0061048 negative regulation of branching involved in lung morphogenesis BP 1.55E-03 1.73E-01
GO:0046323 glucose import BP 1.55E-03 1.73E-01
GO:0080134 regulation of response to stress BP 1.58E-03 1.74E-01
GO:0002759 regulation of antimicrobial humoral response BP 1.59E-03 1.74E-01
GO:0002698 negative regulation of immune effector process BP 1.61E-03 1.74E-01
GO:0046136 positive regulation of vitamin metabolic process BP 1.62E-03 1.74E-01
GO:0060557 positive regulation of vitamin D biosynthetic process BP 1.62E-03 1.74E-01
GO:0060559 positive regulation of calcidiol 1-monooxygenase activity BP 1.62E-03 1.74E-01
GO:0007267 cell-cell signaling BP 1.68E-03 1.80E-01
GO:0031349 positive regulation of defense response BP 1.70E-03 1.80E-01
GO:0032661 regulation of interleukin-18 production BP 1.71E-03 1.80E-01
GO:0038061 NIK/NF-kappaB signaling BP 1.72E-03 1.80E-01
GO:0018193 peptidyl-amino acid modification BP 1.72E-03 1.80E-01
GO:0045121 membrane raft CC 1.73E-03 1.80E-01
GO:0098857 membrane microdomain CC 1.73E-03 1.80E-01



 

GO ID GO Function Ontology P. Value FDR
GO:0010033 response to organic substance BP 1.77E-03 1.83E-01
GO:0005125 cytokine activity MF 1.78E-03 1.83E-01
GO:1903725 regulation of phospholipid metabolic process BP 1.80E-03 1.83E-01
GO:0071677 positive regulation of mononuclear cell migration BP 1.80E-03 1.83E-01
GO:0022600 digestive system process BP 1.80E-03 1.83E-01
GO:0051347 positive regulation of transferase activity BP 1.82E-03 1.84E-01
GO:0002685 regulation of leukocyte migration BP 1.90E-03 1.91E-01
GO:1901699 cellular response to nitrogen compound BP 1.91E-03 1.91E-01
GO:0048534 hematopoietic or lymphoid organ development BP 1.94E-03 1.93E-01
GO:0050436 microfibril binding MF 1.96E-03 1.94E-01
GO:0032101 regulation of response to external stimulus BP 2.00E-03 1.97E-01
GO:0050777 negative regulation of immune response BP 2.01E-03 1.97E-01
GO:0051341 regulation of oxidoreductase activity BP 2.04E-03 1.99E-01
GO:0032621 interleukin-18 production BP 2.13E-03 2.06E-01
GO:0070201 regulation of establishment of protein localization BP 2.15E-03 2.08E-01
GO:0022407 regulation of cell-cell adhesion BP 2.19E-03 2.10E-01
GO:0034987 immunoglobulin receptor binding MF 2.19E-03 2.10E-01
GO:0002520 immune system development BP 2.25E-03 2.15E-01
GO:0002694 regulation of leukocyte activation BP 2.31E-03 2.20E-01
GO:0045416 positive regulation of interleukin-8 biosynthetic process BP 2.33E-03 2.20E-01
GO:0051090 regulation of sequence-specific DNA binding transcription factor activity BP 2.34E-03 2.20E-01
GO:0018108 peptidyl-tyrosine phosphorylation BP 2.36E-03 2.21E-01
GO:1901671 positive regulation of superoxide dismutase activity BP 2.40E-03 2.23E-01
GO:1904833 positive regulation of removal of superoxide radicals BP 2.40E-03 2.23E-01

GO:0086089
voltage-gated potassium channel activity involved in atrial cardiac muscle cell action potential 
repolarization MF 2.42E-03 2.23E-01

GO:0018212 peptidyl-tyrosine modification BP 2.43E-03 2.24E-01
GO:0010827 regulation of glucose transport BP 2.45E-03 2.24E-01
GO:0008284 positive regulation of cell proliferation BP 2.46E-03 2.24E-01
GO:0002740 negative regulation of cytokine secretion involved in immune response BP 2.61E-03 2.37E-01
GO:0035419 activation of MAPK activity involved in innate immune response BP 2.63E-03 2.38E-01
GO:1903347 negative regulation of bicellular tight junction assembly BP 2.66E-03 2.39E-01
GO:0035509 negative regulation of myosin-light-chain-phosphatase activity BP 2.67E-03 2.39E-01
GO:2000551 regulation of T-helper 2 cell cytokine production BP 2.69E-03 2.39E-01
GO:2000553 positive regulation of T-helper 2 cell cytokine production BP 2.69E-03 2.39E-01
GO:0001775 cell activation BP 2.71E-03 2.40E-01
GO:0045785 positive regulation of cell adhesion BP 2.73E-03 2.41E-01
GO:2000343 positive regulation of chemokine (C-X-C motif) ligand 2 production BP 2.75E-03 2.41E-01
GO:0034250 positive regulation of cellular amide metabolic process BP 2.78E-03 2.43E-01
GO:0060627 regulation of vesicle-mediated transport BP 2.88E-03 2.50E-01
GO:0007586 digestion BP 2.91E-03 2.52E-01
GO:0071495 cellular response to endogenous stimulus BP 2.98E-03 2.57E-01
GO:0045347 negative regulation of MHC class II biosynthetic process BP 2.99E-03 2.57E-01
GO:0032494 response to peptidoglycan BP 3.03E-03 2.59E-01
GO:0050865 regulation of cell activation BP 3.20E-03 2.73E-01
GO:0007159 leukocyte cell-cell adhesion BP 3.22E-03 2.73E-01
GO:0002757 immune response-activating signal transduction BP 3.26E-03 2.75E-01
GO:1900426 positive regulation of defense response to bacterium BP 3.28E-03 2.75E-01
GO:0008104 protein localization BP 3.33E-03 2.79E-01
GO:1900017 positive regulation of cytokine production involved in inflammatory response BP 3.42E-03 2.83E-01
GO:0005886 plasma membrane CC 3.43E-03 2.83E-01
GO:0002521 leukocyte differentiation BP 3.43E-03 2.83E-01
GO:1901033 positive regulation of response to reactive oxygen species BP 3.45E-03 2.83E-01
GO:0042127 regulation of cell proliferation BP 3.46E-03 2.83E-01
GO:0045994 positive regulation of translational initiation by iron BP 3.46E-03 2.83E-01
GO:0071225 cellular response to muramyl dipeptide BP 3.54E-03 2.88E-01
GO:0097527 necroptotic signaling pathway BP 3.63E-03 2.94E-01
GO:0035745 T-helper 2 cell cytokine production BP 3.66E-03 2.94E-01
GO:0046330 positive regulation of JNK cascade BP 3.66E-03 2.94E-01
GO:0010693 negative regulation of alkaline phosphatase activity BP 3.67E-03 2.94E-01
GO:0045859 regulation of protein kinase activity BP 3.69E-03 2.95E-01
GO:0002606 positive regulation of dendritic cell antigen processing and presentation BP 3.72E-03 2.95E-01
GO:0002253 activation of immune response BP 3.73E-03 2.95E-01
GO:0045179 apical cortex CC 3.78E-03 2.98E-01
GO:0045807 positive regulation of endocytosis BP 3.82E-03 3.00E-01
GO:0032940 secretion by cell BP 3.82E-03 3.00E-01
GO:0034136 negative regulation of toll-like receptor 2 signaling pathway BP 3.85E-03 3.01E-01
GO:2000110 negative regulation of macrophage apoptotic process BP 3.87E-03 3.01E-01
GO:0044027 hypermethylation of CpG island BP 3.88E-03 3.01E-01
GO:1902107 positive regulation of leukocyte differentiation BP 3.92E-03 3.03E-01
GO:0035743 CD4-positive, alpha-beta T cell cytokine production BP 3.98E-03 3.06E-01
GO:0044700 single organism signaling BP 4.05E-03 3.06E-01
GO:1901668 regulation of superoxide dismutase activity BP 4.05E-03 3.06E-01
GO:0002274 myeloid leukocyte activation BP 4.06E-03 3.06E-01
GO:0045080 positive regulation of chemokine biosynthetic process BP 4.08E-03 3.06E-01
GO:0032880 regulation of protein localization BP 4.09E-03 3.06E-01
GO:0042834 peptidoglycan binding MF 4.09E-03 3.06E-01
GO:0071944 cell periphery CC 4.09E-03 3.06E-01
GO:0023052 signaling BP 4.10E-03 3.06E-01
GO:0051525 NFAT protein binding MF 4.14E-03 3.08E-01
GO:0046645 positive regulation of gamma-delta T cell activation BP 4.19E-03 3.10E-01
GO:2001181 positive regulation of interleukin-10 secretion BP 4.25E-03 3.13E-01
GO:0002862 negative regulation of inflammatory response to antigenic stimulus BP 4.26E-03 3.13E-01
GO:0015758 glucose transport BP 4.27E-03 3.13E-01
GO:0006447 regulation of translational initiation by iron BP 4.34E-03 3.15E-01
GO:1902533 positive regulation of intracellular signal transduction BP 4.34E-03 3.15E-01
GO:2000341 regulation of chemokine (C-X-C motif) ligand 2 production BP 4.34E-03 3.15E-01
GO:0097623 potassium ion export across plasma membrane BP 4.36E-03 3.15E-01
GO:0008645 hexose transport BP 4.37E-03 3.15E-01
GO:0015749 monosaccharide transport BP 4.44E-03 3.19E-01
GO:0007154 cell communication BP 4.50E-03 3.22E-01
GO:0010243 response to organonitrogen compound BP 4.52E-03 3.22E-01
GO:0043549 regulation of kinase activity BP 4.57E-03 3.25E-01
GO:0033209 tumor necrosis factor-mediated signaling pathway BP 4.61E-03 3.27E-01
GO:0031584 activation of phospholipase D activity BP 4.64E-03 3.27E-01
GO:0043123 positive regulation of I-kappaB kinase/NF-kappaB signaling BP 4.70E-03 3.30E-01
GO:0015031 protein transport BP 4.73E-03 3.30E-01
GO:0071219 cellular response to molecule of bacterial origin BP 4.73E-03 3.30E-01
GO:0044026 DNA hypermethylation BP 4.75E-03 3.30E-01
GO:0045346 regulation of MHC class II biosynthetic process BP 4.76E-03 3.30E-01
GO:0035507 regulation of myosin-light-chain-phosphatase activity BP 4.78E-03 3.30E-01
GO:0032490 detection of molecule of bacterial origin BP 4.78E-03 3.30E-01
GO:0051770 positive regulation of nitric-oxide synthase biosynthetic process BP 4.94E-03 3.40E-01



 

GO ID GO Function Ontology P. Value FDR
GO:0032874 positive regulation of stress-activated MAPK cascade BP 4.98E-03 3.41E-01
GO:0002227 innate immune response in mucosa BP 5.00E-03 3.41E-01
GO:0000187 activation of MAPK activity BP 5.05E-03 3.43E-01
GO:0035583 sequestering of TGFbeta in extracellular matrix BP 5.06E-03 3.43E-01
GO:0098590 plasma membrane region CC 5.08E-03 3.43E-01
GO:0044092 negative regulation of molecular function BP 5.10E-03 3.43E-01
GO:0070304 positive regulation of stress-activated protein kinase signaling cascade BP 5.12E-03 3.44E-01
GO:0010911 regulation of isomerase activity BP 5.16E-03 3.44E-01
GO:0010912 positive regulation of isomerase activity BP 5.16E-03 3.44E-01
GO:0002710 negative regulation of T cell mediated immunity BP 5.20E-03 3.46E-01
GO:0045630 positive regulation of T-helper 2 cell differentiation BP 5.22E-03 3.46E-01
GO:2000664 positive regulation of interleukin-5 secretion BP 5.32E-03 3.51E-01
GO:2000667 positive regulation of interleukin-13 secretion BP 5.32E-03 3.51E-01
GO:0045414 regulation of interleukin-8 biosynthetic process BP 5.37E-03 3.52E-01
GO:0032147 activation of protein kinase activity BP 5.41E-03 3.53E-01
GO:0002468 dendritic cell antigen processing and presentation BP 5.43E-03 3.53E-01
GO:0002604 regulation of dendritic cell antigen processing and presentation BP 5.43E-03 3.53E-01
GO:0071803 positive regulation of podosome assembly BP 5.49E-03 3.56E-01
GO:0060558 regulation of calcidiol 1-monooxygenase activity BP 5.59E-03 3.58E-01
GO:0060372 regulation of atrial cardiac muscle cell membrane repolarization BP 5.61E-03 3.58E-01
GO:0099624 atrial cardiac muscle cell membrane repolarization BP 5.61E-03 3.58E-01
GO:0042327 positive regulation of phosphorylation BP 5.62E-03 3.58E-01

GO:1902282
voltage-gated potassium channel activity involved in ventricular cardiac muscle cell action potential 
repolarization MF 5.62E-03 3.58E-01

GO:0065008 regulation of biological quality BP 5.62E-03 3.58E-01
GO:0006927 transformed cell apoptotic process BP 5.70E-03 3.62E-01
GO:0008643 carbohydrate transport BP 5.74E-03 3.62E-01
GO:1901698 response to nitrogen compound BP 5.75E-03 3.62E-01
GO:0002366 leukocyte activation involved in immune response BP 5.81E-03 3.64E-01
GO:0071692 protein localization to extracellular region BP 5.82E-03 3.64E-01
GO:0071694 maintenance of protein location in extracellular region BP 5.82E-03 3.64E-01
GO:0032740 positive regulation of interleukin-17 production BP 5.86E-03 3.64E-01
GO:0045342 MHC class II biosynthetic process BP 5.88E-03 3.64E-01
GO:1903708 positive regulation of hemopoiesis BP 5.90E-03 3.64E-01
GO:2001179 regulation of interleukin-10 secretion BP 5.90E-03 3.64E-01
GO:0002263 cell activation involved in immune response BP 5.91E-03 3.64E-01
GO:0071216 cellular response to biotic stimulus BP 5.97E-03 3.67E-01
GO:0060556 regulation of vitamin D biosynthetic process BP 6.03E-03 3.68E-01
GO:0002726 positive regulation of T cell cytokine production BP 6.06E-03 3.68E-01
GO:0060664 epithelial cell proliferation involved in salivary gland morphogenesis BP 6.07E-03 3.68E-01
GO:0051049 regulation of transport BP 6.09E-03 3.68E-01
GO:0031622 positive regulation of fever generation BP 6.09E-03 3.68E-01
GO:0033008 positive regulation of mast cell activation involved in immune response BP 6.20E-03 3.73E-01
GO:0043306 positive regulation of mast cell degranulation BP 6.20E-03 3.73E-01
GO:1902262 apoptotic process involved in patterning of blood vessels BP 6.25E-03 3.74E-01
GO:0086008 voltage-gated potassium channel activity involved in cardiac muscle cell action potential repolarization MF 6.26E-03 3.74E-01
GO:0030656 regulation of vitamin metabolic process BP 6.29E-03 3.74E-01
GO:0002385 mucosal immune response BP 6.30E-03 3.74E-01
GO:0051798 positive regulation of hair follicle development BP 6.30E-03 3.74E-01
GO:0090241 negative regulation of histone H4 acetylation BP 6.33E-03 3.74E-01
GO:0042368 vitamin D biosynthetic process BP 6.34E-03 3.74E-01
GO:0046649 lymphocyte activation BP 6.38E-03 3.74E-01
GO:0033036 macromolecule localization BP 6.40E-03 3.74E-01
GO:0045073 regulation of chemokine biosynthetic process BP 6.41E-03 3.74E-01
GO:0071675 regulation of mononuclear cell migration BP 6.44E-03 3.74E-01
GO:0042033 chemokine biosynthetic process BP 6.44E-03 3.74E-01
GO:1900424 regulation of defense response to bacterium BP 6.47E-03 3.74E-01
GO:0005126 cytokine receptor binding MF 6.50E-03 3.74E-01
GO:0042228 interleukin-8 biosynthetic process BP 6.51E-03 3.74E-01
GO:0050755 chemokine metabolic process BP 6.51E-03 3.74E-01
GO:0031399 regulation of protein modification process BP 6.55E-03 3.75E-01
GO:0071674 mononuclear cell migration BP 6.59E-03 3.77E-01
GO:0050789 regulation of biological process BP 6.63E-03 3.77E-01
GO:0002739 regulation of cytokine secretion involved in immune response BP 6.65E-03 3.77E-01
GO:0034135 regulation of toll-like receptor 2 signaling pathway BP 6.69E-03 3.77E-01
GO:0046643 regulation of gamma-delta T cell activation BP 6.75E-03 3.77E-01
GO:0072608 interleukin-10 secretion BP 6.77E-03 3.77E-01
GO:0032660 regulation of interleukin-17 production BP 6.78E-03 3.77E-01
GO:0072603 interleukin-5 secretion BP 6.78E-03 3.77E-01
GO:2000662 regulation of interleukin-5 secretion BP 6.78E-03 3.77E-01
GO:0072611 interleukin-13 secretion BP 6.78E-03 3.77E-01
GO:2000665 regulation of interleukin-13 secretion BP 6.78E-03 3.77E-01
GO:0016045 detection of bacterium BP 6.82E-03 3.77E-01
GO:0098543 detection of other organism BP 6.82E-03 3.77E-01
GO:0061046 regulation of branching involved in lung morphogenesis BP 6.94E-03 3.82E-01
GO:1901550 regulation of endothelial cell development BP 6.96E-03 3.82E-01
GO:1903140 regulation of establishment of endothelial barrier BP 6.96E-03 3.82E-01
GO:0019899 enzyme binding MF 6.98E-03 3.82E-01
GO:2000010 positive regulation of protein localization to cell surface BP 7.02E-03 3.82E-01
GO:0050700 CARD domain binding MF 7.04E-03 3.82E-01
GO:0001818 negative regulation of cytokine production BP 7.04E-03 3.82E-01
GO:0051338 regulation of transferase activity BP 7.06E-03 3.82E-01
GO:2000109 regulation of macrophage apoptotic process BP 7.14E-03 3.83E-01
GO:0045184 establishment of protein localization BP 7.15E-03 3.83E-01
GO:0051767 nitric-oxide synthase biosynthetic process BP 7.18E-03 3.83E-01
GO:0051769 regulation of nitric-oxide synthase biosynthetic process BP 7.18E-03 3.83E-01
GO:0070431 nucleotide-binding oligomerization domain containing 2 signaling pathway BP 7.19E-03 3.83E-01
GO:0060452 positive regulation of cardiac muscle contraction BP 7.19E-03 3.83E-01
GO:0072567 chemokine (C-X-C motif) ligand 2 production BP 7.39E-03 3.93E-01
GO:0035581 sequestering of extracellular ligand from receptor BP 7.42E-03 3.94E-01
GO:0006915 apoptotic process BP 7.45E-03 3.94E-01
GO:0033005 positive regulation of mast cell activation BP 7.48E-03 3.95E-01
GO:0042362 fat-soluble vitamin biosynthetic process BP 7.53E-03 3.97E-01
GO:0044707 single-multicellular organism process BP 7.64E-03 4.01E-01
GO:0046328 regulation of JNK cascade BP 7.71E-03 4.02E-01
GO:0050870 positive regulation of T cell activation BP 7.74E-03 4.02E-01
GO:0051023 regulation of immunoglobulin secretion BP 7.75E-03 4.02E-01
GO:0010562 positive regulation of phosphorus metabolic process BP 7.76E-03 4.02E-01
GO:0045937 positive regulation of phosphate metabolic process BP 7.76E-03 4.02E-01
GO:0012501 programmed cell death BP 7.81E-03 4.02E-01
GO:0086013 membrane repolarization during cardiac muscle cell action potential BP 7.81E-03 4.02E-01
GO:0009719 response to endogenous stimulus BP 7.86E-03 4.02E-01
GO:1902260 negative regulation of delayed rectifier potassium channel activity BP 7.87E-03 4.02E-01



 

 

GO ID GO Function Ontology P. Value FDR
GO:0043203 axon hillock CC 7.87E-03 4.02E-01
GO:0002251 organ or tissue specific immune response BP 7.88E-03 4.02E-01
GO:0032515 negative regulation of phosphoprotein phosphatase activity BP 7.91E-03 4.03E-01
GO:0031620 regulation of fever generation BP 8.11E-03 4.12E-01
GO:0071888 macrophage apoptotic process BP 8.13E-03 4.12E-01
GO:0045637 regulation of myeloid cell differentiation BP 8.20E-03 4.15E-01
GO:2000121 regulation of removal of superoxide radicals BP 8.25E-03 4.16E-01
GO:0034112 positive regulation of homotypic cell-cell adhesion BP 8.35E-03 4.19E-01
GO:1903039 positive regulation of leukocyte cell-cell adhesion BP 8.36E-03 4.19E-01
GO:0002573 myeloid leukocyte differentiation BP 8.36E-03 4.19E-01
GO:0009968 negative regulation of signal transduction BP 8.38E-03 4.19E-01
GO:0000185 activation of MAPKKK activity BP 8.41E-03 4.19E-01
GO:0042635 positive regulation of hair cycle BP 8.45E-03 4.20E-01
GO:0071316 cellular response to nicotine BP 8.47E-03 4.20E-01
GO:0050901 leukocyte tethering or rolling BP 8.52E-03 4.20E-01
GO:0061756 leukocyte adhesion to vascular endothelial cell BP 8.52E-03 4.20E-01
GO:0051533 positive regulation of NFAT protein import into nucleus BP 8.52E-03 4.20E-01
GO:0043122 regulation of I-kappaB kinase/NF-kappaB signaling BP 8.58E-03 4.21E-01
GO:0071550 death-inducing signaling complex assembly BP 8.59E-03 4.21E-01
GO:0002724 regulation of T cell cytokine production BP 8.63E-03 4.21E-01
GO:0034116 positive regulation of heterotypic cell-cell adhesion BP 8.65E-03 4.21E-01
GO:0032695 negative regulation of interleukin-12 production BP 8.66E-03 4.21E-01
GO:0032620 interleukin-17 production BP 8.67E-03 4.21E-01
GO:0010692 regulation of alkaline phosphatase activity BP 8.82E-03 4.26E-01
GO:0051704 multi-organism process BP 8.82E-03 4.26E-01
GO:0098581 detection of external biotic stimulus BP 8.86E-03 4.26E-01
GO:0050718 positive regulation of interleukin-1 beta secretion BP 8.87E-03 4.26E-01
GO:0050716 positive regulation of interleukin-1 secretion BP 8.87E-03 4.26E-01
GO:0002831 regulation of response to biotic stimulus BP 8.90E-03 4.26E-01
GO:0051716 cellular response to stimulus BP 8.94E-03 4.27E-01
GO:0060081 membrane hyperpolarization BP 8.95E-03 4.27E-01
GO:0002888 positive regulation of myeloid leukocyte mediated immunity BP 9.04E-03 4.29E-01
GO:0071801 regulation of podosome assembly BP 9.06E-03 4.29E-01
GO:0045624 positive regulation of T-helper cell differentiation BP 9.06E-03 4.29E-01
GO:2000810 regulation of bicellular tight junction assembly BP 9.11E-03 4.30E-01
GO:0006897 endocytosis BP 9.13E-03 4.30E-01
GO:1903817 negative regulation of voltage-gated potassium channel activity BP 9.20E-03 4.32E-01
GO:0043372 positive regulation of CD4-positive, alpha-beta T cell differentiation BP 9.21E-03 4.32E-01
GO:0043410 positive regulation of MAPK cascade BP 9.28E-03 4.34E-01
GO:0042221 response to chemical BP 9.30E-03 4.35E-01
GO:0042346 positive regulation of NF-kappaB import into nucleus BP 9.39E-03 4.37E-01
GO:0015271 outward rectifier potassium channel activity MF 9.53E-03 4.40E-01
GO:0008219 cell death BP 9.58E-03 4.40E-01
GO:0016265 death BP 9.58E-03 4.40E-01
GO:1900015 regulation of cytokine production involved in inflammatory response BP 9.61E-03 4.40E-01
GO:0031652 positive regulation of heat generation BP 9.63E-03 4.40E-01
GO:0008283 cell proliferation BP 9.64E-03 4.40E-01
GO:0086014 atrial cardiac muscle cell action potential BP 9.65E-03 4.40E-01
GO:0086026 atrial cardiac muscle cell to AV node cell signaling BP 9.65E-03 4.40E-01
GO:0086066 atrial cardiac muscle cell to AV node cell communication BP 9.65E-03 4.40E-01
GO:1902895 positive regulation of pri-miRNA transcription from RNA polymerase II promoter BP 9.65E-03 4.40E-01
GO:0045628 regulation of T-helper 2 cell differentiation BP 9.77E-03 4.44E-01
GO:0071356 cellular response to tumor necrosis factor BP 9.81E-03 4.44E-01
GO:0002764 immune response-regulating signaling pathway BP 9.82E-03 4.44E-01
GO:0060693 regulation of branching involved in salivary gland morphogenesis BP 9.90E-03 4.47E-01
GO:0032754 positive regulation of interleukin-5 production BP 9.91E-03 4.47E-01
GO:0043302 positive regulation of leukocyte degranulation BP 9.95E-03 4.47E-01
GO:0032689 negative regulation of interferon-gamma production BP 9.97E-03 4.47E-01
GO:0071435 potassium ion export BP 9.99E-03 4.47E-01
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Appendix 8. DNA methylation differences within each discordant CP twin pair, 

identifying numerous loci showing large DNA methylation differences within each 

discordant twin pair. 
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Twin pair 10 
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Twin pair 15 

Twin pair 16 
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Appendix 9. Gene ontology (biological process) common to multiple twin pairs. 
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Appendix 10: CpG sites (probes) within each twin pair group with an absolute 

methylation difference >0.5 and their corresponding genes. Genes are colour coded to 

highlight overlaps between twin pair groups 
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Appendix 11: MDS plots for pre-processed data. Samples are colored based on chip 

location ranging from 1 to 3. The figure represents similarities between samples’ 1000 

most variable probes based on euclidean distance (sum of squared differences). 

Dimension 1 represents the largest variation in the dataset and 2 and 3 are the second 

and third largest respectively 
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Appendix 12: Cross-platform validation of the top DMRs, GFPT2, PM20D1, ARID5B, 

OTX1, TTC39C and DLX5 between HM450 and EpiTYPER platforms. Pearson’s 

correlation coefficients for each probe are shown. The scale of both axes reflects a 

methylation value between 0 and 1 (β) in Figure 12a and difference in methylation 

values (affected twin minus the unaffected twin) in Figure 12b. Based on the r-value 

(correlation coefficient), correlations across both platforms are shown. The p-value 

indicates the significance of the correlation. 

 

Figure 12a 
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Figure 12b 
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Appendix 13. Primer sequences used in site-specific validation using Sequenom 

EpiTYPER. 

 

Amplicon Primer Name Primer Sequence 
Amplicon size 

(base pairs) 
GFPT2 Forward  GGTATTGAGAGGGTTTTTGGG  197 

  Reverse  AACTCCTCCTACCTTAATACTAACCA    
PM20D1 Forward  GGTAGGGAAAATTAGGAGTAGTATAGTTATTAG  354 

		 Reverse  AACCAAACATAACTCTAACCTAAAACCC    
ARID5B Forward  GGGTTAGTTGTGGAAATATTTTTGT  207 

  Reverse  AAAAAACTCTACTCTCTCCACCTCC    
OTX1 Forward  GTTTTAGGTTTTGTATTTTTTGGGG  243 

  Reverse  AAATATCCCTCTAAACCCTCAACTC    
TTC39C Forward  GGAGTAATTATGTGTTTTTGATATTTTTG  177 

		 Reverse  TGTTTTAGGTTTAAGGGTTGTGTTT    
DLX5 Forward  TTAGATTTTTATTTGAGTTGGGGAA  201 

		 Reverse  CCCTCTAAAACCAAAACTCCATAAT    
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Appendix 14. The top ranked DMPs (ranked on unadjusted p-value) in epilepsy affected 

cases and within discordant twin pairs in buccal tissue. 
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Appendix 15. The top ranked DMPs (ranked on unadjusted p-value) in epilepsy affected 

cases and within discordant twin pairs in blood tissue. 
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Appendix 16. Top 20 Gene ontology (GO) terms (BP = biological process) analysed for 

the 1000 top ranked CP-associated DMPs in buccal. 
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Appendix 17. Top 20 Gene ontology (GO) terms (BP = biological process) analysed for 

the 1000 top ranked CP-associated DMPs in blood. 
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Appendix 18. Top 20 hits from pathway analysis (KEGG) search analysed for the 1000 

top ranked CP-associated DMPs in buccal. 
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Appendix 19. Top 20 hits from pathway analysis (KEGG) search analysed for the 1000 

top ranked CP-associated DMPs in blood. 
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Appendix 20. Cross-platform validation of CpG sites of top-ranking DMRs. 

 

 

 

 


