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ABSTRACT 

Monozygotic (MZ) twins are currently used in epigenetic studies as one homogenous 

group. However, there are two MZ twin types: dichorionic (DC) and monochorionic 

(MC). We hypothesize that DCMZ twins are more similar epigenetically, compared to 

MCMZ twins, due to earlier zygote splitting, a higher degree of birth outcome similarity, 

or both. We recruited 220 newborn twins and obtained genome-wide DNA methylation 

profiles for 48 twins. Intraclass correlation coefficients (ICC) and linear mixed models 

were used to investigate the relationships between DNA methylation levels and 

chorionicity. DCMZ twins tended to have longer gestational age, larger birth weight, and 

smaller birth length discordance. DCMZ twins had more similar DNA methylation 

profiles than MCMZ twins (ICC=0.21 vs. 0.13), after adjusting for birth outcomes. 

Additionally, we identified 5,170 CpG sites with different DNA methylation levels 

between DCMZ and MCMZ twins. This study highlights the importance of incorporating 

chorionicity information in epigenetic twin studies.  
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Chapter 1:  

INTRODUCTION 

1.1 Epigenetics 

Epigenetics is defined as the study of mitotically heritable changes in gene expression 

that cannot be attributed to the underlying DNA sequence [1]. The genome consists of an 

organism’s DNA, while the epigenome is the additional layer of information that affects 

the transcription of the genome. Epigenetic mechanisms include, but are not limited to, 

DNA methylation, post-translational histone modification, and regulation by non-coding 

RNAs. The interactions between these mechanisms are responsible for generating 

different cell types and maintaining the diverse gene expression profiles of these cell 

types throughout life. Aberrations in epigenetic regulation has been linked to several 

different types of cancers [2-4] and other complex diseases, such as metabolic, 

endocrinological, neurological, neurodevelopmental, autoimmune, and psychiatric 

disorders [5-8]. The impact of epigenetics on cell function is significant, however, our 

understanding of epigenetic mechanisms, their regulation and their mode of inheritance 

still remains incomplete. 

 

1.1.1 DNA Methylation  

The most abundant and well-studied type of DNA modification is DNA methylation, 

which is the chemical addition of a methyl group on the fifth carbon of cytosine (5mC). 

In mammals, these cytosine modifications are usually present on palindromic CpG 
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dinucleotides. In the human genome, there are more than 28 million CpG dinucleotides, 

the majority of which are methylated (60-80%) [9]. Unmethylated CpG sites are usually 

found in dense clusters called CpG islands (CGIs), which are defined as regions of 

between 500 to 2,000 base pairs with a GC content of at least 50% and a ratio of 

observed to expected CpG frequencies above 0.6 [10]. DNA methylation contributes 

several biological processes, including gene expression, genomic imprinting, X 

chromosome inactivation, and genome stability [4, 11].  

In mammals, DNA methylation occurs almost exclusively in CpG dinucleotides. 

However, the cytosines in CpA, CpT, and CpC dinucleotides can also be methylated. The 

most abundant non-CpG methylation occurs at CpAs, which is shown to be positively 

correlated with gene expression in embryonic stem cells and negatively correlated with 

gene expression in brain cells [12-15]. In addition to cytosine methylation, the fifth 

carbon of cytosine can also be hydroxylmethyled (5hmC), formylated (5fC), and 

carboxylated (5caC). These modifications are oxidized intermediates in the 

demethylation process. Recently, there has been evidence that these modifications also 

have their own DNA demethylation-independent functions, though these functions are 

not fully understood [16, 17]. High levels of 5hmC have been found in neurons and 

embryonic stem cells (ESCs). Over-representation in the gene bodies and enhancers of 

active genes in ESCs highlight the importance of the 5hmC mark in normal development 

[18]. DNA methylation, along with other DNA modifications, adds another layer of 

complexity to the underlying DNA sequence to provide dynamic transcriptional 

regulation. 
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1.1.2 Other Epigenetic Mechanisms  

Well-studied epigenetic mechanisms, other than DNA modifications, include post-

translational histone modifications and regulation by non-coding RNAs, though there are 

others, including chromatin remodelling and alternative histones. To provide a more 

complete picture of[19] epigenetic regulation, this section presents a brief summary of 

some epigenetic mechanisms as well as examples of their interactions with DNA 

methylation. 

Post-Translational Histone Modifications 

Histones are proteins that package DNA into structures called the nucleosome, which 

facilitates the organization and compaction of DNA in the nucleus. One hundred and 

thirty six base pairs of DNA wraps 1.6 times around a histone octomer composed of two 

H3, two H4, and two dimers of H2A-H2B histones linked by an exterior histone H1 . The 

histones in the octomer contain protruding N-terminal tails that are susceptible to 

chemical modifications. The location and type of modification determines its effect on 

DNA transcription. The most studied histone modifications are methylation and 

acetylation, but there are others, including phosphorylation and ubiquitination. Histone 

acetylation is positively correlated with gene activity. The acetyl group, added to a lysine 

in the histone tail, will reduce the positive charge of the histone and weaken its 

interaction with negatively charged DNA; this makes DNA accessible to chromatin 

remodellers and transcription factors. Histone methylation is correlated with gene activity 

or inactivity, depending on the modified amino acid location. For example, methylation 

at H3K4 (the fourth lysine on histone H3) is associated with gene activity, whereas 

methylation at H3K9 and H3K27 is associated with gene inactivity.  
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DNA methylation marks can interact with histone modifications through histone 

modifying proteins that are specific for methylated DNA. For example, methyl-binding 

proteins (MBPs) bind to DNA methylation marks, which can in turn help recruit histone 

deacetylase (HDAC) complexes and remove the acetyl group on histone tails [20]. 

Another example includes the maternally expressed PGC7, which protects the maternal 

allele of maternally imprinted genes from demethylation during pre-implantation global 

erasure by interacting with the histone modification H3K9me2 [21]. 

Non-Coding RNAs 

Non-coding RNAs (ncRNAs) are RNA molecules that are not translated into proteins. 

The main types of ncRNAs involved in epigenetic regulation are PIWI-interacting RNAs 

(piRNA) and long non-coding RNAs (lncRNAs), though there are several other classes of 

ncRNAs, including microRNAs (miRNAs) and small interfering RNAs (siRNAs), which 

are widely used in knockdown or RNA interference experiments. PiRNAs are 25-34 

nucleotide long RNA molecules, transcribed from transposons, which help in the 

maintenance of genomic stability by silencing transposable elements. Different PIWI 

proteins, MILI, MIWI1 and MIWI2, each with specific roles, can bind with piRNAs. 

PIWI bound piRNAs have the ability to bind to transposons and silence transcription in a 

process called RNA-directed DNA methylation at a transcriptional start site [22]. There is 

still much to be understood about RNA-directed DNA methylation, such as the 

mechanism and proteins involved in the repression of regions other than transposable 

elements and repetitive sequence.  

LncRNAs have been found to be involved in gene silencing, X chromosome inactivation, 

and genomic imprinting. Generally, lncRNAs remain in proximity to the area they are 
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transcribed, where they can interact with epigenetic complexes and guide them to specific 

sites in the genome. Their length of over 200 nucleotides provides sufficient specificity 

for epigenetic complexes to interact with a unique DNA sequence. A widely studied 

lncRNA is XIST, which is expressed only in the inactive X chromosome, marking it for 

inactivation. Specifically, it binds to a protein called Polycomb Repressive Complex 2 

(PRC2), which lays down the repressive mark H3K27me [23]. 

 

1.2 DNA Methylation 

1.2.1 Biological Roles of DNA Methylation 

DNA methylation is implicated in several crucial biological processes such as gene 

expression regulation, RNA silencing, genomic imprinting, and X chromosome 

inactivation (XCI). The effect and function of DNA methylation is largely based on its 

position, in relation to the gene that it is regulating, and the density of the surrounding 

CpG sites. 

Gene Expression  

DNA methylation is well known as a repressive regulator of gene expression when 

present at promoter regions, specifically within CGIs. There are approximately 50,200 

CGIs in the human genome, which are enriched in the promoters of housekeeping and 

developmental genes [24]. The majority of proximal promoter CGIs for housekeeping 

genes are unmethylated, while methylated proximal promoter CGIs tend to be linked to 

tissue-specific genes. DNA methylation at these regions contribute to the downregulation 

of gene expression, either by preventing the binding of specific factors required for 
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transcription, recruiting factors that repress transcription, or interacting with post-

translational histone modifications [25]. 

The specificity of key proteins for methylated cytosines allows DNA methylation to 

influence gene expression. DNA methylation can silence gene expression by preventing 

the binding of activating transcription factors to DNA. Methylated DNA can also silence 

gene expression by allowing the binding of transcription co-repressors or chromatin 

remodellers, which will change the configuration of chromatin so that the promoter is 

inaccessible to transcription factors. MBD proteins, including MBD1, MBD2, MBD4, 

and methyl CpG binding protein 2 (MeCP2), recognize methylated DNA through their 

methyl-binding domain (MBD) [26]. Contrarily, a group of transcription factors, called 

Kruppel-like zinc fingers (KFLs), stimulate transcription when bound to methylated 

DNA [27]. Distal promoter CGIs and CGIs that are located in intergenic regions, also 

known as orphan CGIs, may also act like proximal promoter CGIs [25]. 

Conversely, high levels of DNA methylation within the gene body is usually positively 

linked with gene expression, and function as a repressor for transposable elements, 

stabilizing the genome [28]. Recently, there has been an emergence of evidence for the 

involvement of DNA methylation at intragenic regions in alternative RNA splicing. RNA 

splicing requires a donor site, an acceptor site, and a branch site. Donor sites tend to be 

hypomethylated and have denser CpG sites, while acceptor sites are hypermethylated but 

have less dense CpG sites. It has been shown that the density of the DNA methylation is 

associated with the strength of the splice site [29]. 
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Genomic Imprinting 

Imprinting genes are genes in which only one allele is expressed in a parent-of-origin 

manner (e.g. the maternal allele is expressed, while the paternal allele is silent). They 

occur in clusters within a genome. While genome organization is identical in all tissue, 

clusters of imprinting genes do not always result in imprinted expression in all tissues. 

These clusters are controlled by DNA methylation at a specific region called the 

imprinting control region (ICR). If a gene is paternally imprinted, the ICR of the paternal 

genome will be methylated but not the ICR of the maternal genome, resulting in silencing 

of the paternal gene and expression of the maternal gene. The opposite occurs if a gene is 

maternally imprinted. Additional gene expression control comes from the DNA 

methylation status of imprinted DMRs (iDMRs) located near the ICRs, which are also 

parent-of-origin specific. Imprinting plays an important role during development. 

Imprinted genes are highly expressed during embryonic development and have decreased 

expression after birth [30]. Errors in DNA methylation at ICRs have been associated with 

congenital disorders, such as Beckwith-Widermann syndrome (BWS) and Silver-Russell 

syndrome (SRS) [31, 32]. Interestingly, DNA methylation profiles at these sites have 

been proposed to be able to reveal earlier environmental exposures and serve as 

epigenetic memory [31]. 

X Chromosome Inactivation 

Similar to its role in imprinting, DNA methylation is involved in the silencing of gene 

expression in one allele on the X chromosome, while the other allele remains active, in a 

process called X chromosome inactivation (XCI). Females have two X chromosomes, 

while males have one. To prevent overexpression in females, the expression of most 
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genes on one X chromosome is turned off [23]. Not surprisingly, DNA methylation levels 

are higher in the inactive X chromosome (Xi), compared to the active X chromosome 

(Xa) [33], particularly at promoter CGIs. Additionally, DNA methylation is shown to 

control the expression of the ncRNA XIST [34], which is expressed by the Xi to 

inactivate itself. XIST ncRNA coats the Xi and recruits repressive factors to methylate 

and compact the DNA [23]. 

 

1.2.2 Establishment, Maintenance and Regulation of DNA Methylation 

DNA is methylated by a family of enzymes called DNA methylatransferases (DNMT), 

mainly DNMT1, DNMT3A, and DNMT3B. DNMT1, which is usually associated with 

the replication machinery, maintains DNA methylation during replication by acting on 

hemi-methylated DNA and using the methylation patterns from the parent strand to 

methylate the newly synthesized strand [35]. DNMT1 has low de novo DNA methylation 

activity so sites where the parent strand is not methylated will remain unmethylated after 

replication. A mutation in the Dnmt gene in mice causes abnormal development and leads 

to embryonic death [36]; highlighting its importance in embryonic development. 

DNMT3A and DNMT3B are mainly involved in de novo DNA methylation. DNMT3A is 

responsible for remethylation of maternal oocytes when follicles are recruited and has an 

important role in differentiated cells late in embryogenesis. DNMT3A knock out in mice 

results the birth underdeveloped fetuses that die within 4 weeks. DNMT3B is highly 

expressed at the time of implantation and is responsible for remethylation after pre-

implantation erasure. Severe developmental defects such as impaired neural tube 
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development and decreased embryonic survival are found in DNMT3B knockout mice 

[37]. DNMT3L lacks a catalytic domain and is a co-factor that stimulates the activities of 

DNMT3A and DNMT3B during embryogenesis [38]. 

The process of DNA demethylation has been unclear for many years due to the lack of an 

obvious demethylation enzyme, which has not been found in animals. One mechanism of 

DNA demethylation is through a simple dilution from the lack of DNA methylation 

maintenance after DNA replication, called passive demethylation. However, DNA 

demethylation can occur quickly and in the absence of DNA replication, which suggests 

the presence of active demethylation. Different pathways for active DNA demethylation 

that involve DNA repair enzymes have been proposed. For example, base excision repair 

(BER) recognizes a mismatch and replaces a methylated cytosine with an unmethylated 

cytosine [39]. The ten-eleven translocation (TET) family of proteins is a key component 

of the demethylation process. TET proteins oxidize 5mC to 5hmC, which can then be 

oxidized to 5fC and 5caC. These intermediates are then recognized by a DNA 

glycosylase, specifically thymine DNA glycosylase (TDG), and undergo BER. This 

mechanism is supported by the observation of hypermethylation in developmental genes 

observed in TDG knockout mice [40]. The deamination of 5mC, by the AID/APOBEC 

family of deaminases, can also create a mismatch that will be recognized by TDG and 

repaired by BER. Additionally, DNMT1 does not recognize 5hmC and will therefore not 

maintain the methylation status of DNA after it has been oxidized by TET proteins [38].  
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1.2.3 DNA Methylation Dynamics during Fetal Development  

Global DNA demethylation occurs twice in the mammalian genome. The first round 

occurs after fertilization, during pre-implantation development and the second round 

occurs in primordial germ cells. In primordial germ cells, remethylation occurs in the 

male germline before birth, while remethylation in the female germline occurs after birth 

[41]. The removal of DNA methylation marks present in the gamete genome, prior to 

implantation, allows the genome to enter a totipotent state with the ability to form all cell 

types in the body. Shortly after fertilization, the paternal genome undergoes active 

demethylated while the maternal genome is passively demethylated (Figure 1.1). 

Imprinted genes remain methylated during this erasure, allowing parent-of-origin marks 

to be maintained [2]. Repeats also maintain their DNA methylation marks during the 

global demethylation event. These regions are kept silent because they can cause 

improper recombination between chromosomes and aberrant expression of genes. By 8 

hours post-fertilization, the majority of methyl marks are actively removed from the 

paternally inherited genome. The methylation in the maternal genome is diluted out 

through each cell division and becomes completely demethylated by the blastocyst stage, 

immediately before implantation. The passive demethylation is hypothesized to be due to 

the lack of DNMT1O from the nucleus of the oocyte. The genome of the embryo gets 

remethylated at around the time of implantation, in a lineage specific fashion. 

Consequently, each cell lineage will have its own set of epigenetic marks associated with 

their function [41]. 
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Figure 1.1.  The post-fertilization DNA methylation level changes of the paternal (blue) 
and the maternal (red) genomes. 
 

1.2.4 Technologies for Genome-Wide DNA Methylation Profiles  

DNA methylation is currently the most extensively studied epigenetic mark because it 

can be easily measured using high throughput techniques. Both microarray and 

sequencing (referred to as pyrosequencing) technologies can provide genome-wide DNA 

methylation values, after DNA is chemically treated with sodium bisulfide. The methyl 

group does not affect the complementary binding specificity of DNA bases; methylated 

cytosine, like unmethylated cytosines, will hybridize to guanine. Bisulfite conversion is a 

chemical modification that differentiates methylated and unmethylated cytosines by 

converting the unmethylated cytosine residues into uracil while the methylated cytosines 

remain cytosines. After conversion, methylated cytosines will hybridize to guanine while 

unmethylated cytosines  that have been converted to uracil will hybridize to adenine. The 
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methyl marks can also be detected via antibodies, methyl binding proteins, or restrictive 

enzymes. 

Currently, there are 4 main types of technologies used to obtain genome-wide DNA 

methylation information: whole-genome bisulfite sequencing (WGBS), enrichment-based 

methods followed by sequencing, reduced-representation-bisulfite-sequencing (RRBS), 

and microarrays. The gold standard is WGBS due to its ability to measure DNA 

methylation of the entire genome at a single base resolution. However, the high cost, 

large amount of DNA required, and computational complexity makes it difficult to 

perform on a large number of samples. Enrichment based technologies utilize antibodies 

(methyl-DNA immunoprecipitation, MeDIP) or specific proteins (methyl-binding domain 

capture, MBDCap) to pull out methylated DNA for either sequencing or microarray 

analysis. These technologies do not rely on bisulfite conversion; however, they tend to 

favour certain genomic regions based on CpG density and do not provide single base 

resolution. RRBS, like the enrichment methods, reduces the amount of genetic 

information to interrogate and the financial and computation burden of WGBS, but could 

lose information due to its selective affinity based on CpG density. Unlike the enrichment 

methods, RRBS uses restrictive enzymes and provides single base resolution.  

Finally, microarray technologies rely on hybridization of the sample DNA to pre-

designed probes. This is the ideal option for large sample sizes due to its high-throughput 

nature, lower cost, and small amount of DNA required. The largest available array at this 

time is HM450 and, although it only contains 1.7% of the CpG sites in the human 

genome [42], it covers 96% of all CGIs as well as sites that are located outside of CGIs 

[43]. The probes are dispersed across all functional genomic regions, including intergenic 
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regions, and covers 99% of the RefSeq genes at an average of 17.2 probes per gene [44]. 

Due to the correlated nature of neighbouring CpG sites [45], the HM450 BeadChip has 

been shown to be representative of a large portion of the genome. Alhough the HM450 

BeadChip provides the least genomic coverage compared to the previously mentioned 

technologies, it provides good coverage of regions, such as proximal promoter CGIs, 

previously determined differentially methylated regions, cancer related regions, and 

DNase I hypersensitive sites, and was deemed clinically important by a consortium of 

methylation researchers [44]. For these reasons, it is currently the most commonly used 

technology for investigating the association between DNA methylation levels and a 

disease or trait of interest, in large cohorts.  

 

1.2.5 Factors Known to Influence DNA Methylation Levels 

DNA methylation is partially stable, or metastable, and is affected by the complex 

interaction of genetic, environmental and stochastic factors. These factors play an 

important role in the variable DNA methylation profiles among individuals [46].  

Genetics 

The extent of genetic influence on DNA methylation varies across individual CpG sites, 

depending on its location and the density of neighbouring CpG sites [2, 25]. The obvious 

case is when either the C or the G in a CpG site is a single nucleotide polymorphism 

(SNP), meaning that they can vary across individuals. This directly correlates with the 

methylation at the particular CpG site because it determines the presence or absence of a 

potential methylation site. As a result, DNA methylation levels are high in homozygotes 
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with two CpG sites, intermediate in heterozygotes, and low in homozygous individuals 

with no CpG sites, at that particular locus. Since neighbouring CpG sites are highly 

correlated, this effect can spread across nearby CpGs [47]. 

The gold standard strategy used to provide evidence for a role of genetics in a given trait 

is the use of twin studies. If a trait or disease has higher concordance rates in MZ twins 

compared to DZ twins, there is strong evidence of genetic heritability, which is the case 

for DNA methylation. Heritability is defined as the proportion of phenotypic variance in 

the population that is attributed to genetic variation and can be estimated using 

information obtained from twins and/or families. Since MZ twins are genetically more 

similar than DZ twins, if a trait or disease is caused by genetic factors, it will have higher 

concordance in MZ twins than in DZ twins.  The genetic contribution to DNA 

methylation levels is supported by studies showing that MZ twins generally have more 

similar global DNA methylation profiles compared to DZ twins [48-51]. Kaminsky et al. 

[51] investigated the DNA methylation profiles, using the 12K CpG island microarray, of 

20 MZ twins and 20 DZ twins. They observed that the average difference in DNA 

methylation levels, in buccal epithelial cells, was significantly lower between MZ twin 

pairs compared to DZ twins (p = 1.2 x 10-294). A larger study, by McRae et al. [49], 

confirmed that MZ twins had a higher correlation of DNA methylation levels than DZ 

pairs using 268 twins. Additionally, the evidence genetic contribution to DNA 

methylation levels was strengthened by the identification of several methylation 

quantitative trait loci (meQTL) [52-54]. These genetic loci act in cis or trans to influence 

DNA methylation levels. A genome-wide association study (GWAS), using a 

combination of DNA methylation and genotype data, DNA methylation levels at 180 
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CpG sites located within 173 genes were identified to be associated with neighbouring 

SNPs [47]. Previous studies, using the HM27 microarray, have estimated the mean 

heritability of DNA methylation levels to be 0.18 and 0.19 in whole blood cells [52], 0.12 

in cord blood mononuclear cells (CBMCs), 0.07 in human umbilical vein endothelial 

cells (HUVECs), and 0.05 in placental cells [50]. The major limitation of the published 

twin studies is that they do not incorporate chorionicity information; this may violate the 

assumption that MZ and DZ twins share equal intrauterine environments. 

Trans-generational DNA Methylation and Epigenetic Inheritance 

The mechanism of mitotic transmission of DNA methylation marks is known; however, 

the mechanism of transmission through meiosis, or trans-generational inheritance of 

methyl marks is yet to be established. The two rounds of global DNA methylation 

erasures make it difficult to envision a mechanism, other than imprinting, that will 

maintain trans-generational DNA methylation inheritance, spanning over three 

generations. The DNA methylation inheritance seen in the second and third generations 

can be confounded by environmental exposure of the first generation mother during 

pregnancy. A possible mechanism for trans-generational epigenetic inheritance includes 

incomplete reprogramming, which may be similar to imprinting where the DNA 

methylation at certain regions is genetically predetermined to be protected. If trans-

generational epigenetic inheritance does occur, it would have a large impact on our 

understanding of inheritance. Not only would parents pass along their genetic information 

to their offspring, but also the epigenetic marks they acquired throughout their lifetime 

and potentially their parents’ lifetimes as well. 
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There have been several examples of phenotypes that have been passed on from parents 

to offspring that could not be explained by genetics. A large human epidemiological 

study, called the Dutch Famine Birth Cohort Study, investigated the effect of reduced 

nutrient supply to the fetus during pregnancy. In the winter of 1944-1945, the Dutch 

Famine resulted in a significant reduction in the average caloric intake for adults. The 

study found that under-nourishment during the peri-conceptual period of pregnancy, the 

time surrounding fertilization, resulted in reduced glucose in both male and female 

offspring during adulthood [55]. There has also been a link between under-nutrition 

during pregnancy and a higher prevalence of coronary heart disease [56] and obesity [55]. 

Trans-generational effects were not observed in siblings conceived during non-famine 

times [57]. These effects were associated with DNA methylation changes in imprinting 

genes, such as IGF2, GNAS, and MEG, suggesting that nutrition can affect certain 

susceptible regions. Another interesting epidemiological study, using the Overkalex 

Cohort, contains data from a small town located north of Sweden that was frequently 

exposed to famine periods. This study showed that an increase in grandparental nutrition 

was associated with a decrease in the longevity of the grandchild’s life. The susceptibility 

periods were not around conception, like the Dutch Famine, but were between the ages 9-

12 in grandfathers and 8-10 in grandmothers, which are periods of germ cell maturation. 

Interestingly, the effects were sex-specific; a male is potentially affected if the over-

nutrition occurred in his paternal grandfather, whereas for a female, it is the over-

nutrition in the paternal grandmother that affects her health and lifespan. However, these 

results have not been replicated and do not have molecular confirmation, so we do not 

know whether this occurrence is linked to epigenetic or genetic inheritance. 
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Environmental Exposures 

McRae et al. [49], found a small increase in the DNA methylation level correlations of 

DZ twins compared to non-twin sibling pairs, as well as a slightly higher correlation in 

unrelated parent pairs compared to unrelated pairs, which supports the influence of 

common environmental effects. The same study showed a slight increase in the 

correlation of mother-offspring pairs, compared to father-offspring pairs, suggesting that 

there are maternal effects possibly occurring during in utero development. Environmental 

stimuli during critical periods of in utero development, such as the pre-implantation and 

early post-implantation periods, can influence DNA methylation profiles [58]. DNA 

methylation is most sensitive to environmental insults during these periods because DNA 

is undergoing major epigenetic reprograming. Furthermore, DNA methylation plasticity 

is high during the entire pregnancy due to high rates of DNA replication and cell division 

that occurs during fetal development. Fetal exposure to maternal cigarette smoking, 

alcohol consumption, recreational drug use, and artificial reproductive technologies may 

have a significant impact on DNA methylation levels at certain regions of the genome 

[59].  

The fetal origin of disease theory, or the Barker Hypothesis [60], suggests that the fetus 

attempts to adapt to different conditions in utero, which could have permanent effects on 

adult health and disease. This theory is proposed to have an epigenetic basis. Similarly, 

the thrifty phenotype hypothesis suggests that during an in utero period of low nutrition, 

the fetus is programmed to store energy. This excessive energy storage continues after 

birth, even if nutrition is sufficient, which can lead to obesity and other diseases such as 

diabetes and cardiovascular disease [60]. Epigenetic mechanisms could act as a mediator 
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between the genome and the environment, allowing an organism to adapt to specific 

environmental stimuli by altering the regulation of its genes. DNA methylation levels can 

potentially be affected by many environmental factors, below are a few relevant 

examples. 

Cigarette smoking is a strong modifier of DNA methylation, especially when exposed 

prenatally. Despite the well-known consequences of smoking, approximately 10% of 

pregnant women in Canada smoke (Health Canada, 2011). Guerrero-Preston et al. [61] 

found that the global DNA methylation levels in newborns that have been exposed to 

maternal cigarette smoke were lower than those of newborns who were not exposed. 

Another study reported cigarette smoke exposure associated DNA methylation level 

changes at 26 specific CpG sites from 10 genes, using the HM450 microarray profiles in 

newborns exposed to maternal cigarette smoking. These genes included AHRR and 

CYP1A1 that play key roles in the mediation and detoxification of compounds found in 

tobacco smoke [62]. Exposure to cigarette smoke has been found to not only affect the 

immediate next (F1) generation but can also influence the disease risk in the second (F2) 

generation. Li et al. [63] observed a greater risk of asthma in grandchildren when a 

grandmother smoked cigarettes during her pregnancy. The grandchild’s risk of asthma 

was seen even when the mother did not smoke (OR = 1.8; 95% CI = 1.0 to 3.3), but the 

risk for asthma increase if the mother also smoked during her pregnancy (OR = 2.6; 95% 

CI = 1.6 to 4.5). Independent from maternal grandmother smoking, maternal smoking is 

also associated with an increased risk of asthma in offspring (adjusted OR = 1.5; 95% CI 

= 1.0 to 2.3). Altered DNA methylation patterns in fetal oocytes, which are present 
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during fetal development, is the proposed mechanism of this trans-generational 

association between cigarette smoke exposure and risk of asthma. 

Maternal alcohol consumption can cause aberrant DNA methylation levels by affecting 

methyl donor metabolism [64], resulting in fetal alcohol spectrum disorders (FASD), 

growth restriction, and congenital abnormalities [65]. Animal studies revealed a link 

between fetal alcohol exposure and significant aberrations in DNA methylation levels. 

Liu et al. [66] observed hypermethylation in metabolism genes while developmental and 

imprinting genes were hypomethylated, leading to abnormalities in the heart, brain, 

neural tube, and limbs. Zhou et al. [67] found hyper- and hypo- methylation of normally, 

intermediately methylated genes after alcohol exposure of neural stem cells, which 

delayed their migration and differentiation. Another study on mice revealed a significant 

decrease in the methylation of the H19 imprinted gene in the sperm of offspring exposed 

to maternal alcohol consumption. Interestingly, there was an even larger decrease in H19 

methylation of F2 sperm, which affects fertility. H19 hypomethylation was also found in 

the brain of the offspring [68].  

Maternal stress has been shown to affect the levels of DNA methylation in a fetus by 

acting through hormone signalling. Glucocorticoid, in particular, has been shown to 

increase the activity of DNA methyltransferases, leading to increased methylation and 

decreased gene expression of certain genes [69]. Maternal consumption of prescribed and 

over-the-counter medications [70] as well as maternal nutrition [71] during pregnancy, 

have also been implicated in changes in DNA methylation levels in the developing fetus. 
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Assisted Reproductive Technology  

Assisted reproductive technology (ART) is comprised of a range of methods used to 

achieve fertility by manipulation of eggs and sperms, including intra-cytoplasmic sperm 

injections (ICSI), in vitro fertilization (IVF), and fertility drug use. A higher frequency of 

abnormal DNA methylation levels has been observed in imprinting regions in children 

conceived using ART [32, 72-74]. ART has been associated with an increase in 

imprinting related disorders, such as Beckwith-Weidemann Syndrome [72-75], 

Angelman Syndrome [76], and Silver-Russell syndrome [72]. However, larger 

epidemiological cohort studies showed no association [77, 78]. The causal effects of ART 

on DNA methylation is largely unknown due to confounders such as the increased 

maternal age and increased incidence of disorders that are associated with infertility. 

ART may include giving the mother hormones to increase ovulation and release multiple 

eggs at once. This increases the speed of the maturation process during the second wave 

of global demethylation and could lead to abnormal methylation patterns [79]. Similarly, 

the maturation process may be disrupted in the father when the sperm is physically 

removed, rather than being naturally ejaculated [80]. For ICSI and IVF, a fertilized egg is 

kept in cultured media, while it is undergoing global demethylation and re-methylation, 

until it reaches the blastocyst stage, at which point it is implanted in the mother’s uterus. 

Chen et al. [81] looked at ART embryos that were not transferred and found 18.7% 

showed hypomethylation at the H19 locus, suggesting that culturing embryos could have 

a profound effect on the DNA methylation process. Essentially, ART is performed during 

both crucial periods establishing DNA methylation; therefore ART could have a 

profound effect on global DNA methylation patterns. Another perspective is that infertile 
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patients may already have underlying imprinting gene-related abnormalities in their germ 

cells. ART may not be the culprit but simply assists in passing along these abnormalities 

[82]. 

Ethnicity 

DNA methylation levels have been found to vary between different populations due to 

population-specific allele frequencies of genetic variants that affect DNA methylation, as 

well as complex gene-gene or gene-environment interactions. Using the HM27 and 60 

mother-father-offspring trios, including 30 Northern Europeans trios and 30 Yorubans 

(West African) trios, from HapMap, Fraser et al. [83] found that the DNA methylation 

levels in approximately 30% of the CpG sites differed between populations (p < 0.01) 

though the differences were small in magnitude. Heritability for DNA methylation levels 

was observed at 762 CpG sites in Europeans and 930 sites in Africans; however, the two 

sets of CpG sites had almost no correlation (r2 = 0.0002). Forty-nine DNA methylation 

level-associated SNPs (mSNPs) were found in Europeans and 86 in Africans, 11 of which 

were found in both populations. At these locations, the level of DNA methylation 

correlated with a specific genotype, for example, a CC genotype at SNP rs3806308 was 

associated with low levels of DNA methylation at CpG site cg09195271, CT was 

intermediate, and TT was associated with higher levels of methylation. Another study, 

using the HM27 and 107 African-American and 94 Caucasian newborns, found that DNA 

methylation at 13.7% of the CpG sites showed significant differences between the two 

groups [84]. Population differences in DNA methylation levels have also been 

demonstrated in several genes implicated in cancer, such as LINE-1 and CD44 [85], 

suggesting that DNA methylation could contribute to the incidence differences between 
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ethnicities [84]. These findings, combined with the knowledge that SNP allele 

frequencies vary in different populations, strongly suggest that ethnicity should be taken 

into account when comparing the levels of DNA methylation between individuals. 

Aging  

Though the epigenome is re-established during embryogenesis and the developmental 

period of a fetus, DNA methylation changes occur throughout life and is a part of aging 

[86]. There has been evidence supporting two conflicting views on age-associated DNA 

methylation drift, which is the gradual increase or decrease in DNA methylation levels 

with age. This can be observed as the increase in DNA methylation discordance between 

twins, with increasing age. Using 80 MZ twin pairs between the ages of 3 and 74 years, 

Fraga et al. [87] observed an increase in global within pair DNA methylation level 

discordance with increasing age in lymphocytes, buccal epithelial cells, intra-abdominal 

fat tissue, and skeletal muscle biopsies. The younger MZ twins with similar lifestyles 

displayed smaller DNA methylation differences and the pairs with the largest differences 

were older MZ twins with different lifestyles or different medical histories, suggestive of 

strong environmental influence. Other studies have also identified a proportion of CpG 

sites, usually non-CGI and non-promoter sites, that tend to change over time [48]. 

However, Gordon et al. [50] investigated the Infinium HumanMethylation27 array data 

of blood cells from 94 MZ and 17 DZ twin pairs aged 0 to 73 years and found no 

evidence for epigenetic drift.  

The above-mentioned studies mentioned are all cross-sectional and only represent the 

DNA methylation levels at one point in time. A recent longitudinal study examined at the 

genome-wide DNA methylation profiles of buccal epithelial cells from MZ twins at the 
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time of birth as well as at 18 months [88]. They demonstrated that the DNA methylation 

levels of one third of the CpG sites on the HM450 array showed a change from birth to 

18 months. These sites were mostly found at low CpG density and intragenic regions, 

whereas CpG islands and promoter probes were under-represented. Some twin pairs 

showed a change in correlation, either a drift or convergence, while others remained the 

same. Another study examined the DNA methylation levels of 3 candidate genes for 

neuropsychiatric disorders in MZ and DZ twins at ages 5 and 10. They found intra-

individual changes in DNA methylation levels at all sites over time [89]. 

Though gestational age represents a shorter period of time, exposures during this time 

have the potential to dramatically influence DNA methylation levels. Significant 

associations between gestational age at birth and DNA methylation levels have been 

observed in 25 genes. This study used the whole umbilical cord blood HM27 data from 

two independent cohorts, a discovery cohort of 259 newborns and a replication cohort of 

194 newborns. Some of these genes were implicated in pregnancy, timing of delivery, or 

development [90].  

These results demonstrate that certain CpG sites are more susceptible to aging (or 

environmental exposures during lifetime) while others remain more consistent throughout 

life, and these sites may be cell type and individual specific. 

Birth Outcomes (Birth Weight, Length, and Head Circumference) 

Birth weight is essentially the outcome of all the molecular processes that occur during 

the development of an embryo. It is the result of the transport of nutrients from the 

mother to the developing fetus. Significant deviations from normal birth weights, both 
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high and low, have been shown to be related with obesity [91], type 2 diabetes [92], 

cardiovascular disease [93], breast cancer [94], and prostate cancer [95]. Recently, there 

has been an emergence of studies focusing on epigenetics as the mechanistic cause of the 

link between birth weight and diseases in childhood and adulthood [96]. Vidal et al. [96] 

has shown that mothers who took antibiotics during pregnancy tend to give birth to 

newborns with lower birth weights compared to those who were not exposed to prenatal 

antibiotics. In their study, 9 iDMRs were analyzed by pyrosequencing cord blood DNA. 

The PLAGL1 DMR was found to be significantly associated with antibiotic exposure as 

well as with birth weight (p = 0.01). Other birth outcomes, such as birth length and birth 

head circumference, though highly correlated with birth weight, are not well studied. 

Sex 

In addition to the differences in the DNA methylation profiles of sex chromosomes due to 

XCI (discussed in Section 1.2.1), there are also differences in the DNA methylation 

profiles of autosomal chromosomes by sex. The higher levels of glucose-stimulated 

insulin secretion observed in females can be attributed to sex differences in DNA 

methylation levels [97]. It has also been proposed to contribute to the sex bias in the 

presentation of disorders such as bipolar disorder, where the CpG sites found to be 

differentially methylated between cases and controls did not overlap for males and 

females [98]. Atkins et al. [84] found that DNA methylation levels of 2% of the 

autosomal CpG sites from the HM27 BeadChip differed between newborn males and 

females. Sex differences, identified by the HM450 array, may also be caused by technical 

variations due to cross hybridization of the regions on a sex chromosome to probes 

intended to interrogate autosomal regions. Approximately 13,000 autosomal-targeting 
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probes have been identified to have more than 47 base pairs identical to regions on the 

sex chromosome [99].  

 

1.3 Twins 

1.3.1 Twin Zygosity 

Twins are defined as two offspring that are produced by a single pregnancy. They can 

either be monozygotic (MZ), the result of splitting a single fertilized egg, or dizygotic 

(DZ), developed from two separate fertilizations of two eggs [100]. Genetically, MZ 

twins share almost 100% of their genetic variants, whereas DZ twins are like siblings and 

share approximately 50% of their genetic variants. The divergence from normal 

reproduction that results in DZ twins occurs during follicle maturation and release, where 

more than one oocyte is released during ovulation [101]. Consequently, DZ twinning is 

significantly associated with several maternal factors such as age, parity, ethnicity, and 

geographic location [101-103]. The insult resulting in MZ twins likely occurs at the time 

of zygote splitting after fertilization. Though there has been reported familial history of 

MZ twinning, it has not been consistently found to be associated with genetic or 

environmental factors, including maternal factors [100, 101]. 

 

1.3.2 Twin Chorionicity 

Depending on the time of zygote splitting, MZ twins can either share a common chorion 

(monochorionic, MC) or have two separate chorions (dichorionic, DC). About one third 

of MZ twins are DC and are the result of zygote splitting before 4 days post-fertilization, 
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while two thirds are MC and arise from splitting within 4-8 days post-fertilization [100] 

(Figure 1.2). Chorion is a thick outer membrane between the mother and the developing 

fetus. DZ twins are DC, with extremely rare cases having fused chorions. 

 

Figure 1.2. The timing of zygote splitting and the resulting chorionicity in MZ twins. 

 

Chorionicity is routinely determined for twin pregnancies because MC pregnancies have 

a pregnancy loss rate of up to 5-fold higher than DC twins, mainly due to complications, 

such as twin-twin transfusion syndrome (TTTS) or selective fetal growth restriction 

[104]. MC pregnancies therefore require closer monitoring. Chorionicity provides 

information on whether zygote splitting has occurred earlier (1-3 days) or later (4-8 days) 

during development. Ideally, chorionicity is determined between 11 and 14 weeks of 

gestation when the marker for chorionicity is the most distinguishable using ultrasound. 

The mark for a DC pregnancy is the λ-sign, which represents the triangular tissue at the 

base of the inter-twin membranes. An absence of the λ-sign, known as the T-sign, 
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signifies a MC pregnancy [105]. Several studies have looked at the accuracy of 

chorionicity determination through ultrasound by comparing it with results obtained by 

placental histology and chorionicity in DZ twins. These studies found that over 97.9% of 

pregnancies could be accurately classified before a gestational age of 14 weeks [105-

107]. The expansion of the chorion, as the pregnancy progresses, leads to decreased 

visibility of the λ-sign in dichorionic pregnancies. The λ-sign became less visible in 

approximately 7% of dichorionic pregnancies after 20 weeks of gestation [108]. 

Therefore, the false negative rate increases as dichorionic pregnancies are erroneously 

classified as monochorionic.  

Since MC MZ twins share a common chorion, they also obtain nutrients and oxygen from 

the same placenta, which leads to the increased risk of complications previously 

mentioned (Figure 1.3). As a result, DC MZ and MC MZ twins experience very different 

intrauterine environments. MC MZ twins tend to have larger birth weight discordance, 

smaller birth weights, and shorter gestation periods [109, 110]. De Paepe et al. [110] 

reported a larger proportion of MC MZ twins (50%) having unequal placental sharing, 

defined as an inter-twin discordance of higher than 25%, compared to DC MZ twins 

(25%). This discordance extrapolated into birth weights, where the twin with the lower 

placental share also had a lower birth weight. The authors concluded that MC MZ twins 

have a lower fetal weight to placental weight ratio, suggesting that the placental 

efficiency in MC MZ twins is lower than that of DC MZ twins. These results show that 

chorionicity is a significant variable in MZ twins. 
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Figure 1.3. The umbilical cord insertion and placental sharing of MZ twins. 

 

1.3.3 Twins in DNA Methylation Studies 

The fact that MZ twins share a nearly identical genome as well as pre-/perinatal and early 

life environments makes MZ twins ideal subjects for epigenetic studies of complex traits. 

The use of MZ twins allows the disentangling of epigenetic influences from 

environmental and genetic factors, while controlling for additional factors such as age 

and sex. Two twin methods are currently being used in epigenetic studies, the classical 

twin design using MZ and DZ twins, as well as the discordant MZ twin design.  

Classical twin studies were designed to investigate the extent of genetic and 

environmental contributions to complex traits and diseases. Heritability, which represents 

the proportion of the variance of a particular trait that is due to genetic differences, can be 

obtained by comparing phenotype correlations in MZ and DZ twins. Phenotypic 

variability can be broken down into additive genetic (A), shared environmental (C), and 

non-shared environmental influences (E). The genetic contribution, or heritability, of 

epigenetic levels can be studied using the classical twin design with an epigenetic 
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measurement (for example, DNA methylation levels) as a quantitative trait. In classical 

twin studies, an intraclass correlation coefficient (ICC) [111] measures the within twin 

pair variance relative to the variance observed in unrelated pairs. Heritability can then be 

calculated using ICC values from MZ and DZ twins [49]. 

MZ twin discordance is observed in many non-Mendelian or complex diseases and 

complex quantitative traits. It was hypothesized that the discordance was due to non-

shared environmental factors between twins. However, twins usually share similar early 

life environments and studies of twins reared apart provide little evidence of the impact 

of non-shared environment on concordance rates [112]. The epigenetic contribution to a 

complex disease or phenotype can be investigated with the discordant MZ twin design 

[113, 114]. The affected twin is the case, while the unaffected twin is the ideal control. 

Using MZ twins will, in part, eliminate genetic influences and, depending on the age of 

the subjects, a degree of environmental influence, leaving epigenetic variation to explain 

the within pair discordance. Several studies have implemented this study design to 

examine the epigenetic contributions to autism [115], birth weight [116], schizophrenia 

[117], and other disorders [118]. 

A major limitation of epigenetic twin studies is small sample size because disease and 

phenotypically discordant MZ twins are relatively rare. This highlights the importance of 

a good study design to be able to detect small epigenetic changes. Most studies treat MZ 

twins as a homogenous group; however, as previously mentioned, they could be further 

subdivided depending on whether they share a common chorion. Despite previous studies 

showing that DNA methylation profiles in twins could be affected by chorionicity [50, 
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51], this knowledge is not applied in epigenetic studies using twins and more detailed 

information is needed about its impact on such studies. 

 

1.3.4 Previous Genome-Wide DNA Methylation Studies Using Twin Chorionicity 

Information 

Previous studies have shown that the correlations of DNA methylation levels between 

twins are different by twin types and tissues. Kaminsky et al. [51] applied a custom 12K 

microarray to map DNA methylation levels using white blood cells, buccal epithelial 

cells, and gut (rectum) biopsies from 20 MZ (10 DC and 10 MC) and 20 DZ twin pairs. 

They found that for buccal cells, the intraclass correlation coefficients (ICCs) for DNA 

methylation levels in the MC MZ twins were significantly lower than those in the DC 

MZ twins (mean ICCDCMZ – ICCMCMZ = 0.37 ± 0.0057, p < 9.9 × 10-324). The differences 

of DNA methylation levels in the MZ twins were also significantly lower than those in 

the DZ twins (mean ICCMZ – ICCDZ = 0.15 ± 0.0039, p = 1.2 × 10-294). Additionally, it 

was the DC MZ twins that contributed to most of the difference between MZ and DZ 

twins, as the MC MZ twins had a mean ICC value close to the mean ICC values for the 

DZ twins. Similar results were also observed in white blood cells but the difference was 

less pronounced, probably due to the mixture of different cell types in these samples.  

Gordon et al. [50] examined the DNA methylation profiles using the HM27 microarray in 

CBMCs, HUVECs, and/or placenta from 22 MZ and 12 DZ twin pairs. In CBMCs and 

HUVECs, the DC MZ twin pairs were found to have higher concordance, demonstrating 

that they are more epigenetically similar to each other, than the MC MZ twin pairs. This 
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trend was not observed in the placental DNA methylation profiles, probably due to 

insufficient numbers of twins or because the differences between MC MZ and DC MZ 

twins are cell type-specific. 

These two studies used microarrays that are enriched with probes interrogating proximal 

promoters and CGIs. It is known that the role and variability of DNA methylation marks 

strongly depend on the genomic and CpG context. Additional DNA methylation studies, 

with denser genomic coverage, are needed to determine whether there are true genome-

wide DNA methylation level differences based on chorionicity in MZ twins. 

 

1.4 Hypothesis and Specific Aims 

It is known that MZ twins have more similar DNA methylation profiles with each other 

than DZ twins [49-51, 88]. In this study, we hypothesize that DC MZ twins are more 

similar epigenetically than MC MZ twins as a result of early zygote separation in 

development (Figure 1.4), or smaller birth outcome (e.g. birth weight) differences 

between twins, or both.  

Specific aims are to:  

1. classify the MC MZ, DC MZ and DZ twin types by determining chorionicity and 

zygosity, then summarize the parental, pre-/perinatal, and birth outcome 

information, 

2. identify potential confounders that are significantly associated with twin type and 

use this information to select twins for genome-wide DNA methylation profiles, 
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3. investigate the global DNA methylation profiles in MC MZ, DC MZ, and DZ 

twins, 

4. examine the relationships between CpG site-specific DNA methylation levels and 

chorionicity. 

 

 

Figure 1.4.  The post-fertilization DNA methylation level changes of the paternal (blue) 
and the maternal (red) genomes, in relation to zygote development and the timing of 
zygote splitting into monozygotic twins. 
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Chapter 2:  

METHODS 

2.1 Recruitment 

Mothers with same-sex twin pregnancies were recruited during their visit to the Fetal 

Assessment Unit at two hospitals in Winnipeg, Manitoba: the Saint-Boniface General 

Hospital and the Women’s Hospital. All the recruited mothers were over 18 years old and 

planned to give birth at one of the two hospitals. At birth, twin pairs were excluded if 

their gestational age was less than 24 weeks and if either twin had any of the following 

conditions: cancer, metabolic, endocrinological, neurological, neurodevelopmental, or 

autoimmune disease. Additionally, twins with congenital malformations and 

chromosomal abnormalities, or severe pre- and perinatal complications, including twin-

to-twin transfusion syndrome, twin anemic-polycythemia sequence, and selective 

intrauterine growth restriction were excluded. 

 

2.2 Data Collection 

2.2.1 Questionnaire  

A questionnaire was constructed that contained questions regarding the parents’ 

demographic, health, and mothers’ prenatal and perinatal information (Appendix 1).  

These questions were specifically chosen to interrogate factors that could potentially have 

an effect on the levels of DNA methylation in the twins. Such variables include parental 

age, ethnicity, marital status, socioeconomic status, pre-existing mental and physical 
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conditions, mother’s weight and height prior to the pregnancy, and exposures to 

environmental risk factors during pregnancy. Additionally, questions have been 

developed to interrogate the mothers’ perception and exposure to stress as well as 

whether there was familial support. These questions ask mothers to rate the level at which 

they experience stresses from life events, on a scale of no stress to extreme stress, prior to 

and during their current pregnancy. Life events were related to financial circumstances, 

home and work situations, relationships, and disease [119, 120]. Mothers were also asked 

to rate their overall support system (partner, family members, and close friends) during 

their pregnancy. 

 

2.2.2 Chart Review and Delivery Information 

Through chart review (Appendix 2), ultrasound information on chorionicity, 

amnionicity, and gestational age at the time of the ultrasound was gathered. Delivery 

information, such as delivery date and time, type of delivery, perinatal complications, as 

well as birth outcomes, such as birth weight, birth length, and head circumference, was 

collected at the hospital after the birth of the twins. 

 

2.3 Sample Collection and DNA Extraction 

Two buccal epithelial cell samples were collected for each twin, one from each cheek, 

using Catch-All Sample Collection Swabs (EpiCentre Biotechnologies). Samples were 

obtained as close to delivery as possible and at least half an hour after feeding, to 

minimize contamination. DNA was extracted using the Puregene Gentra kit (Qiagen) 
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following the manufacturer’s protocol for buccal swabs. All samples were quantified 

using the NanoDrop (Thermo Scientific) spectrophotometer. 

 

Figure 2.1. The Epigenetic Newborn Twin Study process map. 

 

2.4 Zygosity Determination 

The zygosity of the twins was determined using 1 ng of genomic DNA and a multiplex of 

15 autosomal and 1 sex chromosome short tandem repeat (STR) markers from the 

AmpFlSTR Identifiler PCR Amplification Kit (Invitrogen). The sex chromosome marker, 

AMEL, was used to confirm the gender of the twins. The polymerase chain reactions 

(PCR) and genotyping were performed in batches of 10 twin pairs following the 
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manufacturer’s protocol. The PCR products were separated using the Genetic Analyzer 

3500 (Applied Biosystems, Foster City, CA, USA). Genotype calling was performed 

using the GeneMapper ID Software (Applied Biosystems, Foster City, CA, USA) using 

an allelic ladder. 

 

2.5 Statistical Analysis of Phenotype Information 

To summarize the information obtained from the questionnaire, means and standard 

deviations were obtained for continuous variables and frequencies for categorical 

variables were estimated. 

 

2.5.1 Chorionicity and Zygosity 

The Chi-Squared test was used to determine whether there was a relationship between 

chorionicity or zygosity and several categorical variables (including history of multiple 

births in the family, use of assisted reproductive technology, parental ethnicities, parental 

education, parental pre-existing medical conditions, use of medications during pregnancy, 

and the type of delivery). The Wilcoxon Rank-Sum test was used to test the relationship 

between chorionicity or zygosity and continuous variables (including parental ages, and 

mother’s pre-pregnancy BMI). 
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2.5.2 Birth Outcomes and Gestational Age 

Linear mixed models were used to investigate the pairwise associations between birth 

outcomes (birth weight, birth length, and head circumference) and other variables, 

including gestational age, gender, family history of multiple births, marital status, 

mother’s characteristics, ART, parental ethnicity, parental age, parental education, 

household income, parental pre-existing conditions, medications, nutritional supplements, 

healthy diet, exercise, cigarettes, alcohol, recreational drugs, pesticides, and pregnancy 

complications.  The linear mixed model is a statistical model that allows us to take into 

account the relatedness of twins. Simple linear regression models were used to 

investigate the pairwise association between gestational age and the parental, perinatal, 

and prenatal factors mentioned above. 

We also investigated the relationships between within-pair differences in birth outcomes 

and other factors (including the within-pair differences in DNA methylation levels). The 

within-pair differences were calculated using the following formula: 

𝐷𝑖𝑠𝑐𝑜𝑟𝑑𝑎𝑛𝑐𝑒 =   
(𝐿𝑎𝑟𝑔𝑒𝑟  𝑇𝑤𝑖𝑛 − 𝑆𝑚𝑎𝑙𝑙𝑒𝑟  𝑇𝑤𝑖𝑛)

𝐿𝑎𝑟𝑔𝑒𝑟  𝑇𝑤𝑖𝑛   x  100 

The pairwise relationships between the birth outcome discordance and other factors were 

then investigated using simple linear regression models. 

Because gestational age and birth weight were highly correlated, we used birth weight 

percentiles instead of the original birth weights in order to incorporate all information 

from gestational age and birth weight in one statistical model [121]. Birth weight 

percentiles were calculated based on all twins born between 1979 to 2013 in Manitoba, 
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separated according to their gestational age in completed weeks (i.e. 34 weeks and 5 days 

would be 34 weeks completed) and sex. 

 

2.6 DNA Methylation Microarray 

2.6.1 Sample Selection 

Forty-eight twins were selected for analysis using the Illumina Infinium 

HumanMethylation450 (HM450) BeadChip microarray. There were 8 twin pairs selected 

for each of the following twin groups: DC MZ, MC MZ, and DZ. Samples were excluded 

if the age at the time of sample collection was over one week, presences of any reported 

negative environmental exposures (smoking, alcohol consumption, and drug use by the 

mother), or use of assisted reproductive technology. Additionally, MC MZ twins were 

excluded if the gestational age at the time of chorionicity determination by ultrasound 

exceeded 14 weeks. Twins where both parents were of self-defined European descent 

were used, because DNA methylation levels are affected by ethnicity [84] and the 

majority of our samples were Europeans. The MC MZ, DC MZ, and DZ twins were 

matched according to sex, gestational age, and birth weight.  

 

2.6.2 Sodium Bisulfite Conversion 

Sodium bisulfite conversion of purified DNA samples was performed using the EpiTect 

Fast Bisulfite Conversion Kit (Qiagen) following the manufacturers protocol. The kit is 

suited for DNA input amounts from 1 ng to 2 µg. To test the DNA recovery rate and 

determine our optimal input amount, three different amounts of DNA were used for the 
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same test sample, 1 µg, 1.5 µg, and 2 µg. The efficiency of bisulfite conversion, assessed 

by whether unmethylated cytosines have all been properly converted to uracil, was tested 

using sets of primers for two different genes. The first set of primers, designed by 

Herman et al. [122] (Table 2.1), hybridized to the fully converted methylated and 

unmethylated versions of the p16 gene. To detect if there was any unconverted DNA in 

the sample, another set of primers were designed for the unconverted genomic p15 gene. 

The primers for p15 were used, in addition to the p16 primers, because they were more 

specific [122]. The EpiTect MSP Kit (Qiagen) was used to perform the PCR reactions. 

The controls with methylated (bisulfite converted), unmethylated (bisulfite converted), 

and unmethylated (unconverted) human DNAs (Qiagen) were used. PCR products for the 

3 controls and 3 samples with different amounts of DNA were run on 1% agarose gel 

electrophoresis. 

Table 2.1: Primer sequences for the p16/p15 bisulfite conversion efficiency test with 
expected gel electrophoresis results. The bolded nucleotides represent potential 
methylation sites. 

 
+ PCR product/band expected 
 
 
After determining the optimal amount of DNA for bisulfite conversion, 1µg of DNA was 

bisulfite converted, then stored at -20 °C. A total of 500 ng of bisulfite converted DNA, 

Primer Name Unmethylated 
Converted 

Control 

Methylated 
Converted 

Control 

Unconverted 
Control 

Sample 

p16u + 

p16m + + 

p15w + 

Primer Name Sense Primer Antisense Primer Size (bp) 

p16u TTATTAGAGGGTGGGGCGGATCGC GACCCCGAACCGCGACCGTAA 150 

p16m TTATTAGAGGGTGGGGTGGATTGT CAACCCCAAACCACAACCATAA 151 

p15w CGCACCCTGCGGCCAGA AGTGGCCGAGCGGCCGG 137 
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from each sample, was sent to the Centre for Applied Genomics (TCAG) for 

hybridization to the HM450 BeadChip, following the manufacturer’s protocol. The 

unmethylated, converted and the unmethylated, unconverted DNA controls were used to 

test the conversion efficiency for all bisulfite converted DNA samples prior to sending 

them for hybridization to the HM450 BeadChip. 

 

2.6.3 DNA Methylation Microarray 

The Infinium HM450 BeadChip is a hybridization-based DNA methylation microarray 

that interrogates a total of 485,577 CpG sites across the human genome. For each site that 

is interrogated, there are one or two groups (depending on the probe type) of 50 

nucleotide sequences, referred to as a probe for that particular CpG site, that are attached 

to the chip by beads. The hybridization of a DNA sample to one of these 50 nucleotide 

sequences will emit a signal and the bead count is a direct measurement of the number of 

hybridization events for a particular probe. A unique feature of this BeadChip is that it 

contains two different probe designs, Infinium I and Infinium II, with different 

chemistries. The Infinium I assay consists of two probes for each interrogation site, one 

interrogating the methylated state and the other interrogating the unmethylated state of 

the sample DNA. The 3’ end of each probe is designed to match either the cytosine, 

representing a methylated state, or the thymine, which is the result of the bisulfite 

conversion of an unmethylated cytosine. The Infinium II assay design has just one probe 

for each locus. The 3’ end of this probe is complementary to the base immediately 

upstream of the CpG site being interrogated. A single nucleotide base extension step 

results in the addition of either a labeled guanine, complementary to the protected 
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methylated cytosine, or a labeled adenine, complementary to the unmethylated, converted 

thymine. This probe is then read on two different colour channels, green and red, to 

determine the methylation status of the probe. Since CpG sites tend to cluster together, 

other CpG sites, not the one being interrogated, may locate within the same probe 

sequence. To account for this, the Infinium I probe design assumes that DNA methylation 

levels within the 50 bases are correlated, therefore all the CpG sites within the methylated 

probe will be complementary to the methylated state and the sites within the 

unmethylated probe will be complementary to the unmethylated state. The Infinium II 

probes contains up to three degenerate R-bases, which hybridizes to both methylated and 

unmethylated sites, within the probe and therefore do not rely on the assumption of 

correlated methylation (Illumina, 2012). The two probe designs allow the BeadChip to 

interrogate more loci; however, it presents additional biases related to the probe 

chemistries and the use of two different dyes.  

 

2.6.4 Beta- and M-Values 

For every sample, the level of DNA methylation was determined for each CpG site. The 

β-value represents the ratio of fluorescent signals from the methylated probe versus the 

sum of the signals from both methylated and unmethylated probes (Equation 1). 

Although β-values are advantageous and biologically relevant because they directly 

represent the percentage of methylation per site, their variation has been shown to be 

heteroscedastic. Alternatively, M-values, which are the log2 ratio of the intensities of 

methylated and unmethylated probes (Equation 2), show a more constant variance [123]. 

In this study, β-values were used for quality control, while M-values were used for 
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statistical analyses. The M-values were converted back to β-values for interpretation of 

the results. 

β-Value: 

𝛽 = !"#!!"#$%&
!"#!!"#$%&!!"#$%!!"#$%&!!""

                                         [1] 

M-Value: 

𝑀 = 𝑙𝑜𝑔!   
!

!!!
                                                         [2] 

 

2.7 Quality Control, Normalization, and Data Processing 

Before the data could be used for analyses, it first underwent a series of quality control 

and normalization procedures (Table 2.2) to eliminate technical variations. 
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Table 2.2. Illumina HumanMethylation450 BeadChip data quality control and 
normalization workflow 

 

2.7.1 Infinium Methylation Controls: Evaluation of Experiment Quality 

In the HM450 BeadChip, there are internal control probes specifically designed to check 

the efficiency of important experimental steps including bisulfite conversion, 

hybridization, nucleotide extension, target removal, and staining. The relative intensities 

of these probes are compared to each other and to the background intensities to evaluate 

their quality. Additionally, non-polymorphic probes, which act as positive controls, and 

negative control probes, were designed to test the overall performance of the experiment. 

The intensity of the probes for each sample was visualized using the GenomeStudio 

•  PROBE REMOVAL 
•  Detection P-Value > 0.001 
•  Bead Count < 3 
•  Missing Values 
•  Single Nucleotide Polymorphisms (SNPS) 
•  Sex Chromosome  
•  Multiple Locations 

•  SAMPLE REMOVAL 
•  Failed Probe Fraction > 0.05 
•  Mix-up/Contamination 

•  Illumina Internal Controls 
•  Cluster Plots 
•  Performance Metrics 

Quality Control 

•  INTRA-ARRAY NORMALIZATION 
•  Background Correction (Illumina) 
•  Beta Mixture Quantile (BMIQ) 

Normalization 
•  INTER-ARRAY NORMALIZATION 

•  Batch Correction (ComBat) 

Normalization 
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software from Illumina. The negative control probes were also used to determine the 

background signal level and to calculate the detection p-value for each probe, which 

indicates the significance of the comparison between the total DNA methylation signals 

from the methylated and unmethylated probes and background signals level. Detection p-

values were used to remove probes that were not significantly distinguishable from 

background noise. In the BeadChip, 65 probes were designed to hybridize to known 

SNPs, and could be used to analyze the relationships between samples and to check for 

sample contamination or mix-up. 

 

2.7.2 Quality Control for Probes 

Quality control was conducted for the performance of the experiment (experiment-

dependent) and the design (experiment-independent) of the BeadChip. The experiment-

dependent quality control was performed using the ChAMP Bioconductor R package 

[124]. Probes were removed if they had a detection p-value higher than 0.001 in at least 

one sample, meaning there was no significant difference between the probe signal 

intensity and the background noise. Using ChAMP pre-determined parameters, probes 

that had a bead count of less than 3 in at least 3% of all samples were also removed. The 

experiment-independent quality control included the removal of the SNP probes, X 

chromosome probes, as well as probes that mapped to multiple locations in the genome. 

The probes with multiple locations were identified experimentally, through comparisons 

with bisulfite sequencing results [125], and computationally, using the human reference 

genome [99].  
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2.7.3 Quality Control for Samples 

The within twin pair correlations of the intensities of the 65 SNP probes, included in the 

BeadChip for quality control, were calculated for all twin pairs to identify potential 

sample mix-ups and to confirm that the MZ twins had identical genotypes. The SNPs for 

MZ twin pairs were expected to form 3 distinct clusters on a scatterplot, representing the 

correlations of the intensities of the two homozygous and one heterozygous genotypes. 

MZ twins were removed if their SNP correlations were less than 0.97. For DZ twins, 9 

clusters were observed, representing the correlations of the intensities of all the 

combination of genotypes. Samples were removed if the fraction of probes removed in 

the previous quality control steps was greater than 5%. 

 

2.7.4 Intra-Array Normalization: Correction of Technical Variations 

Normalization was applied to probe signals to reduce the technical variations from the 

same array as well as from different arrays. The within-array normalization is needed to 

correct variations from three main sources: background noise, dye bias, and Infinium I/II 

type probe bias. The most important correction is for the differences in the two types of 

probes, which also corrects the background noise and dye bias. As mentioned above, the 

Infinium II probes measure both methylated and unmethylated targets on one bead, this 

results in a smaller range of beta-values when compared to the Infinium I probes. The 

reduced range is caused by the overlap of the emissions of both dyes, also resulting in 

higher background signals [43]. Additionally, the Infinium II probes are evaluated under 

two different colour channels, whereas the Infinium I probes are read on the same colour 
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channel. Therefore, the dye bias affects the Infinium II probes but has little impact on the 

Ininfium I probes. 

The Illumina GenomeStudio program implements a normalization procedure that aims to 

eliminate background noise and correct dye bias. Two additional normalization 

procedures were compared to correct for the probe type bias. The method Subset Quantile 

for Within Array Normalization (SWAN), developed by Maksimovic et al. [126], applies 

a subset quantile approach to normalize the data obtained from different probe types. This 

method is based on the assumption that CpGs having the same biological properties 

should have the same distribution. The probes were classified according to the number of 

CpGs in the sequences, assuming that probes having the same number of CpGs could be 

found in a similar region (CpG islands, CpG shores etc.), and therefore have the same 

profile. The second method, which is also based on quantile normalization, is called Beta 

Mixture Quantile Normalization (BMIQ) and was developed by Teschendorff et al. 

[127]. This method separates the Infinium I and II probes into three methylation states: 

unmethylated, partially methylated, and methylated. Then it fits each β-value distribution 

of the Infinium II probes to the corresponding distribution of the Infinium I probes. This 

is an assumption-free method that does not depend on biological characteristics and may 

be more suitable than the SWAN method [128]. The Bioconductor R package ChAMP 

[124] was used to apply the normalization methods. The two normalization methods were 

compared based on the β-value distributions. 
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2.7.5 Inter-Array Normalization: Correction of Batch Effects 

The samples were hybridized to the HM450 beadchip in four different batches, which 

could potentially introduce additional variation due to processing. ComBat, a sva package 

that uses empirical Bayes methods to adjust for known variation due to batch effects 

[129], was applied to the dataset.  

 

2.7.6 Cluster Plots: Visualization of Sample Relationships 

The distances in DNA methylation profiles between samples were visualized using a 

multi-dimensional scaling (MDS) plots. This plot displayed a 2-dimensional 

approximation of sample-to-sample Euclidean distances calculated using the 1000 most 

variable probes. A hierarchical tree was also generated to assess the overall sample 

relationships. A lower divergence in the hierarchical tree of two samples indicates that 

they are more similar. 

 

2.7.7 Performance Metrics  

Specific DNA methylation patterns from probes that are involved in genomic imprinting 

and X chromosome inactivation (XCI), can give an indication of the quality of the 

dataset. These performance metrics were analyzed using the Bioconductor package 

WateRmelon [130]. Imprinted genes are expressed in a parent of origin dependent 

manner. Imprinted differentially methylated regions (iDMRs) are methylated on the allele 

originating from one parent and unmethylated on the other allele. There are 227 stable 

human iDMRs characterized by Shulz et al [131]. These probes are expected to be hemi-
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methylated, one strand is methylated and the other is unmethylated, resulting in an 

expected beta-value of approximately 0.5. X-chromosome inactivation is a phenomenon 

found in females, where one X-chromosome is largely methylated. Therefore, a large 

number of the X-chromosome CpG sites are expected to be hemi-methylated in females 

and unmethylated in males. 

 

2.7.8 Singular Value Decomposition 

Singular value decomposition (SVD) was performed, using ChAMP, to investigate the 

origin of the largest components of variation for the DNA methylation levels. The 

experimental factors that were included in the analysis were batch, chip position, and 

bisulfite conversion efficiency. A phenotypic factor, twin type, was also included in the 

analysis. 

 

2.8 DNA Methylation Data Analysis 

2.8.1 Global DNA Methylation Profiles 

The within-pair DNA methylation dependence was calculated using Spearman’s rank 

correlation for all CpG sites for each twin pair. These values were summarized for each 

twin type. The correlations for unrelated pairs were obtained by averaging the values for 

all other pairwise dependences, excluding twin pairs. To determine whether within twin 

pair birth outcome discordances were associated with DNA methylation differences, the 

birth weight discordance was regressed against the within-pair DNA methylation 

dependence. Birth weight discordance was the only birth outcome variable used because 
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birth length and head circumference information was incomplete due to their late addition 

to the questionnaire. 

The intraclass correlation coefficient (ICC) was calculated for each CpG site using the irr 

package [111, 132]. ICC was used to measure the DNA methylation value similarity for 

twin pairs at each CpG site, using the following formula: 

𝐼𝐶𝐶 =   !"!!  !"!  
!"!  !  !"!

                                                              [3] 

MSb represents the between pair mean square and MSw is the within twin pair mean 

square. ICCs range from -1 to 1; a higher value shows more similarity in the DNA 

methylation levels within twin pairs (smaller MSw) relative to the variation among 

unrelated pairs (larger MSb). A cutoff value of – 0.9 was used to identify CpG sites that 

were consistently more variable within twin pairs, relative to the variability among 

unrelated pairs. 

To ensure that the ICC distributions for the twin groups were not affected by other 

factors, additional analyses were performed. First, 12,490 probes that could potentially be 

affected by SNPs were removed. These probes were defined as having SNPs located 

within 10 base pairs from the interrogation CpG site, and having a minor allele frequency 

greater than 0.05 in the European population [99]. Secondly, only one probe from each 

correlated CpG site cluster was selected for the ICC distributions. We know that DNA 

methylation levels at neighbouring CpG sites can be highly correlated and be affected by 

external stimuli as a cluster. The program A-Clustering [133] was applied to cluster 

adjacent CpG sites if their average Spearman rank correlations were larger than 0.2. To 

determine whether a CpG site should be added to a cluster, the correlations and distances 
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were calculated between the CpG site and the average values of the cluster. Lastly, the 

global ICC distribution was obtained using the residual values from linear mixed models 

after adjustment for gestational age, birth weight percentile, and sex.   

 

2.8.2 Gene-Centric and CpG-Centric Annotations for the CpG Sites 

Since DNA methylation levels have been shown to be different at different genomic 

locations, we categorized CpG sites according to their gene-centric and CpG-centric 

genomic features based on the annotations by Slieker et al [134] (Figure 2.2). According 

to their location relative to the nearest gene, the CpG sites could be defined to be at the 

intergenic region (> 10 kb from the transcription start site (TSS) of the nearest gene), 

distal promoter (-10 to -1.5 kb from the TSS), proximal promoter (-1.5 kb to +500 bp 

from the TSS), gene body (+500 bp to the 3’ end of the gene), and downstream region (3’ 

end to +5 kb from 3’end). Additionally, CpG sites were categorized based on their 

location in relation to the closest CpG island (CGI), including CGI, CGI shore (a 2 kb 

region on either side of a CGI), CGI shelf (a 2 kb region flanking a CGI shore), and non-

CGI regions (Figure 2.2). The Wilcoxon test was used to determine whether the mean 

DNA methylation levels of CpG sites at a specific gene-centric and CpG centric location 

differed from those of the CpG sites at other locations. Median ICC values were 

calculated for the probes from each gene- and CGI-centric category for the three twin 

types.  
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Figure 2.2. An illustration of the definitions of the gene-centric and CpG Island (CGI)-
centric annotation [134]. 
 
 
 

2.8.3 Site Specific DNA Methylation Analysis 

Linear mixed models were used to investigate the association between the top 25% 

(fourth quartile) most variable DNA methylation sites and chorionicity in MZ twins as 

well as zygosity. The covariates used in this model were gestational age, birth weight 

percentile and sex. The p-values were corrected for multiple testing using the Benjamini 

and Hochberg method [135]. First, pairwise relationships between DNA methylation, 

chorionicity, twin type, and the covariates were investigated. Then, the association 

between DNA methylation and chorionicity was investigated using the following 

statistical model: 

𝐷𝑁𝐴  𝑀𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛  𝐿𝑒𝑣𝑒𝑙  𝑎𝑡  𝑎  𝐶𝑝𝐺  𝑆𝑖𝑡𝑒

=     𝛽! +   𝛽! ∗ 𝐶ℎ𝑜𝑟𝑖𝑜𝑛𝑖𝑐𝑖𝑡𝑦 +   𝛽! ∗ 𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙  𝐴𝑔𝑒 +   𝛽!

∗ 𝐵𝑖𝑟𝑡ℎ  𝑊𝑒𝑖𝑔ℎ𝑡  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 +   𝛽! ∗ 𝑆𝑒𝑥 +   𝛾 ∗ 𝐹𝑎𝑚𝑖𝑙𝑦  𝐼𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑟 +   𝜀 
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The relationship between twin type, including MC MZ, DC MZ, and DZ twins, was 

investigated using the same model as previously described. Using DZ twins as the 

reference group allowed the separate comparison of the DC MZ and MC MZ twins to the 

DZ twins. 

𝐷𝑁𝐴  𝑀𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛  𝐿𝑒𝑣𝑒𝑙  𝑎𝑡  𝑎  𝐶𝑝𝐺  𝑆𝑖𝑡𝑒

=     𝛽! +   𝛽! ∗ 𝑇𝑤𝑖𝑛  𝑇𝑦𝑝𝑒 +   𝛽! ∗ 𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙  𝐴𝑔𝑒 +   𝛽!
∗ 𝐵𝑖𝑟𝑡ℎ  𝑊𝑒𝑖𝑔ℎ𝑡  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 +   𝛽! ∗ 𝑆𝑒𝑥  +   𝛾 ∗ 𝐹𝑎𝑚𝑖𝑙𝑦  𝐼𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑟 +   𝜀 

Additional covariates were added to the final model to see whether they made a 

significant impact. To verify that there were no longer any batch effect, a linear mixed 

model was used to investigate whether there were any significant associations between 

the DNA methylation level at a particular CpG site and the batch in which the sample 

was processed as well as the sample’s location on the chip. The DNA methylation level at 

a CpG site within the promoter of the PTPN7 gene was previously found to be linearly 

associated with the proportion of buccal epithelial cells in a particular sample [116]. The 

methylation level at this CpG site was included in the model to insure that the results 

observed were independent of the proportion of buccal epitheial cells versus leukocytes, 

which could vary between individuals and affect DNA methylation levels. 

 

2.8.4 Gene Ontology Analysis 

The gene ontology analysis was performed using GOrilla [136], which looks for gene 

ontology terms that were over-represented for a list of ranked genes. It provides a 

diagram of cellular processes, components, and functions of the enriched genes.  
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2.8.5 Use of Publicly Available Datasets  

Several independent twin datasets that had the chorionicity and genome-wide DNA 

methylation information from the NCBI Gene Expression Omnibus (GEO) were used to 

investigate whether our results could be replicated. The first study contained the HM450 

information for DNA samples from buccal cells of 5 MC MZ, 5 DC MZ, and 5 DZ twin 

pairs (GEO accession GSE42700) [88] from the Pre-/Perinatal Epigenetic Twin Study 

(PETS) [137]. This dataset was similar to ours with respect to cell type, microarray 

method, and age at the time of sample collection. After the quality control procedures, the 

investigators performed background correction and subset quantile within array 

normalization on 330,168 probes from 4 DC MZ, 5 MC MZ, and 5 DZ twin pairs. Of 

these twin pairs, 6 pairs were females and 8 pairs were males. After downloading the 

dataset, additional probes that mapped to multiple locations were removed. ICC was 

calculated for each twin group separately. 

PETS also has another dataset containing DNA methylation information from the 

Illumina HM27 BeadChip for 22 MZ (9 DC MZ and 13 MC MZ) and 12 DZ twin pairs 

with HUVECs, CBMCs, and placental tissue using the Illumina HM27 (GEO accession 

GSE36642) [50]. The global differences in DNA methylation profiles according to 

chorionicity were already published for this dataset using Euclidean distances.  
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Chapter 3:  

RELATIONSHIPS BETWEEN CHORIONICITY, 
PRE-/PERINATAL FACTORS AND BIRTH 

OUTCOMES 
 

3.1 Characteristics of the Parental, Pre-/Perinatal, and Birth Outcomes 

Information 

3.1.1 Study Cohort 

This study involved a total of 110 mothers who were recruited over 2 years, 57 from the 

St Boniface General Hospital and 53 from the Women’s Hospital. The response rate was 

approximately 60%. The most common reason for declining to participate in this study 

was due to religious reasons; other reasons included language barrier or simply not 

interested. Five sets of parents wished to keep the sex of their twins unknown before 

birth. In these cases, the research nurses followed-up with the mothers after the delivery.  

  

3.1.2 Parental and Prenatal Information 

Parental and prenatal demographics are summarized in Table 3.1. The mean gestational 

age at the time of chorionicity determination by ultrasound was 15.9 weeks (SD = 5.9, 

5.7-38), which was higher than the optimal gestational age of 11-14 weeks for 

chorionicity determination. For MZ twin pregnancies, the ultrasound was performed 

during the optimal time for chorionicity determination for 17 (30%) expecting mothers. 
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Earlier ultrasounds (<11 weeks) were performed for 7 (13%) mothers with MZ twin 

pregnancies and later ultrasounds (>14 weeks) were performed for 32 (57%) mothers. 

The ultrasound for 24 MC MZ twin pairs was performed after 14 weeks, which would 

indicate a higher risk for false categorization. 

Interestingly, a large number of the mothers (n=84 (76%)) reported a family history of 

multiple births. Of these families, 38 (45%) reported that the multiple births were on the 

maternal side, 16 (19%) on the paternal side, and 30 (36%) on both sides of the family. 

The degree of relatedness ranged from a parent being a twin to a parent’s great-aunts 

being twins. Studies have shown evidence of DZ twinning being a complex trait with 

genetic contributions [138, 139]. In our dataset, the same number of DZ and MZ twins 

had a family history of multiple births. Fourteen families (13%) had used assisted 

reproductive technology (ART); 8 used infertility drugs and 6 used in vitro fertilization 

(IVF). All but two of these families had DZ twins. 

The common pre-existing health conditions among the parents were anxiety disorder (8, 

21%), conditions related to the thyroid (7, 18%), depression (6, 15%), and asthma (5, 

13%). The most common types of medication taken by mothers during pregnancy were 

antibiotics (32, 60%) and Dilectin for morning sickness (5, 9%). Correspondingly, 13 

(40%) of complications experienced by mothers during pregnancy were infection, 

particularly bladder and urinary tract infections. Twenty-two (20%) mothers reported 

exposures to cigarette smoking, alcohol, recreational drugs, or pesticides during 

pregnancy. Of these, 13 (59%) terminated their exposure during the first trimester.  
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As expected, the mother’s pre-pregnancy BMI was significantly associated with whether 

or not she exercised during the pregnancy (β = -5.6, p < 0.0001) and the reported duration 

of exercise (in minutes), on average, per week (β = -0.02, p = 0.003). The mother’s pre-

pregnancy BMI was not associated with diet, ethnicity, negative exposures (such as 

alcohol consumption, cigarette smoking, etc.), and pre-existing health conditions.
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Table 3.1. Summary of the parental and prenatal information (n = 110). 

 
Variable 

 
Category 

Frequency (%) / 
Mean (SD, range) 

Demographic Information 

Hospital St Boniface General 
Women’s 

57 (52) 
53 (48) 

Marital Status 
 

Single 
Married 

Common-Law 
Separated 
Missing* 

9 (8) 
74 (67) 
19 (17) 

2 (2) 
6 (5) 

Mother’s Age - 30.5 (5.4, 18-43) 
Father’s Age - 32.5 (5.9, 19-47) 

Mother’s Ethnicity Aboriginal 
African 
Asian 

Caucasian 
Other 

23 (20) 
1 (1) 
4 (4) 

71 (65) 
11 (10) 

Father’s Ethnicity Aboriginal 
African 
Asian 

Caucasian 
Other 

17 (16) 
2 (2) 
5 (5) 

76 (69) 
10 (9) 

Mother’s Education 
 

None 
High School 

Trades 
College 

University (Below Bachelors) 
Bachelors 
Masters 

Professional 

7 (6) 
27 (24) 

5 (5) 
31 (29) 

5 (5) 
25 (22) 

5 (5) 
5 (5) 

Father’s Education 
 

None 
High School 

Trades 
College 

University (Below Bachelors) 
Bachelors 
Masters 

Professional 
Unknown 

14 (13) 
28 (25) 
13 (12) 
20 (18) 

7 (6) 
18 (16) 

3 (3) 
4 (4) 
3 (3) 

Household Income < $40,000 
$40,000-80,000 

$80,000-120,000 
> $120,000 

Missing 

22 (20) 
 33 (30) 
 30 (28) 
 17 (15) 

8 (7) 
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Table 3.1. Summary of the parental and prenatal information (n = 110) (continued). 

Variable Category Frequency (%) / 
Mean (SD, range) 

Twinning Information 
History of Multiple Births in 

Family 
Yes 84 (76) 

Assisted Reproductive 
Technology 

Yes 14 (13) 

Parental Health Conditions 
Mother’s Pre-Pregnancy 

Weight (kg) 
- 74.0 (21.3, 44.5-164.7) 

Mother’s Weight Gain (kg) at 
the time of delivery 

- 19.9 (9.1, 7.3-47.2) 

Mother’s Height (cm) - 166.2 (6.4, 149.9-180.3) 
Mother’s Pre-Pregnancy BMI - 26.8 (7.4, 16.8-55.2) 

Gestational Age at 
Recruitment (weeks) 

- 30.0 (5.3, 10-39.3) 

Mother’s Pre-Existing Health 
Conditions 

Yes 21 (19) 

Father’s Pre-Existing Health 
Conditions 

Yes 18 (16) 

Supplement Use Yes 102 (93) 

Healthy Diet Always 
Most of the Time 

Sometimes 

27 (25) 
69 (63) 
14 (12) 

Exercise Yes 49 (45) 
Pregnancy Complications Yes 32 (29) 

Parity - 1.4 (1.3, 0-5) 
Gravidity - 2.9 (1.9, 1-10) 

Prenatal Exposures 
Cigarette Smoking Yes 19 (17) 

Alcohol Yes 7 (6) 
Recreational Drugs Yes 2 (2) 
Negative Exposure 

Termination (n = 22) 
Yes 13 (59) 

Pesticides Yes 2 (2) 
Medications during 

Pregnancy 
Yes 53 (48) 

*Due to late addition to the questionnaire. 
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Information for maternal stress was collected from 66 mothers. Most of the mothers 

reported having little or no stress in the majority of categories (Table 3.2). As expected, 

the level of stress increased during pregnancy for all stressors, except for ‘Relationship 

with Family’ and ‘Disease of Partner or Family. 

Table 3.2. Summary of maternal stress levels prior to and during the present twin 
pregnancy as well as family support during the pregnancy. 

 
Stressor 

Stress Level 
Frequency (Percent) 

None Little Moderate Severe Extreme 
Financial Prior 

During 
35 (53) 
30 (45) 

18 (18) 
15 (23) 

11 (17) 
17 (26) 

1 (2) 
3 (5) 

1 (2) 
1 (2) 

Housing 
 

Prior 
During 

45 (69) 
43 (66) 

12 (18) 
10 (15) 

5 (8) 
7 (11) 

3 (5) 
3 (5) 

0 (0) 
2 (3) 

Work Prior 
During 

32 (48) 
30 (46) 

16 (24) 
20 (31) 

14 (21) 
10 (15) 

3 (5) 
4 (6) 

1 (2) 
1 (2) 

Partner 
 

Prior 
During 

42 (64) 
45 (68) 

13 (20) 
13 (20) 

7 (11) 
3 (5) 

4 (6) 
2 (3) 

0 (0) 
3 (5) 

Family Prior 
During 

43 (65) 
47 (71) 

16 (24) 
13 (20) 

7 (11) 
6 (9) 

0 (0) 
0 (0) 

0 (0) 
0 (0) 

Pregnancy Prior 
During 

44 (67) 
27 (41) 

9 (14) 
24 (36) 

12 (18) 
14 (21) 

1 (2) 
1 (2) 

0 (0) 
0 (0) 

Own Disease Prior 
During 

62 (94) 
60 (91) 

3 (5) 
5 (8) 

0 (0) 
1 (2) 

1 (2) 
0 (0) 

0 (0) 
0 (0) 

Disease of Partner 
or Family 

Prior 
During 

58 (89) 
61 (92) 

5 (8) 
2 (3) 

2 (3) 
3 (5) 

1 (2) 
0 (0) 

0 (0) 
0 (0) 

 
Support System 

Great Good Moderate Little None 
51 (77) 12 (18) 3 (5) 0 (0) 0 (0) 

 

3.1.3 Birth Outcomes and Perinatal Information 

Table 3.3 summarizes the characteristics of birth outcomes and perinatal information for 

all the twins. We had 2 pairs of MC MZ twins who shared one amnion (monoamniotic, 

MA), which is the rare result of zygote splitting after 8 days.  For these 2 twin pairs, the 

gestational ages at the time of chorionicity determination did not fall in the optimal range, 

8 weeks for the female twin pair and 27 weeks for the male pair, therefore it is possible 
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that this characterization was not accurate. The most common complications were low 

vital signs (16), which resulted in low Apgar scores. 

Table 3.3: Summary of the twin information. 

 
*n = 152 due to late addition to the information collection form 
 

The birth outcome discordances were determined for all twins (Table 3.4). The mean 

birth length discordance of the DC MZ twin pairs was significantly lower than the MC 

MZ twin pairs (p = 0.02). The difference for birth length was marginally significant 

Variable Category Frequency (%) / 
Mean (SD, range) 

 
n = 110 twin pairs 

Sex Female 
Male 

51 (46) 
 59 (54) 

Ethnicity African 
Asian 

Caucasian 
Aboriginal 

Mixed/Other 

1 (1) 
4 (4) 

69 (63) 
15 (14) 
21 (18) 

Zygosity 
 

Monozygotic 
Dizygotic 

56 (51) 
54 (49) 

Chorionicity Monochorionic 
Dichorionic 

38 (68) 
(MZ Only, n = 56 pairs) 18 (32) 

Amnionicity Monoamniotic 
Diamniotic 

2 (2) 
108 (98) 

Type of Delivery Spontaneous 
Operational 

Both 

57 
47 
6 

Complications Yes 31 (28) 
Gestational Age (weeks) - 36.6 (2.1, 28.9-42.3) 

n = 220 twins 
Apgar Score at 1 min - 8.0 (1.6, 1-9) 
Apgar Score at 5 min - 8.8 (0.8, 2-10) 

Birth Weight (g) - 2,573 (495, 1,020-3,944) 
n = 152 twins* 

Birth Length (cm)* - 47.5 (3.8, 30.5-54) 
Head Circumference (cm) * - 33.2 (3.1, 19.5-47) 
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between the DC MZ and DZ twin pairs (p = 0.06). All other differences were not 

significant.  

Table 3.4. Summary of the twin birth outcome discordances. 
Birth Outcome 
Discordance 
Mean (SD, 

range) 

 
All Twins 

 
MC MZ Twins 

 
DC MZ Twins 

 
DZ Twins 

Birth Weight 13.3 
(11.8, 0-51.9) 

14.5 
(12.5, 0-49.5) 

11.6 
(9.3, 0.8-32.7) 

13.3 
(12.3, 0.1-51.9) 

Birth Length 4.4 
(3.5, 0-18.6) 

5.1 
(3.6, 0-12.6) 

2.7 
(2.3, 1.0-10.1) 

4.7 
(3.8, 0-18.6) 

Birth Head 
Circumference 

4.2 
(4.1, 0-24.6) 

4.1 
(5.5, 0-24.6) 

4.1 
(3.0, 0-11.9) 

4.4 
(3.5, 0-17.0) 

 

3.1.4 Genotyping for Zygosity Determination and Sex Confirmation 

The mean age of buccal swab sample collection was 3.8 days (SD = 6.7, 0-37) and the 

median was 1 day. There were 12 samples collected after one week and the maximum 

age at collection was 37 days, due to the twins being in the neonatal intensive care unit 

(NICU). Late collection was usually due to: pre-term birth (so we waited for the twins to 

be out of the NICU), the research nurses were not informed about the delivery, the twins 

were not delivered at the expected hospital, and the quality/quantity of DNA from the 

first collection was not ideal. 

The average yield of 3.1 µg of DNA per sample (1.3-28.7) and average A260/280 ratio of 

1.8 was obtained from the 110 twin pairs. The zygosity was determined, resulting in 56 

MZ and 54 DZ twin pairs. Since we recruited only same-sex DZ twins, the proportion of 

MZ and DZ twins was expected to be equal. The MZ twins were identical across all STR 

markers, whereas DZ twins had alleles that were different in 6-14 markers. The AMEL 

marker located on the X chromosome confirmed the gender of the 51 female and 59 male 
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twin pairs. The genotype results also agree with the chorionicity information, meaning 

that all the monochorionic twins were monozygotic. 

 

3.2 Factors that were Significantly Associated with Twin Types 

3.2.1 Chorionicity (DC MZ versus MC MZ twins) 

Our cohort consists of a total of 18 DC MZ and 38 MC MZ twins, resulting in the 

expected proportion of 1/3 DC MZ and 2/3 MC MZ twins. Gestational age, birth weight, 

and birth length discordance were significantly associated with chorionicity (Table 3.5, 

Appendix 3). DC MZ twins tended to have a longer gestation period and larger birth 

weights than MC MZ twins (p = 0.01 and 0.03, respectively). MC MZ twins had 

significantly larger birth length discordances compared to DC MZ twins (p = 0.02). Birth 

weight and head circumference discordances were not significantly different between the 

MC MZ and DC MZ twins. Maternal cigarette smoking during pregnancy was also 

significantly associated with chorionicity (p = 0.02), however, there was only a small 

number of mothers who reported cigarette smoking (10 mothers), all but one of which 

had a MC MZ pregnancy. 

Table 3.5. The Wilcoxon Rank-Sum pairwise associations between chorionicity and the 
significant factors using the MZ twins (n=56).  

Variable Test Statistic 
 

P-value Trend 

Gestational Age 1.5 0.0003 DC twins tend to have higher 
gestational age 

Birth Weight 281.8 0.03 DC twins tend to have higher 
birth weight 

Birth Length 
Discordance 

-2.4 0.02 MC twins tend to have larger 
birth length discordance 
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3.2.2 Zygosity (MZ versus DZ twins) 

The use of ART, mother’s diet, and gestational age were significantly associated with 

twin zygosity (Appendix 4). Families that reported using ART and mothers who reported 

having a healthier diet tend to have DZ twins (p = 0.003 and 0.03, respectively).  The DZ 

twins had longer gestation periods compared to the MZ twins (p = 0.03). 

3.3 Important Factors for Birth Outcomes and Gestational Age 

Table 3.6 presents the relationships among the birth outcomes (birth weight, birth length, 

and head circumference) and gestational age. All the pairwise relationships were 

statistically significant, except for birth length and head circumference. The birth 

outcomes and gestational age were significantly correlated to each other. 
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Table 3.6. The pairwise associations among twin birth weight, birth length, birth head 
circumference, and gestational age. 

 

3.3.1 Birth Weight 

As expected, maternal pre-pregnancy BMI was significantly associated with birth weight 

(β = 12.1, p = 0.04) (Appendix 5). The mothers with pre-existing health conditions tend 

to have twins with lower birth weights than the mothers with no pre-existing health 

conditions (β = -245.2, p = 0.03). The birth weights of Aboriginal twins, where both 

parents were self-defined as Aboriginal or Metis, were higher than the birth weights of 

European twins, where both parents were self-defined as European descendants (β = 

276.6, p = 0.04). The twins from ART had significantly lower birth weights than the 

twins who were naturally conceived (β = -270.4, p = 0.04). 

Gestational Age Birth Weight Birth Length Head 
Circumference 

Estimate (Standard Error) 
P-Value 

Gestational Age  
 
 
 

148.6 (15.0) 
< 0.0001 

0.92 (0.15) 
< 0.0001 

0.67 (0.13) 
< 0.0001 

Birth Weight 
 

 
 

 
 
 
 

62.4 (8.6) 
< 0.0001 

56.8 (11.4) 
< 0.0001 

Birth Length 
 

 
 
 
 

0.08 (0.10) 
0.4556 

Birth Head 
Circumference 
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The birth weights were significantly correlated between twins (ICC = 0.60, p < 0.0001), 

with the MZ twins (ICC = 0.68, p < 0.0001) having a higher correlation than the DZ 

twins (ICC = 0.54, p = <0.0001). When the MZ twins were separated by chorionicity, the 

DC MZ twins were more correlated (ICC = 0.70, p < 0.0001) than the MC MZ twins 

(ICC = 0.58, p < 0.0001).  

 

3.3.2 Birth Length 

Birth length was positively associated with the mother’s height (p = 0.02) and pre-

pregnancy BMI (p = 0.02). It was also marginally associated with the use of ART (p = 

0.05) and the mother’s pre-existing health conditions (p = 0.06) (Appendix 6). Birth 

length was correlated for all twin pairs (ICC = 0.35, p < 0.0001). As expected, the 

correlation of birth length for the MZ twins (ICC = 0.43, p < 0.0001) was higher than that 

for the DZ twins (ICC = 0.25, p = 0.01). The DC MZ twins were more correlated (ICC = 

0.54, p = 0.01) than the MC MZ twins (ICC = 0.29, p = 0.003). 

 

3.3.3 Birth Head Circumference 

Head circumference at the time of birth was not associated with any parental, prenatal, or 

perinatal factors (Appendix 7). The ICC for all twins for the birth head circumference 

was 0.61 (p < 0.0001). The MZ twins’ correlation (ICC = 0.62, p < 0.0001) was higher 

than that of the DZ twins (ICC = 0.47, p < 0.0001). Similar to the other two birth 

outcomes, the correlation for DC MZ twins (ICC = 0.68, p < 0.0001) was higher than the 

correlation for MC MZ twins (ICC = 0.45, p < 0.0001). 
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3.3.4 Gestational Age 

Gestational age was positively associated with the mother’s total weight gain at the time 

of birth, as expected (p = 0.04).  The gestational ages for the MC MZ twins were 

significantly shorter than the gestational ages for the DZ twins (p = 0.0004), whereas the 

gestational ages for DC MZ twins were not significantly different from the gestational 

ages for DZ twins (p = 0.32) (Appendix 8).  
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Chapter 4:  

COMPARISON OF DNA METHYLATION LEVELS 
AMONG MC MZ, DC MZ, AND DZ TWINS 

 

4.1 Cohort Selected for the DNA Methylation Analysis 

Twenty-four twin pairs, including 8 pairs from each twin type, were selected for the DNA 

methylation analysis. Table 4.1 summarizes the characteristics of the twins. Birth 

weights and gestational ages of the selected twins did not significantly differ from that of 

the entire cohort.  

Table 4.1. Summary of the characteristics of the twins selected for the DNA methylation 
microarray analysis and their comparisons with the entire newborn twin cohort. 

Characteristic 
Mean (SD, Min-Max) 

DC MZ 
(8 Pairs) 

MC MZ 
(8 Pairs) 

DZ 
(8 Pairs) 

Entire Cohort 

Female:Male Ratio 6:2 6:2 6:2 51:59 
Birth Weight 2558 

(230, 2110-
2826) 

2473 
(411, 1790-

2990) 

2388 
(340, 1990-

2897) 

2573 
(495, 1020-

3944) 
Gestational Age 

(weeks) 
36.3 

(1.4, 33.7-
37.9) 

36.4 
(1.1, 34.3-

37.7) 

36.4 
(1.7, 34.1-

38.3) 

36.6 
(2.1, 28.9-

42.3) 
Gestational Age at 

Chorionicity 
Determination (weeks) 

14.9 
(6.8, 5.7-20.4) 

11.7 
(3.4, 8.6-14.0) 

14.8 
(4.9, 7.0-21.0) 

15.9 
(5.9, 5.7-38.0) 

Birth Weight 
Discordance 

11.9  
(9.3, 0.8-32.7) 

14.3 
 (8.6, 1.3-

24.4) 

12.0  
(11.9, 0.19-

31.3) 

10.9  
(8.2, 0-34.1) 

 

4.2 Bisulfite Conversion Recovery Rate and Efficiency 

The DNA recovery rate after bisulfite conversion decreased as the DNA input amount 

increased (Figure 4.1). The percent recovery rates were approximately 100% for 1 µg, 
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87% for 1.5 µg, and 75% for 2 µg of DNA used in the bisulfite conversion reaction. 

Therefore, 1 µg of DNA was used for all subsequent bisulfite conversions. 

The efficiency of the bisulfite conversion was determined using methylation-specific 

polymerase chain reaction (MSP). Control DNA samples confirmed that all the primers 

were specific for what they were intended to detect. Samples used to test the bisulfite 

conversion were all unmethylated, as expected, and the three different starting amounts 

resulted in the same efficiency. There was no amplification of samples with the genomic 

p15 primer, indicating that the samples were completely converted, at that particular 

region.  

 
Figure 4.1. Methylation specific PCR (MSP) results of the bisulfite conversion efficiency 
test. MSP was performed using primers specific for the methylated and converted p16 
(M), unmethylated and converted p16 (U), and genomic p15 (W). The samples were then 
diluted to 1 ng/µl and run on a 1% agarose gel. The conversion efficiency was performed 
on three samples with 1 µg (1), 1.5 µg (2), and 2 µg (3) of DNA, prior to bisulfite 
conversion. The samples were compared to the methylated and converted (4), 
unmethylated and converted (5), and unmethylated and unconverted control DNA (6).  
 

Methylated Converted         Unmethylated Converted    Unmethylated Unconverted 
(M)                (U)                                       (W) 

1""""2""""3""""4""""5""""6""""1""""2""""3""""4""""5""""6""""1""""2""""3""""4""""5""""6""""
200 bp 
 
100 bp 
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4.3 Quality Control, Normalization, and Data Processing of the DNA 

Methylation Data 

4.3.1 Quality Control 

The intensities for all the Illumina control probes were visualized for each sample and the 

signals were all distinguishable from background noise, as expected. The bisulfite 

conversion of all samples was successful (Figure 4.2).  



 

 70 

 

 

 

 

(A) Staining (B) Extension 

(C) Hybridization (D) Target Removal 

(E) Bisulfite Conversion (F) Specificity 

(G) Non-Polymorphic (H) Negative 
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Figure 4.2. Intensity levels of the Infinium methylation control probes for 12 twins. 
Intensity levels were obtained using the Genome Studio software. (A) The signal 
intensity for the staining control probes in the green channel are expected to be high for 
biotin (high), and low or at background level for dinitrophenyl, DNP (high), DNP (bgnd) 
and biotin (bgnd). In the red channel, DNP (high) should have high levels while the other 
probes should demonstrate background levels. (B) For the extension controls, strong 
signals were expected for nucleotides C and G in the green channel, whereas A and T 
should have strong signals in the red channel. (C) The hybridization controls were 
designed to exhibit high, medium, and low signals in the green channel, while remaining 
at a background level in the red channel. (D) Efficient target removal should demonstrate 
background levels for the target removal control probes in both the green and red 
channels. The target removal signal may be slightly higher in the green channel because 
it is measured solely in the green channel. (E) The first 6 bisulfite conversion I controls 
(BS Conversion I) were meant to measure the conversion in Illumna type I probes in the 
green channel and the last 6 were measured in the red channel. The converted controls BS 
Conversion I C1 – C6 should have positive signals, while the unconverted controls BS 
Conversion I U1 – U6 should have background level signals. The bisulfite conversion II 
controls were meant to measure type II probes in the red channel and should all be 
positive. (F) The specificity I controls measure the hybridization stringency of type I 
probes. The first 6 were measured in the green channel, while the last 6 were measured in 
the red channel. The mismatch controls (MM) should have background intensities and the 
perfect match controls (PM) should have strong positive intensities. The specificity II 
controls assess the hybridization of type II probes and should all be positive in the red 
channel. (G) Non-polymorphic controls act as positive controls to assess the overall 
quality of the assay. A positive signal is expected for C and G in the green channel, and 
for A and T in the red channel. (H) Finally, negative controls should have very low 
signals in both channels. 
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Before quality control, there were a total of 485,577 probes. The experiment-dependent 

quality control removed 4,505 (0.9%) probes. The 65 SNP probes that were included in 

the array for quality control and the probes on the X-chromosome that were used to 

analyze the data quality were removed prior to further analysis. There were 441,689 

probes remaining after quality control (Table 4.2).  

Table 4.2. Summary of the number of probes removed at each probe quality control step. 
Quality Control Parameter Number of Probes (Percent 

of Probes) Removed 
Total Number of Probes 

Remaining 

Total Number of probes before quality control = 485,577 
Detection p-value > 0.001 3,622 (0.7) 481,955 

Bead Count < 3 883 (0.2) 481,072 
Missing 0 (0) - 

Single Nucleotide 
Polymorphisms (SNPs) 

65 (0.01) 481,007 

X Chromosome 11,218 (2.3) 469,789 
Probes mapping to multiple 

locations 
28,100 (5.8) 441,689 

Total 43,888 (9) 441,689 
 

All MZ twins had the same genotype for the 65 SNPs, except for twin pair SB00020. 

Further analysis of this twin pair showed that they did not cluster together on the MDS 

plot and they were on different branches on the hierarchical plot. Evidence showed that 

there was a sample mix-up or contamination for SB00020-B; therefore the twin pair was 

removed. After the removal of poor quality probes, all samples had over 99.9% of all 

probes remaining; the mean failed probe fraction was 0.001. All analyses were conducted 

using 46 twins (7 MC MZ, 8 DCMZ, and 8 DZ twin pairs). 
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4.3.2 Comparison of Normalization Procedures 

Intra- and inter-array normalization was applied to the dataset. The raw β-values do not 

follow a bimodal distribution for all samples. Some samples demonstrate a trimodal 

distribution, with two close peaks near β = 0 (Figure 4.3A). The deviation from the 

expected distribution could be explained by the two Infinium probe designs, Infinium 

type II probes tend to have a narrower range of detection, compared to type I probes [43]. 

SWAN eliminated the double unmethylated peak in the samples; however, some of the 

distributions were still slightly shifted (Figure 4.3B). In comparison, the distribution after 

the BMIQ normalization was more uniform (Figure 4.3C). Our dataset does not contain 

technical replicates and therefore we could not evaluate whether the normalization 

procedures eliminated technical variations while maintain biological variations. However, 

previous studies [128, 140, 141] have demonstrated that BMIQ is a more effective 

method, compared to SWAN and other normalization procedures. Therefore, the BMIQ 

normalized data was used for all samples.  

Additionally, effects from the four batches were detected, and then corrected for using 

ComBat. The SVD analysis prior to normalization showed that the greatest level of 

variation was associated with the batch effect. After ComBat normalization, the SVD 

analysis showed that the largest variation was due to twin group. 
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Figure 4.3. The density distributions of beta-values for all twins, after the experiment-
dependent quality control for the (A) raw data, (B) SWAN normalized data, and (C) 
BMIQ normalized data. 
 

After BMIQ normalization, the hierarchical plot demonstrated that twin pairs clustered 

together (Figure 4.4B). The divergence of the DC MZ and MC MZ twins tended to be 

lower than that of the DZ twins, showing that MZ twin pairs had more similar DNA 

methylation levels to each other. The hierarchical plot after SWAN, however, did not 

show that all twins clustered together. Twin pairs clustered closely together on the MDS 

plot, with MZ twin pairs clustering more closely than the DZ twin pairs (Figure 4.4C). 
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Figure 4.4. Cluster analysis results: The hierarchical dendrogram plots of the overall 
relationship between the samples before normalization (A) and after BMIQ normalization 
(B). (C) The MDS plot using the 1000 most variable CpG probes after normalization. 
 

To further confirm the quality of our dataset, the biologically relevant DNA methylation 

patterns, or performance metrics, were examined. The mean β-value for the 227 iDMR 

probes was 0.53 (SD = 0.16), which was close to the expected 0.5. MZ twins were highly 

correlated for all of the 65 SNP probes (rho = 0.998, 0.995-0.999). In theory, DZ twin 

pairs are expected to share 50% of genetic variants. The mean correlation for these 65 

SNP probes between the DZ twins (rho = 0.605, 0.542-0.664) was higher than the 

genome-wide expected value, which could be a reflection of the very small number of 

SNPs used. The median DNA methylation levels for X chromosome probes were 
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consistently higher in females compared to males (β = 0.49 vs. 0.35), which is expected 

due to X-chromosome inactivation. 

 

4.4 DNA Methylation Levels 

After normalization, DNA methylation levels across the genome followed a bimodal 

distribution (Figure 4.3C). Most of the CpGs tend to be predominantly fully methylated 

or unmethylated, with two peaks approaching β-values of 1 (fully methylated) and 0 

(fully unmethylated).  Overall, 41% (184,391) of all CpGs were highly methylated (β ≥ 

0.7), 44% (201,526) were under methylated (β ≤ 0.3), and 15% (56,619) were 

intermediately methylated. The median β-value for all CpG sites was 0.467. 

According to the CpG locations relative to gene locations, CpGs at the proximal promoter 

regions, for all twins, had significantly lower median DNA methylation levels than the 

other gene-centric locations (0.241 vs. 0.609, p<0.0001). In contrast, the CpGs in the 

gene body had significantly higher median DNA methylation levels (0.633 vs. 0.358, 

p<0.0001). When looking at the CpG sites in relation to CGIs, the CpG sites located 

within CGIs were significantly under methylated (0.187 vs. 0.595, p<0.0001). The 

median DNA methylation levels increased as the sites became further away from CGIs 

(Table 4.3).  
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Table 4.3: The numbers of probes and DNA methylation levels for CpG sites according 
to gene- and CGI-centric annotations.  

Genomic Feature Number of Probes 
(Percentage) 

Median Methylation Level 
(SD, Min-Max) 

Gene-Centric 
Intergenic Region 66,953 (15.2) 0.582 (0.3, 0.004 – 0.98) 
Distal Promoter 21,087 (4.8) 0.527 (0.4, 0.009 – 0.98) 

Proximal Promoter 170,459 (38.6) 0.241 (0.3, 0.004 – 0.99) 
Gene Body 174,727 (39.5) 0.633 (0.3, 0.007 – 0.99) 

Downstream Region 8,609 (2) 0.530 (0.4, 0.009 – 0.98) 
CGI-Centric 

CpG Island (CGI) 138,727 (31.4) 0.187 (0.3, 0.005 – 0.99) 
CGI Shore 102,973 (23.1) 0.426 (0.4, 0.004 – 0.98) 
CGI Shelf 42,011 (9.5) 0.726 (0.3, 0.01 – 0.98) 
Non-CGI 157,978 (35.8) 0.671 (0.3, 0.006 – 0.99) 

 

4.5 Within Twin Pair DNA Methylation Profile Similarities 

The within twin pair Spearman correlations of M-values at all CpG sites for MZ twin 

pairs were slightly higher than the correlations for DZ twins and the unrelated pairs. The 

correlation of DNA methylation levels at all sites for all unrelated pairs was 0.981, due to 

majority of the CpG sites interrogated by the HM450 BeadChip with no variation among 

individuals, particularly the sites that tend to be fully methylated or fully unmethylated. 

When looking at the most variable probes, the correlations for the DZ and unrelated pairs 

decreased while DC MZ and MC MZ twin pairs remained highly correlated (Table 4.4). 
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Table 4.4. The average within-pair Spearman correlations of DNA methylation levels for 
DC MZ, MC MZ, DZ, and unrelated pairs, using probes with different standard deviation 
cut-offs.  

Standard Deviation 
Cutoff 

(Number of Probes) 

Spearman Correlation Coefficient (rho) (SD) 

DC MZ MC MZ DZ Unrelated 

All Probes 
(441,689) 

0.986 (0.002) 0.988 (0.003) 0.980 (0.006) 0.981 (0.010) 

75% Most Variable 
(331,266) 

0.985 (0.005) 0.985 (0.006)  0.976 (0.008) 0.975 (0.017) 

50% Most Variable 
(220,844) 

0.983 (0.008) 0.981 (0.011) 0.974 (0.013) 0.951 (0.020) 

25% Most Variable 
(110,422) 

0.977 (0.012) 0.972 (0.014) 0.968 (0.018) 0.902 (0.022) 

 

The within-pair DNA methylation correlation was marginally associated with birth 

weight discordance (p = 0.05), using twin type as a covariate. Higher DNA methylation 

profile correlations were linked to lower birth weight discordances. When looking at 

monozygotic twins only, the significance decreased (p = 0.14), with chorionicity as a 

covariate. The smaller sample size could possibly explain the decrease in significance. 

The overall distributions of the ICC values show that the DC MZ twin pairs were more 

epigenetically similar to each other than the MC MZ and the DZ twin pairs (Figure 4.6). 

The median ICC values for the MC MZ and DZ twins were similar, though the MC MZ 

twins had a larger variance. After adjustment for gestational age, birth weight percentile, 

and sex, the ICC distributions shifted slightly towards the left, closer to 0, while 

maintaining the same trend. This means that the birth weight differences between twin 

pairs had a smaller influence on DNA methylation levels, relative to the influence of 

having the same gestational age and sex. 
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Figure 4.5. Distributions of the intraclass correlation coefficients (ICC) for DNA 
methylation values in the MC MZ, DC MZ, and DZ twins, before and after adjustment 
for gestational age, birth weight percentile, and sex. 
 
 
To examine the effects of correlated sites on the ICC distribution, correlated sites were 

clustered together and one site from each cluster was analyzed. A Spearman correlation 

threshold of 0.2 reduced the dataset to 271,928 independent CpG sites and produced a 

similar ICC distribution as without clustering. After removing the SNP associated probes, 

the ICC values for all twin groups decreased with more changes for DZ twins than that 

for the MZ twins, as expected. 

Generally, the ICC values for different gene-centric and CpG-centric regions followed 

the same overall trend where the DC MZ twins had DNA methylation profiles that were 

MC MZ 
DC MZ 
DZ 

ICC Value 
0 - 0.5 0.5 1.0 - 1.0 

D
en

si
ty

 
Before Adjustment 

Twin 
Group 

Median Mean St Dev 

MC MZ 0.18 0.16 0.38 

DC MZ 0.24 0.22 0.34 

DZ 0.18 0.16 0.35 

After Adjustment 

Twin 
Group 

Median Mean St Dev 

MC MZ 0.13 0.12 0.39 

DC MZ 0.21 0.18 0.35 

DZ 0.14 0.13 0.36 
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the most similar to each other, while the MC MZ and DZ co-twins were less similar 

(Table 4.5).  However, DNA methylation levels at sites located within the CGIs and CpG 

shores in the proximal promoter tended to be more similar in both the DC MZ and DZ 

twin pairs, compared to MC MZ pairs. This indicates that there is little or no genetic 

effect at these loci. 

 

Table 4.5. The median ICC values (with standard deviations) for all the DNA 
methylation probes according to gene-centric and CpG-centric annotations, after 
adjustment for gestational age, birth weight percentile, and sex.  

 

A total 242 CpG sites were identified to be differentially methylated in almost all MC 

MZ twin pairs, with an ICC value of less than – 0.9.  While only 55 CpG sites had 

different DNA methylation levels in DC MZ twins and 83 sites in DZ twins. 

 

Number of Sites 
DCMZ (SD) 
MCMZ (SD) 

DZ (SD) 

Gene-Centric 

Intergenic 
Region 

Distal 
Promoter 

Proximal 
Promoter 

Gene Body Down-
stream 
Region 

Total  

Island 10,794 
0.21 (0.36) 
0.16 (0.40) 
0.16 (0.35) 

4,349 
0.17 (0.36) 
0.13 (0.39) 
0.15 (0.36) 

86,615 
0.14 (0.35) 
0.07 (0.39) 
0.13 (0.36) 

34,898 
0.18 (0.36) 
0.14 (0.39) 
0.14 (0.36) 

2,071 
0.20 (0.36) 
0.14 (0.39) 
0.16 (0.36) 

138,727 
0.15 (0.35) 
0.09 (0.39) 
0.13 (0.36) 

Shore 9,899 
0.24 (0.35) 
0.17 (0.39) 
0.18 (0.36) 

4,827 
0.23 (0.35) 
0.14 (0.38) 
0.17 (0.36) 

48,348 
0.18 (0.35) 
0.11 (0.38)  
0.15 (0.35) 

37,825 
0.22 (0.35) 
0.14 (0.38) 
0.16 (0.36) 

2,074 
0.23 (0.36) 
0.19 (0.38) 
0.17 (0.37) 

102,973 
0.21 (0.35) 
0.13 (0.38) 
0.16 (0.36) 

Shelf 5,430 
0.25 (0.35) 
0.16 (0.37) 
0.16 (0.37) 

8,024 
0.22 (0.35) 
0.15 (0.37) 
0.13 (0.36) 

3,649 
0.23 (0.35) 
0.13 (0.38) 
0.18 (0.35) 

23,455 
0.23 (0.34) 
0.15 (0.38) 
0.14 (0.36) 

1,453 
0.24 (0.35) 
0.15 (0.38) 
0.15 (0.36) 

42,011 
0.23 (0.35) 
0.15 (0.37) 
0.14 (0.36) 

Non-CGI 40,830 
0.25 (0.35) 
0.17 (0.38) 
0.18 (0.36) 

3,887 
0.23 (0.35) 
0.16 (0.38) 
0.18 (0.36) 

31,847 
0.23 (0.35) 
0.14 (0.38) 
0.16 (0.36) 

78,403 
0.23 (0.33) 
0.15 (0.37) 
0.15 (0.35) 

3,011 
0.24 (0.36) 
0.17 (0.38) 
0.18 (0.36) 

157,978 
0.24 (0.35) 
0.15 (0.38) 
0.16 (0.36) 

Total 66,953 
0.24 (0.35) 
0.17 (0.39) 
0.17 (0.3) 

21,087 
0.21 (0.35) 
0.14 (0.38) 
0.15 (0.36) 

170,459 
0.17 (0.35) 
0.10 (0.38) 
0.14 (0.36) 

174,581 
0.22 (0.35) 
0.15 (0.38) 
0.15 (0.36) 

8,609 
0.23 (0.36) 
0.17 (0.38) 
0.17 (0.36) 

441,689 
0.24 (0.34) 
0.18 (0.38) 
0.18 (0.35) 

C
G
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C
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4.6 Site-Specific DNA Methylation Analysis 

4.6.1 DNA Methylation Levels and Gestational Age, Birth Weight, and Sex 

The pairwise relationships between DNA methylation and gestational age, birth weight, 

and sex did not result in any significant CpG sites, after multiple testing correction (p < 

0.1). The cell composition, batch, and chip position on the microarray did not have an 

impact on the results, reflecting the efficiency of the batch correction normalization. 

 

4.6.2 CpG Site-Specific DNA Methylation Levels and Chorionicity 

The DNA methylation levels at 6,652 sites (with nominal p < 0.01) were found to be 

associated with chorionicity prior to the addition of covariates to the statistical model. 

There were 5,170 CpG sites that were significantly associated with chorionicity after 

adjustment for gestational age, birth weight percentile, and sex. Of these sites, 3,567 were 

associated with 2,303 genes. The DNA methylation level at one CpG site was 

significantly associated with chorionicity with a Benjamini and Hochberg corrected p-

value = 0.1 and nominal p = 9.42 x 10-7 (Table 4.6). This site was not annotated to be 

associated with a gene. The DC MZ twins had higher DNA methylation levels, compared 

to the MC MZ twins at 3,690 of the sites that were significantly different between the 

groups.  
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Table 4.6. Summary of the top CpG sites that are associated with chorionicity. 

 
 

 

4.6.3 CpG Site-Specific DNA Methylation Levels and Zygosity 

The DNA methylation levels at 12,695 CpG sites were associated with zygosity when 

comparing the MC MZ twins to the DZ twins, whereas only 3,167 sites were significant 

when comparing the DC MZ twins to the DZ twins (p < 0.01). Of these sites, 1,084 

overlap. After correction for multiple testing, 7 CpG sites remain significant for the MC 

MZ twins, while there were no significant sites for the DC MZ twins (Table 4.7). 

 

Target ID Nominal 
p-value 

Adjusted 
P-Value 

Gene Chromo-
some 

Chromo-
somal 

Location 

CGI-
Centric 

Gene-
Centric 

cg16063312 9.4x10-7 0.10 - 10 22725587 CGI - 
cg00919591 1.6x10-6 0.18 BCR 

Breakpoint Cluster 
Region 

22 23524136 CGI Gene 
Body 

cg14657725 5.3x10-6 0.58 OSR2 
Odd-Skipped- Related 

3 

8 99959549 Shore Gene 
Body 

cg02927618 6.9x10-6 0.76 ANKRD13A 
Ankyrin Repeat 
Domain 14 A 

12 11044052 Shelf Gene 
Body 

cg24480515 8.8x10-6 0.97 RAC1 
Ras-Related C3 

Botulinium Toxin 
Substrate 1 

7 6418440 Shelf Gene 
Body 
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Table 4.7. Summary of the top CpG sites that are associated with twin type. 

 

 

4.7 Comparisons to Previous Studies 

Previously, DNA methylation pattern differences in MC MZ and DC MZ twins has only 

been shown using a custom 12K DNA methylation microarray and the HM27 BeadChip. 

Since most of the probes from the HM27 BeadChip are also in the HM450 BeadChip, we 

extracted those probes and compared our ICC values with the previously published 

findings. A total of 24,980 probes from the HM27 BeadChip were used. The global ICC 

values of the DC MZ twins (median ICCDCMZ = 0.18) were higher than that of the MC 

MZ (median ICCMCMZ = 0.15) and DZ twins (median ICCDZ = 0.15), which were 

consistent with published results.  

The analysis for the PETS HM450 data was performed on 307,218 probes. The global 

ICC distributions did not follow the same overall trend seen in our dataset (Figure 4.7). 

Target ID Nominal 
p-value 

Adjusted 
P-Value 

Gene Chromo
-some 

Chromo-
somal 

Location 

CGI-
Centric 

Gene-
Centric 

cg17715141 2.1x10-7 0.02 - 4 18260969 Non-
CGI 

Intergenic 

cg13900737 3.2x10-7 0.03 PRSS3 
Protease Serine 3 

9 33755121 Shelf Gene 
Body 

cg24801023 3.2x10-7 0.03 MTMR6 
Myotubularin-Related 

Protein 6 

13 25862438 Shore Proximal 
Promoter 

cg10606486 6.3x10-7 0.07 - 18 77608996 CGI Intergenic 

cg20080548 7.3x10-7 0.08 SBSN 
Suprabasin 

19 36020200 Shelf Proximal 
Promoter 

cg19832556 8.4x10-7 
 

0.09 - 17 39576227 Non-
CGI 

Down-
stream 

cg03008078 8.5x10-7 
 

0.09 SMAD3 
SMAD Family Member 

3 

15 67434193 Non-
CGI 

Gene 
Body 
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The MC MZ twins had higher ICCs than both the DC MZ and DZ twins. Therefore, the 

MC MZ twins had more similar DNA methylation profiles, while the DC MZ and the DZ 

co-twins were less similar. Interestingly, the ICCs for the DC MZ twins were also lower 

than the DZ twins, showing that the DC MZ twins were even more dissimilar than the DZ 

twins. It is important to note that the DC MZ group had a smaller sample size (n = 5 

pairs) and a larger standard deviation.  

 
Twin Group Median Mean St Dev 

MC MZ 0.23 0.19 0.43 

DC MZ 0.14 0.12 0.46 

DZ 0.18 0.16 0.42 
 
Figure 4.6. Distributions of the intraclass correlation coefficients (ICC) for the DNA 
methylation values in the MC MZ, DC MZ, and DZ twins from the Pre-/perinatal 
Epigenetic Twin Study (PETS) HumanMethylation450 dataset. 
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Chapter 5:  

DISCUSSION 

The objective of this study was to investigate the differences in DNA methylation 

profiles of MC MZ and DC MZ. The first section looks at demographic, pre-/perinatal, 

and birth outcome information of the 110 mothers recruited for our study and their twins. 

Gestational age, birth weight, and birth length discordance were identified to be 

significantly associated with MZ twin chorionicity. The use of ART, mother’s diet, and 

gestational age were significantly associated with twin zygosity. These factors were then 

taken into consideration for the DNA methylation analysis by either incorporating them 

into the selection criteria or including them in the statistical model as covariates. 

Secondly, DNA methylation profiles were obtained from 48 twins. After quality control 

and normalization procedures, our dataset consisted of DNA methylation information for 

441,689 CpG sites of 7 MC MZ, 8 DC MZ, and 8 DZ twin pairs. DNA methylation 

patterns were compared between the three twin types at the global, gene and CGI-centric 

locations, and individual CpG site level. We found that DC MZ twins had more similar 

DNA methylation profiles to each other, while MC MZ and DZ twins had similar ICC 

distributions. Adjustment for gestational age, birth weight percentile, and sex resulted in 

an overall decrease in ICC values but did not affect the global trend. Interestingly, the 

ICC values of CpG sites within proximal promoter CGIs showed that MC MZ twin pairs 

had less similar DNA methylation profiles, compared to DC MZ and DZ twin pairs. 

Additionally, sites that consistently differed between twin pairs and sites that had 

significantly different DNA methylation levels according to chorionicity and twin type 
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were identified. The results from this study will impact the study design of future 

epigenetic studies using twins. 

 

5.1 DC MZ Twins Have More Similar DNA Methylation Profiles to 

Each Other, Compared to MC MZ Twins, in Buccal Epithelial Cells 

At the global DNA methylation level, the DC MZ co-twins had more similar DNA 

methylation profiles to each other, compared to the MC MZ co-twins. This result seems 

counterintuitive because MC MZ twins share a common intrauterine environment and 

since epigenetics is influenced by environmental factors, one would presume that MC 

MZ twins would be more epigenetically similar. Our findings are consistent with two 

previous studies that showed higher correlations of DNA methylation profiles between 

DC MZ twins, when compared to MC MZ twins [50, 51]. A possible explanation for this 

phenomenon is that, since the splitting of zygote occurs earlier in development for DC 

MZ twins, there were fewer cells and therefore a more epigenetically homogenous split. 

Whereas in MC MZ twins, the splitting could have occurred after morula or even 

blastocyst formation and after the establishment of different cell types with different 

epigenetic profiles, resulting in an epigenetically heterogeneous zygotic split. 

Alternatively, another explanation could be that MC MZ twins become more 

epigenetically dissimilar during intrauterine development, due to competition for 

resources required for growth. The lack of the thick chorionic membrane separating the 

two MC MZ fetuses could affect the space needed for normal growth of one of the twins. 

MC MZ twins also share a common placenta and 95% of the placentas have regions 
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where the two circulatory systems connect, while DC MZ twins have completely distinct 

circulatory systems [142]. This creates an environment of potential unequal allocation of 

nutrients and oxygen required for normal growth and development. In our study, the 

newborn MC MZ twins tend to be more phenotypically discordant for birth outcomes, 

such as birth length (p = 0.02) and birth weight (p = 0.09), compared to DC MZ twins. 

These findings are consistent with previous studies [109, 110]. The non-shared 

intrauterine environmental factors that contribute to the discordance in MC MZ twins 

include the insertion site of the umbilical cord into the placenta, diameter of the umbilical 

cord, and proportion of the placenta that the vascular structures occupies [142]. These 

phenotypic differences could result in alterations in the DNA methylation profiles of the 

twins, causing them to be more epigenetically discordant. According to the fetal 

programing theory, the same genotype can result in different phenotypes depending on 

the influence of intrauterine events [143]. This raises the question of whether the DNA 

methylation patterns contribute to or are an outcome of the discordance of birth 

outcomes. Aberrations in normal DNA methylation levels could lower the efficiency of 

cellular processes in the body, resulting in a lower birth weight. On the other hand, lower 

nutrient levels could result in changes in DNA methylation levels, either by affecting 

methyl donors [71] or by changing the regulation of expression of certain genes. 

We cannot directly examine if unequal zygote splitting is the cause for MC MZ twins 

being more epigenetically different than DC MZ twins using our dataset, we can, 

however, determine whether phenotypic discordance plays a role by examining the 

association between twin phenotypic discordance and the global DNA methylation level 

differences. The birth weight differences were not associated with the global DNA 
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methylation level differences in the MZ twins (p = 0.14). This association is not 

significant, perhaps due to the small sample size, but it does demonstrate a trend, 

suggesting that the larger differences in DNA methylation profiles within MC MZ twins 

may be related to larger birth outcome differences. 

The overall trend of the ICC distributions did not change after correction for birth weight 

percentile in the ICC calculations. Of note, the twins selected for DNA methylation 

profiles did not have large discordances in birth outcomes (e.g. for birth weight, the 

differences ranging from 5 to 870g) compared to those who were not selected (the birth 

weight differences ranging up to 1159g). The global DNA methylation level as a whole 

was not significantly affected by birth weight,	   though subsets of CpG sites have been 

reported to be affected by birth weight in a previous study [50].  

 

5.2 Genetic and Non-Shared Intrauterine Factors Contribute to the 

DNA Methylation Patterns of Newborns 

The cluster plots of the DNA methylation levels at all CpG sites, Spearman correlations, 

and ICC values all showed that the MZ twins had more similar DNA methylation profiles 

to each other than the DZ twins. These results suggest that the global DNA methylation 

profiles are, in part, genetically controlled. Allele-specific DNA methylation differences 

have been reported by the studies that observed a correlation between genotypes and 

DNA methylation levels [47, 83]. The contribution of genetics alone cannot account for 

the variation observed among individuals because epigenetic differences are observed 

among genetically identical MZ twins. Though MZ twins are not 100% genetically 
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identical, the frequency of somatic point mutations was estimated to be 1.2 x 10-7 per 

base pair for each twin pair, during early development, these genetic differences are not 

large enough to explain the epigenetic differences [144]. Using the ICC values for MZ 

and DZ twins, the heritability of global DNA methylation levels is roughly estimated to 

be 0.06. This leaves a large proportion of the epigenetic differences observed between 

MZ twins to be attributed to environmental or stochastic factors. Additionally, the 

differences in the twinning processes of DZ and MZ twins could play a significant role in 

determining their DNA methylation level similarities. Since DZ twins arise from two 

independent fertilization events, the two fertilized eggs undergo independent global DNA 

methylation erasure and re-establishment, in the primordial germ cells and after 

fertilization. Whereas, for MZ twins, the development of DNA methylation profiles is 

identical, until the time the zygote splits. In addition, stochastic or environmental 

influences would be acting on DZ twins separately, whereas they would be acting on MZ 

twins as one gamete or zygote, until the split occurs.  

The genetic differences in DZ twins could affect the ability of the microarray probes to 

detect true methylation differences if there is a SNP present within the probe. This would 

result in a larger than true discordance at that particular CpG site. However, upon the 

removal of probes (n = 12,490) that contained SNPs with a minor allele frequency higher 

than 0.05 in the European population, and within 10 base pairs from the interrogated CpG 

site [99], the overall trend and magnitude of the global ICC distributions remained the 

same. The median ICC values for these sites did not differ from the global values (SNP 

associated ICCDCMZ = 0.20, ICCMCMZ = 0.14, and ICCDZ = 0.12). There was also no 

overlap between the SNP-associated probes and the sites found to be statistically different 
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between MZ and DZ twins. Aside from these possible direct effects, SNPs may also 

affect the DNA methylation status of a nearby region [47, 145]. These sites have not yet 

been identified for the HM450 BeadChip, but they have been previously published for the 

HM27 [47]. None of which overlapped with the significant sites that we have identified. 

MC MZ twins share a common intrauterine environment, and are only separated by a thin 

permeable amnion. There were two competing factors: the same intrauterine environment 

and the competition for resources. Since MC MZ co-twins demonstrated greater 

variability in global DNA methylation level values compared to DC MZ twins, the effects 

from the competition may be stronger than the effect from the shared environment. 

However, this does not mean that the shared environment has no effect. Previous studies 

have identified subsets of CpG sites susceptible to different intrauterine environmental 

influences, such as maternal smoking [63, 146, 147].  

 

5.3 Median Intraclass Correlation Coefficients Vary According to Gene 

and CpG Island-Centric Locations 

The median ICC values for DNA methylation levels from chromosomal regions 

overlapping with CGIs at proximal promoters were higher for the DZ twins, compared to 

the MC MZ twins, and were similar between the DZ and DC MZ twins. This pattern 

differs from the global trend of DC MZ twins having the highest ICC values, while the 

values for MC MZ twins being similar to that of DZ twins. This observation suggests that 

DNA methylation levels at the CGI proximal promoter regions has little or no genetic 

influence, which agrees with previous studies that showed that CGIs were under-
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represented among CpG sites with high heritability [49, 145]. Genes that contain CGIs in 

their proximal promoters tend to be housekeeping or developmental genes [25]. These 

same regions tend to have low methylation levels, which suggest active transcription.  

The intermediate to high-density CpG sites at proximal promoters have been shown to 

have a larger impact on gene expression compared to lower density regions, such as CpG 

shore or shelf [25]. These sites are biologically important and are, therefore, less variable 

and more likely to be conserved throughout evolution [145]. 

It has been hypothesized that zygote splitting for MC MZ twins occurs as a result of 

epigenetic differences. The cells at the blastocyst stage do not recognize each other as 

their own, forcing the separation of the inner cell mass, resulting in the formation of two 

zygotes [100, 148]. The larger degree of co-twin variation at the promoter CGI region in 

MC MZ twins, compared to unrelated pairs (MSw > MSb) could have been the cause for 

MC MZ twinning. DNA methylation at these regions regulates genes that are 

developmentally important [25] and could be highly expressed at the time of the splitting. 

This may cause MC MZ twins to begin their separate developments with discordant DNA 

methylation profiles at these particular regions. Since the split into DC MZ twins occurs 

prior to the blastocyst stage, they may have an independent cause for splitting such as a 

tear in the zona pellucida, which holds the cells in the zygote together [100].  
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5.4 CpG Site-Specific DNA Methylation Level Differences Exist 

Between DC MZ and MC MZ Twins 

A total of 5,170 CpG sites were identified to be differentially methylated according to 

chorionicity (nominal p-value < 0.01). One CpG site was significant at the FDR cutoff of 

0.1. The significant site was computationally annotated to be a promoter-associated CpG 

site, however it has not been linked to a specific gene. The sites in which the DNA 

methylation levels differed between the two groups could be associated with the timing 

of zygote splitting and the intrauterine environment. As a result, these sites have the 

potential to identify the genes implicated in zygotic splitting or the genes that are 

susceptible to environmental influences. 

Additionally, 242 CpG sites have been identified to have ICC values of lower than - 0.9 

in MC MZ twins. These sites are more variable between the MC MZ twin pairs compared 

to unrelated pairs. These sites are potential false positives in DNA methylation studies 

using MZ twins. The results of these studies should be cross-referenced with this list of 

CpG sites to ensure that the differences observed are truly association with the specific 

trait of interest. There were also 55 CpG sites that differed between DC MZ twin pairs 

and 83 CpG sites between DZ twin pairs. With the small sample size, these results 

provide proof of principle for larger scale studies in the future. 
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5.5 Gestational Age and Birth Weight Differences in DC MZ and MC 

MZ Twins 

The gestational ages for the MC MZ twins were significantly lower than the gestational 

ages for the DC MZ twins (35.9 vs. 37.4 weeks). This observation reflected the current 

clinical practice in Manitoba, which is to induce uncomplicated DC pregnancies a little 

later, at approximately 38 weeks, than uncomplicated MC pregnancies, at approximately 

37 weeks. This clinical practice also has a direct effect on birth outcomes, since a shorter 

gestation period would result in a smaller birth weight (DC vs. MC p = 0.03). In our 

cohort, there was no significant association between delivery type, spontaneous or 

operational, and chorionicity. Similar to birth weight, the adjustment for gestational age 

did not alter the global DNA methylation ICC distributions but could have an effect on 

specific CpG sites [90].  

 

5.6 Comparison to the Results from Publicly Available Data 

Using the HM450 DNA methylation microarray to interrogate the buccal epithelial cells 

of newborn twins, the HM450 data from the PETS longitudinal study [88] was the ideal 

dataset to replicate our findings. Chorionicity information was included in this study but 

the DNA methylation differences according to twin types were not reported. The results 

obtained using this publicly available dataset showed that the MC MZ twins had more 

similar DNA methylation profiles, while the DC MZ twins were the most discordant, 

even compared to the DZ twins. The trend persisted, even after using the same 

normalization procedure as in our study. Differences between our dataset and the PETS 
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HM450 dataset included the sample size and the normalization procedure implemented. 

Our sample size was larger, including 8 DC MZ, 7 MC MZ, and 8 DZ twin pairs, 

compared to 4 DC MZ, 5 MC MZ and 5 DZ twin pairs in the HM450 PETS study. We 

noticed that there were a larger number of probes removed due to poor performance 

(detection p-value < 0.001) in their dataset (132,113, 27%) compared to ours (3,622, 

0.7%). The Spearman rank correlation between the twins using the control SNPs was 

0.85, which was much lower than the expected value of close to 1, indirectly showing 

large technical variation in the HM450 PETS study. Additionally, the standard deviations 

of the ICC values were larger, but that can be attributed to the smaller sample size. 

Because of these quality differences, further analyses were not performed on this dataset. 

Our results were consistent with the results from two previous studies that have reported 

a higher global DNA methylation correlation in DC MZ twins, compared to MC MZ 

twins [50, 51]. The magnitude of the ICC differences between DC MZ and MC MZ twins 

was six times smaller in our study (mean ICCDCMZ −ICCMCMZ = 0.06), compared to the 

differences reported by Kaminsky et al. (mean ICCDCMZ −ICCMCMZ = 0.37) [51]. This is 

likely due to the denser genomic coverage of the HM450, resulting in the inclusion of 

more CpG sites with little variation among individuals. Kaminsky et al. used a custom 

chip containing about 12,000 CpG sites and Gordon et al. [50] used the HM27 BeadChip 

containing approximately 27,000 CpG sites, resulting in less genomic coverage compared 

to the HM450. Because most of the probes from the HM27 BeadChip are in the HM450 

BeadChip, we were able to perform ICC analysis using a subset of HM450 probes that 

were previously in the HM27 array. Our dataset showed the same trend as the previous 

studies.  
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5.7 Advantages and Limitations 

The DNA methylation profiles were obtained from healthy newborn twins. In focusing 

on newborn twins, we have minimized the effects of non-shared postnatal environmental 

influences. The twins share the same in utero environment as well as prenatal and 

maternal environmental exposures, allowing the focus to be on the non-shared 

intrauterine environment or stochastic effects and genetic influences. The use of healthy 

newborns allows the establishment of a baseline of normal DNA methylation levels. 

This study uses the HM450 microarray, which is presently the densest genomic coverage 

for a DNA methylation study on twin chorionicity. This microarray interrogates over 

480,000 CpG sites across different genomic features. Unlike the HM27 that was used in 

previous studies, which covers mainly CGIs the promoter regions, the HM450 also 

includes CGI shores, shelves and non-CGI probes in the promoter, gene body, and 

intergenic regions. Probing more sites outside of CGIs is advantageous because it has 

been shown in previous studies that regions with high DNA methylation heritability tend 

to be outside of CGIs [145].  

Another advantage of our study is that we have collected important parental, pre-/ 

perinatal, and birth outcome information via the questionnaire and chart review that can 

account for some of the DNA methylation variation that has been previously reported. 

Since these environmental factors have been shown to have an effect on DNA 

methylation levels, they should be adjusted for when investigating the true relationship 

between DNA methylation levels and chorionicity. This study adjusts for confounder 

effects of gestational age, birth weight and sex, to remove the effects of known 

confounders. 
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Since chorionicity was not always determined within the optimum timeframe (11 to 14 

weeks of gestation), there is a risk of falsely categorizing a DC pregnancy as MC, if the 

lambda sign was not visible during the ultrasound. The rate of late initiation of prenatal 

care, defined as prenatal care beginning after 13 weeks of gestation, for women in 

Manitoba was 26.2% from 2007-2009 and is consistently increasing [149]. This could, in 

part, explain that a large proportion (60%) of the mothers in our study who obtained their 

first ultrasound during the second trimester, or even later (3%). We did not collect the 

placenta after birth and, therefore, could not histologically confirm the chorionicity. To 

avoid any doubt, MC MZ twins were not selected for the DNA methylation analysis if 

their chorionicity was determined earlier than 11 weeks or later than 14 weeks of 

gestation. The zygosity tests confirmed that all of the DZ twins were DC (i.e. none of the 

DZ twins were falsely categorized as MC), even when the chorionicity information was 

obtained later during pregnancy, which gives us confidence that the MZ twins were also 

accurately categorized. 

Our DNA methylation dataset contains three times more females than males. Ideally, we 

would prefer an equal number of both sexes but there were more female MCMZ twins 

selected because the other twins had their chorionicity information obtained earlier than 

11 weeks or later than 14 weeks of gestation. We matched the other twin types to the 

MCMZ twins by gender, which resulted in the smaller number of male twins. The X-

chromosome probes were removed during the quality control steps but it has been shown 

that autosomal CpG sites could also have sex-specific effects [150]. These effects could 

be technical, like the cross-hybridization of X-chromosome sites onto autosomal-intended 

probes, or biological, such as the regulation of sex specific functions (i.e. 
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spermatogenesis). The sex ratio does not affect the global ICC distributions because the 

twins from each twin pair had the same gender, however it may affect the site-specific 

data analyses. Using sex as a covariate in the statistical model should minimize false 

discovery due to sex differences. 

Though we refer to the CpG sites that hybridized to the “methylated” probes as DNA 

methylated loci, the different types of DNA cytosine modifications cannot be 

differentiated by the HM450 microarray. The most prominent type of cytosine 

modification is the methylation of the 5th carbon of cytosine, which is commonly referred 

to as DNA methylation. However, as previously mentioned, other cytosine modifications, 

such as 5hmC, 5fC, and 5caC (p. 2), also exist. The 5hmC modification generally has 

opposing effects on gene expression, compared to 5mC. The biological roles of 5fC and 

5caC modifications are largely unknown.  

Unlike the genome, which remains relatively stable, the epigenome has been shown to 

change over time and certain regions can be readily influenced by environmental stimuli. 

The metastability of DNA methylation presents many challenges for epigenetic studies. 

DNA methylation is dependent on population, time, cell type, tissue, and genomic 

location. In this study, we only investigated the DNA methylation profiles in buccal cells.  

Blood cells were not used because of possible chimerism in MC MZ twins. Chimerism is 

the presence of multiple distinct sets of genetic material in one individual and arises from 

the connection of vascular structures in twins who do not have a chorionic separation and 

share a common placenta. This could especially affect the results of epigenetic studies 

using blood cells. Though chimerism in MZ twins may not be distinguishable genetically, 

it could have a large impact on the epigenetic signatures of the affected twins. 
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Another limitation of this study is the relatively small sample size, which is a limitation 

for many genome-wide epigenetic studies using twins. With 46 twins (including 14 MC 

MZ, 16 DC MZ, and 16 DZ twins), we were able to investigate the global DNA 

methylation level differences. Though, site-specific analysis has obtained significant 

results after multiple test correction, there could potentially be additional sites that our 

sample size did not have the power to detect. The absolute β-value difference between 

MZ twins for the 65 quality control SNPs ranged from 0 to 0.01, this can be loosely 

extrapolated to be the range of technical variation. Though it is a small number of probes, 

compared to the total number of probes on the microarray, this shows high 

reproducibility. 

 

5.8 Future Directions 

Further investigation into the CpG sites within CGIs in the proximal promoter could 

provide insight on the twinning process and the effects of the intrauterine environment on 

DNA methylation levels during fetal development. The genes associated with the CpG 

sites, in which the ICC values are significantly lower in MC MZ twins compared to both 

DC MZ and DZ twins, need to be identified. Then, preliminary analyses need to be 

performed in order to determine whether these genes warrant further investigation. If 

these genes are expressed during the morula or blastocyst stage, they implicate the 

involvement of DNA methylation level divergence in the splitting of the zygote. If these 

genes are expressed later in intrauterine development, they could be identified as sites 

that are linked to the larger phenotypic discordance in MC MZ twins.  
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A prediction model for chorionicity could be implemented by using the DNA methylation 

levels from the CpG sites associated with chorionicity. The aim is to regress the DNA 

methylation levels at a set of CpG sites on chorionicity type, in order to determine 

whether the MZ twins are MC MZ or DC MZ. This could potentially be used to 

determine chorionicity for MZ twin studies where the information is not available, which 

can then be used in statistical models or as a selection criterion for studies where this 

information was not previously available and ultimately help improve the study design. 

There are complex layers and interplay of DNA methylation with other epigenetic marks, 

such as post-translational histone modifications, non-coding RNA and chromatin 

modeling. After significant sites are identified, validation must be performed using a 

capture method such as MeDip or MBDCap, along with quantitative PCR or 

pyrosequencing (previously described in section 1.2.4). Further analysis on the 

interaction of the regions with post-translational histone modifications and the 

nucleosome structure could be performed along with expression analysis and ultimately 

analysis at the protein level, to obtain insight on the impact of the DNA methylation 

levels in specific regions and how they relate to twinning. 

 

5.9 Study Significance 

Our results highlight the importance of obtaining chorionicity information for epigenetic 

studies using MZ twins. The classical ACE twin design assumes that the proportion of 

shared environmental influence is the same for both MZ and DZ twins. The intrauterine 

environments of DC MZ and DZ twins are similar because the twins have separate 
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chorions. The use of MC MZ twins would violate that assumption and add additional 

complexity to the model. At the CpG sites that have larger baseline discordance of the 

DNA methylation profiles in MC MZ twins compared to DC MZ twins, heritability 

would be underestimated.  

The results from this study are directly related to the popular discordant MZ twin study 

design in epigenetics, which compare affected MZ twin to his/her unaffected twin. We 

showed that MZ twins, especially MC MZ twins, had different DNA methylation levels 

at some CpG sites even when both twins are healthy. If confirmed, results at these sites 

should be interpreted with caution for discordant MZ twin studies.  

CpG sites that had significantly different DNA methylation levels between DC MZ and 

MC MZ twins were also identified, which could provide insight on the cause of MZ twin 

splitting. Additionally, we have identified site that were significantly differentially 

methylated between MZ and DZ twins. Further investigation of these sites could reveal 

information about twinning. 

We now have a system in place to continue recruiting twins as part of the Manitoba 

Newborn Twin Cohort, which includes a collection of buccal cell DNA samples as well 

as the parental demographic, pre-/perinatal, birth outcome, and zygosity information. 

This cohort can be used in future studies, for example, for the effects of maternal 

smoking and ART on DNA methylation levels. This study could also be developed into a 

longitudinal study for disease development. Consents have been obtained from most 

mothers to use these samples for future studies. 
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APPENDICES 

Appendix 1: Questionnaire given to mothers at the time of recruitment 

Section B. Information About this Pregnancy 

Q1. Where do you plan to give birth? 
1. Women’s Hospital 

2. St. Boniface General Hospital 

Q2. What is your current gestational age?         ________ weeks 

       When is your due date?                              M M / D D / Y Y Y Y 

Q3. Do you know the gender of the twins?          ☐ Yes           ☐ No 

If YES, what are the genders for the twins? 

1. Female-female 

2. Female-male 

3. Male-male 

Q4. Do multiple births (twins, triplets, etc.) run in your or the twins’ father’s family? 

         ☐ Yes           ☐ No              ☐ Unknown 

If YES, whose family and what relationship?  __________________________________ 

Q5. Marital status: 

1. Single         
2. Married          
3. Common-law partnership  
4. Divorced          
5. Separated            
6. Widowed 

Q6. Your weight before this pregnancy:    ___________lbs/___________kg  

         Your height: ____ft ____in/______m          

         Your weight gain to date: ______lbs/_______kg  

Q7. Is this pregnancy a result of assisted reproductive technology?     ☐ Yes          ☐ No 

If YES, which method was used?    

1. Fertility drugs       
2. Artificial insemination      
3. In vitro fertilization      
4. Other: ___________ 
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 You The twins’ father 

Q8. Ethnic origin (please select one and be as specific 
as possible): 

1. African 
2. Asian (south, east, etc.)        
3. Caucasian         
4. Hispanic          
5. Aboriginal (Metis, Inuit, etc.)         
6. Multiracial/other, please specify  

  

Q9. Age   
Q10. Highest level of education completed  

1. No certificate, diploma or degree 
2. High school diploma or equivalent 
3. Apprenticeship or trades certificate or diploma 
4. College, CEGEP or other non-university 

certificate or diploma 
5. University certificate or diploma below the 

bachelor level 
6. University certificate, diploma or degree at 

bachelor’s level 
7. Master’s degree 
8. Professional (law, medicine) or doctoral degree 

  

Q11. Occupation    

Q12. Total household income (Can$) 

1. < $40,000 
2. $40,000-80,000      
3. $80,000-120,000        
4. > $120,000 

 

Q13. Pre-existing mental and physical conditions, e.g. 
hypertension, diabetes, schizophrenia, etc., before this 
pregnancy. Important: Please only list the major 
condition(s) that had been diagnosed, treated, and/or 
monitored by a doctor or other licensed medical 
provider. Add pages if necessary. 
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Q14. Have you been taking folic acid, iron, and other supplements before and during this 
pregnancy?                      ☐ Yes                         ☐ No 

If YES, please specify which supplement(s): ________________ 

Q15. Have you been eating healthily before and during this pregnancy? A healthy diet is a well 
balanced diet which contains a lot of fruit, vegetables and dairy products, a good portion of 
starchy foods like bread, potatoes and pasta, a moderate portion of meat or fish, and not too 
much fat and sugar. The energy content of a healthy diet should be in accordance with the 
needs of the human body (Vereecken et al. 2009). 

    ☐ Always               ☐ Most of the time             ☐ Sometimes              ☐ Never       

Q16. Have you been exercising regularly before and during this pregnancy?     ☐ Yes     ☐ No 

If YES, how many times per week? _________  and how many minutes each time? __________ 

Q17. Have you smoked cigarettes during this pregnancy?          ☐ Yes           ☐ No 

If YES, how many packs per day? ____________ 

Q18. Have you consumed alcohol during this pregnancy?                 ☐ Yes           ☐ No 

If YES, how many drinks per week?  ____________ 

Q19. Have you used recreational drugs (e.g. cocaine) during this pregnancy?   ☐ Yes       ☐ No 

If YES, which drug(s) and how frequent? ______________________________ 

Q20. If YES for Q17 to Q19, did you stop the exposure(s) during this pregnancy?  ☐ Yes   ☐ No 

If YES, which exposure(s)?        ☐ Cigarettes         ☐ Alcohol         ☐ Recreational drugs 

and during which trimester did you stop?    ☐ 1st trimester      ☐ 2nd trimester      ☐ 3rd trimester 

Q21. Have you been exposed to pesticides during this pregnancy?          ☐ Yes           ☐ No 

If YES, during which trimester?      ☐ 1st trimester      ☐ 2nd trimester      ☐ 3rd trimester 

Q22. Have you taken medications, e.g. anticonvulsants, antibiotics, antihypertensives, 
corticosteroids, etc. during this pregnancy?          ☐ Yes           ☐ No 

If YES, during which trimester?      ☐ 1st trimester      ☐ 2nd trimester      ☐ 3rd trimester 

Which medicine and for how long?  _____________________________________ 

Q23. Have you had any problems, e.g. infection, fever, thyroid dysfunction, gestational diabetes, 
preeclampsia, antepartum hemorrhage, etc., during this pregnancy?      ☐ Yes            ☐ No 

If YES, during which trimester?      ☐ 1st trimester      ☐ 2nd trimester      ☐ 3rd trimester 

Please specify the condition(s) and treatment(s):  
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Tegethoff et al. [120] 
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Appendix 2: Hospital recruitment collection form. 
 
Subject Number 
 
Mother ______________     Twin A ______________       Twin B ______________            
 
Prenatal Data 
 
# of Chorions: ________________                # of Amnions: _______________ 
 
Date of ultrasound: ___________________     
 
Gestational age when ultrasound was taken: _______________weeks 
 
Research Nurse Signature: ________________________      Date:  M M / D D / Y Y Y Y 
________________________________________________________________________ 
 
Delivery Summary 
 
Gravidity _____________   Parity ______________ 
 
Date of Delivery: D______M_______Y_______      Gestational Age: __________ weeks   
 
Total maternal weight gain: ________________ lbs/grams (circle) 
 
Type of delivery:  Spontaneous _________   Operative _________   (Type) ___________ 
                                                                                                       (Indication) __________ 
Complications: ___________________________________________________________ 
 

 Twin A Twin B 

Time of delivery   

Sex   
Weight (lbs / grams 

(circle)) 
  

Length (in / cm (circle))   

Head circumference   

Apgar @ 1 minute   

Apgar @ 5 minutes   
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Appendix 3: Pairwise associations between chorionicity and the parental, pre-/perinatal, 
and twin information, using the monozygotic twin pairs (n=56). 

Variable Test Statistic 
 

P-value Trend 

Demographic Information 
Marital Status 2.14 0.54  
Mother’s Age 567.0 0.35  
Father’s Age 470.0 0.97  

Mother’s Ethnicity 2.42 0.49  
Father’s Ethnicity 2.71 0.44  

Mother’s Education 0.67 1.00  
Father’s Education 4.27 0.75  
Household Income 2.69 0.44  

Twinning Information 
History of Multiple Births 0.72 0.40  

Assisted Reproductive 
Technology (ART) 

0.98 0.32  

Parental Health Conditions 
Mother’s Height 472.0 0.47  

Mother’s Pre-Pregnancy 
Weight 

482.0 0.67  

Mother’s Pre-Pregnancy 
BMI 

486.0 0.61  

Mother’s Total Weight 
Gain 

136.0 0.19  

Pregnancy Complications 1.84 0.17  
Mother’s Pre-Existing 

Conditions 
0.34 0.56  

Father’s Pre-Existing 
Conditions 

0.22 0.64  

Gravidity 286.9 0.99  
Parity 280.0 0.90  

Environmental Exposures 
Supplements 2.60 0.11  
Healthy Diet 2.07 0.36  

Exercise 0.22 0.64  
Cigarette Smoking 5.08 0.02 Mothers who smoked 

tend to have MC MZ 
pregnancies 

Alcohol 0.01 0.96  
Recreational Drugs 0.48 0.49  

Pesticides . . None of the mothers 
with MZ pregnancies 

was exposed to 
pesticides 
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Medication during 
Pregnancy 

1.28 0.26  

Twin and Delivery Information 
Sex 0.00 1.00 Same number of 

females and males for 
each chorionicity 

group 
Ethnicity 2.42 0.49  

Type of Delivery: 
Spontaneous 
Operational 

 
0.02 
0.55 

 
0.88 
0.46 

 

Gestational Age 1.5 0.0003 DC twins tend to 
have higher 

gestational age 
Birth Weight 281.8 0.03 DC twins tend to 

have higher birth 
weights 

Birth Weight Discordance -2.9 0.09  
Birth Length 0.94 0.38  
Birth Length 
Discordance 

-2.4 0.02 DC twins tend to 
have smaller birth 

length discordances 
Head Circumference 1.0 0.27  
Head Circumference 

Discordance 
-0.06 0.97  
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Appendix 4: Pairwise associations between zygosity and the parental, pre-/perinatal, and 
twin information. 

Variable Test Statistic 
 

P-value Trend 

Demographic Information 
Marital Status 1.23 0.75  
Mother’s Age 3129.0 0.43  
Father’s Age 2972 0.49  

Mother’s Ethnicity 5.04 0.28  
Father’s Ethnicity 0.22 0.99  

Mother’s Education 10.2 0.18  
Father’s Education 5.39 0.61  
Household Income 2.50 0.65  

Twinning Information 
History of Multiple Births 0.13 0.94  
Assisted Reproductive 

Technology (ART) 
8.61 0.003 Families that used 

ART tend to have DZ 
twins 

Parental Health Conditions 
Mother’s Height 3152.0 0.35  

Mother’s Pre-Pregnancy 
Weight 

3021.0 0.24  

Mother’s Pre-Pregnancy 
BMI 

2957.0 0.44  

Mother’s Total Weight 
Gain 

699.0 0.86  

Pregnancy Complications 0.52 0.47  
Mother’s Pre-Existing 

Conditions 
0.11 0.74  

Father’s Pre-Existing 
Conditions 

0.36 0.55  

Gravidity 1350.0 0.40  
Parity 1312.5 0.69  

Environmental Exposures 
Supplements 0.46 0.50  
Healthy Diet 6.76 0.03 Mothers healthier 

diets tend to have DZ 
twins  

Exercise 1.10 0.29  
Cigarette Smoke 0.12 0.73  

Alcohol 0.19 0.66  
Recreational Drugs 0.01 0.98  

Pesticides 2.11 0.15  
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Medication during 
Pregnancy 

0.57 0.45  

Twin and Delivery Information 
Sex 0.61 0.44  

Ethnicity 4.73 0.32  
Type of Delivery: 

Spontaneous 
Operational 

 
1.27 
1.29 

 
0.26 
0.26 

 

Gestational Age -0.62 0.03 MZ twins tend to 
have lower 

gestational ages 
Birth Weight -26.6 0.79  
Birth Length 0.54 0.47  

Head Circumference -0.75 0.24  
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Appendix 5: Pairwise associations between birth weight and the parental, pre-/perinatal, 
and twin information. 

Variable Category Reference Estimate Standard 
Error 

p-value 

Demographic Information 
Marital Status Single 

Common-Law 
Separated 

Married -130.6 
4.5 

414.4 

178.2 
146.8 
155.5 

0.4029 
0.9797 
0.2314 

Mother’s Age - - -10.9 8.1 0.18 
Father’s Age - - -6.0 7.5 0.42 

Mother’s Ethnicity Aboriginal 
African 
Asian 

European 210.2 
23.4 
-37.6 

102.5 
430.1 
219.5 

0.04 
0.96 
0.86 

Father’s Ethnicity Aboriginal 
African 
Asian 

European 234.7 
-268.7 
-71.9 

113.3 
302.4 
194.9 

0.04 
0.38 
0.71 

Mother’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None 227.6 
-25.2 
176.4 
-220.8 
141.6 
67.9 

-413.9 

186.7 
257.7 
184.2 
257.7 
188.2 
257.7 
257.7 

0.23 
0.92 
0.34 
0.39 
0.45 
0.79 
0.11 

Father’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None 133.0 
129.6 
159.7 
256.9 
135.9 
-101.2 
171.3 

147.5 
173.6 
157.1 
208.6 
160.6 
286.7 
255.5 

0.37 
0.46 
0.31 
0.22 
0.40 
0.73 
0.50 

Household Income $40,000-80,000 
$80,000-120,000 

>$120,000 

< $40,000 -24.1 
28.8 

-306.6 

121.9 
124.3 
143.0 

0.84 
0.82 
0.03 

Twinning Information 
Multiple Births in 

Family 
Yes No 195.7 100.9 0.06 

     
Assisted 

Reproductive 
Technology 

Yes No -270.4 127.7 0.04 

Parental Health Conditions 
Mother’s Pre-

Pregnancy Weight 
- - 0.005 0.002 0.01 

Mother’s Weight 
Gain 

- - 0.005 0.003 0.13 
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Mother’s Height - - 9.7 6.8 0.15 
Mother’s Pre-

Pregnancy BMI 
- - 12.1 5.9 0.04 

Mother’s Pre-
Existing Conditions 

Yes No -245.2 107.9 0.03 

Father’s Pre-
Existing Conditions 

Yes No -9.1 117.4 0.94 

Parity - - 70.6 36.7 0.05 
Gravidity - - 26.0 26.1 0.32 

Environmental Exposures 
Supplements Yes No -105.1 166.9 0.53 
Healthy Diet Always Sometimes 131.4 150.1 0.38 

 Most of the time  58.2 133.6 0.66 
Exercise Yes No -104.5 83.7 0.21 

Cigarette Smoke Yes No -113.6 114.4 0.32 
Alcohol Yes No 120.9 177.5 0.50 

Recreational Drugs Yes No -489.7 321.6 0.13 
Pesticides Yes No 644.7 319.0 0.05 

Medication during 
Pregnancy 

Yes No -60.1 86.7 0.49 

Twin and Delivery Information 
Sex Female Male 12.0 87.2 0.89 

Twin Ethnicity Aboriginal 
African 
Asian 

Other/Mixed 

European 276.6 
38.1 
-22.9 
151.3 

130.7 
460.4 
235.3 
121.5 

0.04 
0.93 
0.92 
0.22 

Twin Type DC MZ 
MC MZ 

DZ 131.9 
-150.0 

121.5 
94.6 

0.28 
0.12 
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Appendix 6: Pairwise associations between birth length and the parental, pre-/perinatal, 
and twin information (n = 152 twins). 

Variable Category Reference Estimate Standard 
Error 

p-value 

Demographic Information 
Marital Status Single 

Common-Law 
Separated 

Married -1.0 
0.21 
2.7 

1.2 
1.5 
2.6 

0.4180 
0.8861 
0.3092 

Mother’s Age - - -0.09 0.07 0.21 
Father’s Age - - -0.04 0.06 0.50 

Mother’s Ethnicity Aboriginal 
African 
Asian 

European 1.2 
1.6 
1.9 

0.98 
3.3 
2.0 

0.21 
0.63 
0.33 

Father’s Ethnicity Aboriginal 
African 
Asian 

European 0.49 
-0.38 
1.7 

1.1 
2.4 
2.0 

0.66 
0.88 
0.39 

Mother’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None 1.9 
1.5 
0.78 
-1.6 
1.9 

-0.85 
-2.1 

1.6 
2.4 
1.6 
2.2 
1.7 
2.0 
2.2 

0.23 
0.52 
0.63 
0.48 
0.27 
0.68 
0.34 

Father’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None -0.09 
0.96 
-1.2 
-1.1 
0.36 
-4.2 
-1.2 

1.3 
1.7 
1.4 
1.9 
1.5 
3.5 
2.0 

0.95 
0.57 
0.37 
0.56 
0.81 
0.24 
0.57 

Household Income $40,000-80,000 
$80,000-120,000 

>$120,000 

< $40,000 0.31 
0.67 
-1.2 

1.1 
1.1 
1.3 

0.78 
0.55 
0.37 

Twinning Information 
Multiple Births in 

Family 
Yes No 0.60 0.91 0.52 

     
Assisted 

Reproductive 
Technology 

Yes No -2.3 1.2 0.05 

Parental Health Conditions 
Mother’s Pre-

Pregnancy Weight 
- - 0.01 0.01 0.02 

Mother’s Weight 
Gain 

- - 0.01 0.01 0.23 
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Mother’s Height - - 0.03 0.06 0.62 
Mother’s Pre-

Pregnancy BMI 
- - 0.13 0.05 0.02 

Mother’s Pre-
Existing Health 

Conditions 

Yes No -1.8 0.92 0.06 

Father’s Pre-
Existing Health 

Conditions 

Yes No 0.53 0.98 0.59 

Parity - - 0.24 0.29 0.41 
Gravidity - - -0.01 0.20 0.96 

Environmental Exposures 
Supplements Yes No -0.57 1.4 0.69 
Healthy Diet Always Sometimes 0.23 1.2 0.85 

 Most of the time  -0.73 1.1 0.51 
Exercise Yes No -1.3 0.74 0.08 

Cigarette Smoke Yes No 0.37 1.0 0.72 
Alcohol Yes No 1.0 1.7 0.56 

Recreational Drugs Yes No -4.4 3.3 0.18 
Pesticides Yes No 2.6 3.3 0.43 

Medication during 
Pregnancy 

Yes No -1.2 0.75 0.11 

Twin and Delivery Information 
Sex Female Male 0.20 0.77 0.80 

Twin Ethnicity Aboriginal 
African 
Asian 

Other/Mixed 

European 1.1 
1.5 
1.8 
1.1 

1.2 
3.4 
2.0 
0.94 

0.36 
0.66 
0.36 
0.24 

Twin Type DC MZ 
MC MZ 

DZ 1.1 
0.17 

0.99 
0.87 

0.27 
0.85 
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Appendix 7: Pairwise associations between head circumference and the parental, pre-
/perinatal, and twin information (n = 152 twins). 

Variable Category Reference Estimate Standard 
Error 

p-value 

Demographic Information 
Marital Status Single 

Common-Law 
Separated 

Married -0.02 
0.80 
1.5 

1.1 
1.3 
2.2 

0.98 
0.53 
0.51 

Mother’s Age - - -0.01 0.06 0.86 
Father’s Age - - -0.06 0.05 0.25 

Mother’s Ethnicity Aboriginal 
African 
Asian 

European -0.49 
-2.7 
0.08 

0.77 
2.6 
1.6 

0.53 
0.32 
0.96 

Father’s Ethnicity Aboriginal 
African 
Asian 

European 0.56 
-2.4 
0.26 

0.87 
1.9 
1.5 

0.2 
0.21 
0.87 

Mother’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None 0.95 
0.75 
1.6 
1.0 
0.58 
-0.12 
-1.5 

1.4 
2.0 
1.4 
1.9 
1.4 
1.8 
1.9 

0.50 
0.72 
0.27 
0.59 
0.69 
0.95 
0.43 

Father’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None 1.0 
0.66 
0.74 
1.5 
0.47 
0.41 
0.16 

1.1 
1.4 
1.2 
1.6 
1.3 
3.0 
1.7 

0.38 
0.65 
0.53 
0.36 
0.71 
0.89 
0.93 

Household Income $40,000-80,000 
$80,000-120,000 

>$120,000 

< $40,000 -0.03 
-0.49 
-0.77 

0.96 
0.97 
1.1 

0.9715 
0.6138 
0.4880 

Twinning Information 
Multiple Births in 

Family 
Yes No 0.83 0.76 0.28 

     
Assisted 

Reproductive 
Technology 

Yes No -0.30 1.0 0.77 

Parental Health Conditions 
Mother’s Pre-

Pregnancy Weight 
- - 0.01 0.01 0.21 

Mother’s Weight 
Gain 

- - 0.01 0.01 0.42 



 

 115 

 

Mother’s Height - - -0.02 0.05 0.76 
Mother’s Pre-

Pregnancy BMI 
- - 0.06 0.05 0.19 

Mother’s Pre-
Existing Health 

Conditions 

Yes No 0.55 0.78 0.49 

Father’s Pre-
Existing Health 

Conditions 

Yes No -0.12 0.83 0.89 

Parity - - 0.15 0.25 0.55 
Gravidity - - 0.15 0.17 0.38 

Environmental Exposures 
Supplements Yes No -1.9 1.2 0.10 
Healthy Diet Always Sometimes 0.35 1.0 0.74 

 Most of the time  0.69 0.94 0.47 
Exercise Yes No -0.56 0.57 0.33 

Cigarette Smoke Yes No -0.52 0.87 0.55 
Alcohol Yes No -0.06 1.4 0.96 

Recreational Drugs Yes No -2.0 2.8 0.49 
Pesticides Yes No 1.3 2.8 0.64 

Medication during 
Pregnancy 

Yes No 0.58 0.63 0.37 

Twin and Delivery Information 
Sex Female Male -0.25 0.65 0.70 

Twin Ethnicity Aboriginal 
African 
Asian 

Other/Mixed 

European -0.13 
-2.5 
0.22 
-0.25 

1.0 
2.9 
1.7 
0.80 

0.90 
0.38 
0.90 
0.75 

Twin Type DC MZ 
MC MZ 

DZ -0.15 
-1.1 

0.83 
0.72 

0.86 
0.12 
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Appendix 8: Pairwise association between gestational age and the parental, pre-
/perinatal, and twin information. 

Variable Category Reference Estimate Standard 
Error 

p-value 

Demographic Information 
Marital Status Single 

Common-Law 
Separated 

Married -0.41 
-0.09 
0.95 

0.62 
0.72 
1.47 

0.5068 
0.8965 
0.5167 

Mother’s Age - - -0.03 0.04 0.45 
Father’s Age - - -0.02 0.03 0.59 

Mother’s Ethnicity Aboriginal 
African 
Asian 

European 0.02 
-1.1 
0.28 

0.47 
2.0 
0.93 

0.96 
0.60 
0.60 

Father’s Ethnicity Aboriginal 
African 
Asian 

European 0.17 
-2.0 
0.99 

0.51 
1.4 
0.90 

0.74 
0.15 
0.74 

Mother’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None 1.0 
0.80 
0.73 
-0.23 
1.2 
0.62 
-1.4 

0.87 
1.1 
0.86 
1.2 
0.88 
1.2 
1.2 

 

0.23 
0.49 
0.40 
0.85 

0.1606 
0.6062 
0.2476 

Father’s Education High School 
Trades 
College 

University 
Bachelors 
Masters 

Professional 

None 0.53 
1.8 
0.55 
2.0 
1.3 
1.5 
1.1 

0.67 
0.77 
0.71 
0.95 
0.72 
1.3 
1.2 

0.4293 
0.0237 
0.4404 
0.0400 
0.0771 
0.2495 
0.3599 

Household Income $40,000-80,000 
$80,000-120,000 

>$120,000 

< $40,000 0.18 
0.27 
-0.61 

0.54 
0.55 
0.64 

0.7432 
0.6178 
0.3456 

Twinning Information 
Multiple Births in 

Family 
Yes No 0.73 0.45 0.1074 

     
Assisted 

Reproductive 
Technology 

Yes No -0.47 0.60 0.4359 

Parental Health Conditions 
Mother’s Pre-

Pregnancy Weight 
- - -0.01 0.01 0.5662 

Mother’s Weight 
Gain 

- - 0.01 0.01 0.0440 

Mother’s Height - - -0.01 0.03 0.9115 
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Mother’s Pre-
Pregnancy BMI 

- - -0.02 0.03 0.5144 

Mother’s Pre-
Existing Health 

Conditions 

Yes No -0.69 0.49 0.1668 

Father’s Pre-
Existing Health 

Conditions 

Yes No -0.45 0.54 0.4041 

Parity - - 0.01 0.17 0.9923 
Gravidity - - -0.09 0.12 0.4458 

Environmental Exposures 
Supplements Yes No -0.42 0.77 0.5863 
Healthy Diet Always Sometimes -0.18 0.67 0.7892 

 Most of the time  -0.44 0.60 0.4645 
Exercise Yes No 0.10 0.39 0.7957 

Cigarette Smoke Yes No -0.09 0.52 0.8672 
Alcohol Yes No 0.71 0.81 0.3883 

Recreational Drugs Yes No -2.7 1.5 0.0683 
Pesticides Yes No 0.71 1.5 0.6377 

Medication during 
Pregnancy 

Yes No -0.32 0.39 0.4189 

Twin and Delivery Information 
Sex Female Male 0.40 0.39 0.3127 

Twin Ethnicity Aboriginal 
African 
Asian 

Other/Mixed 

European -0.01 
-1.0 
0.54 
0.21 

0.61 
2.2 
1.1 
0.53 

0.9967 
0.6326 
0.6236 
0.6980 

Twin Type DC MZ 
MC MZ 

DZ 0.39 
-1.1 

0.39 
0.30 

0.3188 
0.0004 
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