
Epigenomic Programming in Early Fetal Brain Development  

by 

 

Luolan Li 

 

B.Sc., Nanjing University, 2012 

 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

 

MASTER OF SCIENCE 

in 

THE FACULTY OF GRADUATE AND POSTDOCTORAL STUDIES 

(Genome Science and Technology) 

 

THE UNIVERSITY OF BRITISH COLUMBIA 

(Vancouver) 

 

November 2022 

 

© Luolan Li, 2022 

  



 

 

ii 

The following individuals certify that they have read, and recommend to the Faculty of Graduate 
and Postdoctoral Studies for acceptance, the thesis entitled: 

Epigenomic programming in early fetal brain development 
 

submitted by Luolan Li in partial fulfillment of the requirements for 

the degree of Master of Science   

in Genome Science and Technology 
 
Examining Committee: 

Martin Hirst, Professor, Microbiology and Immunology, UBC 
Supervisor  

Matt Lorincz, Professor, Medical Genetics, UBC 
Supervisory Committee Member 

Stephen Yip, Associate Professor, Pathology and Laboratory Medicine, UBC 
Supervisory Committee Member 

 

Additional Supervisory Committee Members: 

Paul Pavlidis, Professor, Psychiatry, UBC 
Supervisory Committee Member 

 



 

 

iii 

Abstract 

        A comprehensive understanding of gene regulatory networks in the developing human brain 

provides a foundation for interpreting pathogenic deregulation. Here we analyzed the complete 

epigenomes and transcriptomes of dissected brain regions and primary neural progenitor cells 

(NPCs) derived from cortex and ganglionic eminence (GE) of four human fetuses including a pair 

of monozygotic twins. Epigenetic regulatory states were compared between NPCs derived from 

cortex and GE, across developmental stages, and between monozygotic twins. Comparisons across 

developmental stages reveal an increase in active epigenetic states, transcription factor activities 

and gene transcription with increasing developmental stage. NPCs derived from different brain 

regions retained brain region and gestational week specific regulatory states. We also found 

evidence of divergent epigenetic signatures between monozygotic twins before midgestation.  
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Lay Summary 

During cell differentiation, the DNA sequence that is largely the same throughout all the 

cells in body stays the same but chemical modifications to your DNA occur that instruct the cell 

to turn genes on or off and thus determine cell fate. These chemical changes to DNA and the 

special proteins that package it collectively form the epigenome. The early fetal period is a critical 

time for human brain development. To study the epigenetic changes during this period, we profiled 

the epigenomes of neural progenitor cells of different human brain regions at different 

developmental stages. We found a more active epigenetic state in later developmental stages.  We 

also showed that the epigenome of monozygotic twins were different as early as midgestation. 

Finally, we provide an epigenetic roadmap for specific brain regions in early development 

providing a comprehensive reference for future studies in brain development and disease.  
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Chapter 1: Introduction 

1.1 Epigenetics 

 In the 1940s Conrad Waddington first used the term “epigenetic landscape” to describe 

Drosophila Melanogaster embryo development as “a ball running down an uneven hill with saddle 

points representing differentiation decision points” (Waddington, 1942). In broad terms, 

epigenetics describes anything that influences mitotically heritable phenotypic changes without 

alterations in the DNA sequence itself (Cavalli and Heard, 2019). The genome of an organism 

carries chemical marks covalently bonded to DNA bases or to the chromatin proteins that alter 

local chromatin structure and regulate gene expression, thus leading to phenotypical changes 

(Boyes and Bird, 1991a; Local et al., 2018; Skourti and Dhillon, 2022; Tompkins et al., 2012). 

These chemical marks, such as modifications of DNA or amino acids on histone tails, collectively 

form the epigenome (Figure 1). With the exception of specialized immune cells, the genome of 

an organism remains the same throughout the normal process of development while its epigenome 

undergoes significant changes during differentiation (Adithya et al., 2022; Moltrasio et al., 2022; 

Tompkins et al., 2012; Wu et al., 2022).   

 

Figure 1. Human epigenome 
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DNA wraps around histone complex and package into the complicated structure of chromatin. Epigenetic factors, such 

as DNA methylation and histone modifications, are bound to DNA or the histone tails and regulate gene expression. 

From Laura, B. (2008) Epigenomics: The new tool in studying complex diseases. Nature Education 1(1):178. Used 

with permission from Nature Education. 

1.2 DNA methylation 

DNA methylation is one of the most abundant and extensively studied chromatin 

modification. In somatic mammalian cells, 70-80% of cytosines are methylated (5mC) when found 

in the context of CpG dinucleotides (Ehrlich et al., 1982), and to a lesser extent in non-CpG 

contexts in specific cell types (Ziller et al., 2011). CpGs are found in various densities along the 

genome, including CpG islands (CGIs), defined as CpG-rich (>50%) regions in 1kb or greater 

length, that are largely unmethylated when located in gene promoters (Bird et al., 1985; Ziller et 

al., 2013). DNA methylation is not essential for cell viability but is essential for cellular 

differentiation (Chattopadhyaya and Ghosal, 2022; Tsumura et al., 2006) and plays important roles 

in the regulation of gene transcription, maintenance of genome stability, repression of endogenous 

retroviral transcripts and X chromosome inactivation (Al Adhami et al., 2022; He et al., 2022; Li 

et al., 2022; Robertson, 2005).  

DNA methylation is catalyzed by the DNA methyltransferase (DNMT) family (Figure 2). 

There are four members in this family: DNMT1, responsible for the maintenance of DNA 

methylation during replication, DNMT3A and DNMT3B, responsible for de novo DNA 

methylation, and DNMT3L, a cofactor of DNMT3A/B with non-catalytic functions (Klose and Bird, 

2006). The ten-eleven-translocation family (TET1-3) catalyze the conversion of 5-methylcytosine 

(5mC) to 5-hydroxymethylcytosine (5hmC) in an α-ketoglutarate-dependent manner (Tahiliani et 

al., 2009); 5hmC is thought to be an intermediate in the pathway that actively (Wu and Zhang, 
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2011) or passively (Bhutani et al., 2011) demethylates 5mC (Figure 2). Regulated demethylation 

through 5hmC offers an important mechanism for dynamic reprogramming of the human 

methylome and thus transcriptional regulation (Charlton et al., 2020; Ginno et al., 2020).  

DNA methylation is regulated and maintained by an interactive network of effector 

proteins. Alterations to components of the DNA methylation machinery have been identified and 

shown to compromise network balance, global DNA methylation, and transcriptional output. One 

outcome of this imbalance is the activation of long terminal repeats (LTRs) by intergenic 

hypomethylation (Gimenez et al., 2010). Transcriptionally active transposable elements can serve 

as enhancers or promoters to drive the expression of nearby oncogenes (Howard et al., 2008; 

Lamprecht et al., 2010; Sin et al., 2006a; Sin et al., 2006b) and through this process a pathogenic 

transcriptional network can emerge. These examples highlight the importance of studying the 

DNA methylation modifiers in a network context.  

DNA methylation machinery also interacts directly with other regulatory components such 

as transcription factors (TFs). This relationship can be either in the context of the methylation 

status affecting TF binding or TFs mediating the DNA methylation/demethylation process. 

Methylated cytosines can alter the structure and accessibility of chromatin and thus affect TF 

binding depending on the affinity of TFs to 5mC (Mattei et al., 2022; Wiench et al., 2011; Yin et 

al., 2017). CpG methylation within gene promoter regions is linked with repression of transcription 

initiation through the inhibition of the binding of transcriptional activators (Peng et al., 2022; Watt 

and Molloy, 1988) or through the recruitment of other repressive regulatory complexes (Boyes 

and Bird, 1991b; Nan et al., 1998). Emerging studies suggest a second scenario where in distal 

regulatory regions such as enhancers, the binding of certain tissue specific DNA-binding factors 

is both necessary and sufficient for the hypomethylation state of the regions, indicating that TF 
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binding can mediate DNA methylation states by depleting DNMTs from the region (Detilleux et 

al., 2022; Kremsky and Corces, 2020; Miyajima et al., 2022; Stadler et al., 2011; Thurman et al., 

2012). In addition, TFs are also believed to be involved in the establishment of localized 

hypermethylated states during development and in DNMT mutant cancers by recruiting Dnmts to 

the promoter regions of specific genes (Gu et al., 2011; Hervouet et al., 2009). 

 

Figure 2. DNA methylation and transcriptional regulation 

a) DNA methylation and transcriptional regulation in normal cells. Dnmt3a and Dnmt3l form a tetramer to catalyze 

DNA methylation. MeCP2, member of MBD family, binds to methylated cytosine and recruits histone modifiers and 

chromatin remodelers to the site resulting in a more compact chromatin structure. These two mechanisms together 

keep the long terminal repeats (LTRs) silenced in the genome. Tet proteins catalyze 5mC (black circles) into 5hmC 
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(gray circles) and lead to loss of methylation state in CGIs of promoters, thus activate transcription. TF binding at 

enhancer sites depletes Dnmts resulting in hypomethylation of the region. It may also recruit other activators that 

interact with the promoters and regulate transcription initiation. b) DNA methylation and transcriptional regulation in 

cancer cells. Mutations in DNMT3A interrupt the tetramerization of Dnmt3a-Dnmt3l and cause hypomethylation and 

aberrant activation of LTRs. Loss-of-function mutations or inhibition by oncometabolite 2HG of Tet will lead to loss 

of 5hmC and global hypermethylation, resulting in an altered methylation status and disrupted transcription initiation.  

1.3 Histone modifications 

Covalent chemical modification to histones is an additional form of epigenetic 

modification that influences transcriptional regulation and chromatin structure. Histone 

modifications and deregulation of the pathways which control them collude with other factors to 

drive human diseases including cancer (Li et al., 2013; Love et al., 2012; Maiques-Diaz et al., 

2012; Schwartzentruber et al., 2012; Wang et al., 2013; Wei et al., 2013). These chemical 

modifications occur primarily on the N-terminal tail of histones and generate a code that reinforces 

active or repressive chromatin states (Figure 3). Examples of such modifications are histone 

acetylation (Jiang et al., 2012), methylation (Wang et al., 2001), phosphorylation (Lohse et al., 

2013), ubiquitylation (Yuan et al.), sumoylation (Shiio and Eisenman, 2003), formylation (Jiang 

et al., 2007), and hydroxylation (He et al., 2018; Unoki et al., 2013). Among them, histone 

acetylation and methylation are the most extensively studied and commonly used marks associated 

with specific chromatin states. These modifications together regulate gene expression either by 

influencing the 3D structure and thus chromatin accessibility directly or by affecting the binding 

of other transcriptional regulators (Bannister and Kouzarides, 2011; Wang et al., 2008).   

1.3.1 Histone acetylation  

Acetylated histones are found associated with actively transcribed genomic regions and are 

thought to act, at least in part, through destabilization of chromatin-DNA interactions by 
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neutralizing the positive charge of lysine (K) residues (Jiang et al., 2012). Histone acetylation 

levels are determined through the concerted actions of both histone acetyl transferases (HAT) and 

histone deacetylases (HDAC). HATs transfer the acetyl group of acetyl-coenzyme A to a histone 

lysine residue weakening the interaction between DNA and histones leading to chromatin 

expansion and gene activation, while HDACs remove the acetyl group from the histone tail leading 

to chromatin contracting and compacting, and thus gene repression (Gansen et al., 2015; 

Kurdistani et al., 2004; Lombardi et al., 2011). Histone H3 acetylation is found associated with 

enhancer regions and active transcriptional start sites whereas acetylated H4 is found largely on 

promoter transcribed regions (Creyghton et al., 2010). In particular, H3K27ac marks active 

enhancers and can form broad domains called super enhancers that facilitate distinct gene 

expression patterns during differentiation (Hnisz et al., 2013; Khan and Zhang, 2016; Loven et al., 

2013).    

1.3.2 Histone methylation 

Histone methylation occurs at both arginine and lysine residues of histone H3 and H4 (Cao 

et al., 2002; Wang et al., 2001).  Analogous to histone acetylation, histone methylation levels are 

determined by the combined actions of histone methyltransferase and histone demethylases. 

Lysine methyltransferases (KMTs) are responsible for methylating histone lysine residues. KMTs 

contain a catalytic SET domain which catalyzes the transferring of a methyl group from S-

adenosylmethionine (SAM) to the ε-amine on the side chain of lysine residue (Guo and Guo, 

2007).  

The characteristics of histone lysine methylation depends not only on the degree of the 

methylation, such as mono- (me), di- (me2), and tri-methylation (me3), but also on the location of 

the methylation. Histone lysine methylation can be recognized by distinct domains of many 
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chromatin factors thus recruits specific chromatin-modifying enzymes. For example, Histone H3 

lysine 4 tri-methylation (H3K4me3) can be bound by CHD1, a nucleosome repositioning enzyme 

(Sims et al., 2005), and by JMJD2A, a histone demethylase (Huang et al., 2006), or prevent the 

binding of NuRD complex, a general transcriptional repressor (Zegerman et al., 2002); H3K9me3 

binding to HP1, a chromatin binder in its dimer form, is essential for forming repressive 

heterochromatin structures (Bannister et al., 2001).    

Specific histone marks are associated with distinct genomic regions and can be used to 

predict chromatin states. For instance, H3K4me1 is enriched at active transcriptional enhancers; 

H3K4me3 is a hallmark of promoters of active genes and poised genes associated with 

differentiation; and H3K36me3 is associated with actively transcribed gene body regions 

(Bannister et al., 2005; Heintzman et al., 2007a; Hon et al., 2009; Mikkelsen et al., 2007; Schneider 

et al., 2004; Venkatesh et al., 2016). In contrast, methylation of H3K27 and H3K9 are generally 

associated with repressive chromatin states. H3K9me2 and H3K9me3 are associated with gene 

repression and mark the heterochromatin regions (Black et al., 2012; Pinheiro et al., 2012; Towbin 

et al., 2012). KMTs for H3K9 can interact with chromatin remodelers, transcriptional repressors 

and histone deacetylases to facilitate heterochromatin formation (Salton et al., 2014; Shan et al., 

2020; Yamada et al., 2005; Zhang et al., 2008). H3K27me3 forms broad domains at the promoters 

of silenced and poised genes and at poised enhancers with low H3K4me1, and is essential in 

repressing genes associated with differentiation and development (Banaszynski et al., 2013; 

Coward et al., 2018; Rada-Iglesias et al., 2011; Simon and Kingston, 2013). Some genomic regions 

are co-occupied by more than one histone modifications and have distinct biological functions, 

such as H3K4me3 and H3K27me3 bivalency found in key developmental gene promoters can 



 

 

8 

poise genes for rapid activation or repression during development (Bernstein et al., 2006; Kinkley 

et al., 2016; Sanulli et al., 2015).    

 

Figure 3. Histone modifications and transcriptional regulation 

a) Regulation of gene expression by histone suppressive and permissive markers and associated regulatory factor in 

nontransformed cells. b) Upregulation of suppressive markers and their associated factors or downregulation of 

permissive markers and their associated protein leads to aberrant expression of genes, such as tumor suppressor genes 

in transformed cells. c) Upregulation of permissive histone marker and their associated regulatory factors or 

downregulation of suppressive histone markers and their associated regulatory factors leads to aberrant expression of 
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genes in transformed cells. Variation in histone associated genes (red histone) can lead to abnormal expression of 

genes through disruption of regulatory factors. 

1.4 Epigenetic landscape of the brain during the early fetal period  

Transcription is the driver of cell differentiation and specification involving multilateral 

interactions between epigenetic modifications and transcription factors. While significant progress 

has been made in defining transcriptional programs within distinct brain cell types (Darmanis et 

al., 2015; Eze et al., 2021; La Manno et al., 2021; Llorens-Bobadilla et al., 2015; Luo et al., 2015; 

Prajapati et al., 2019; Zhu et al., 2018), we still lack comprehensive knowledge of how these 

programs are shaped by mitotically inherited epigenetic states during brain development. Current 

models, based primarily on studies of the murine hematopoietic system, posit that specific histone 

epigenetic states are ‘primed’ in early development and subsequently engaged by the 

transcriptional machinery following cellular division and differentiation. In vitro models suggest 

that epigenetic priming and stage-specific transcription factor engagement may occur during 

neuronal differentiation (Ziller et al., 2014). Studies on CpG methylation during in vitro 

differentiation and in cortical tissue during fetal brain development revealed developmental 

specific methylation states in both human and mouse (Lister et al., 2013; Numata et al., 2012; 

Siegmund et al., 2007). An in vitro study on enhancer and transcriptome landscape during early 

fetal cortex development using human induced pluripotent stem cell (hiPSC) - derived cortical 

organoids revealed a major role of enhancer landscape in regulating radial glial cell growth and 

cortical neuron specification (Amiri et al., 2018). Several studies on histone modifications also 

showed a critical role of dynamic H3K27me3 reprogramming at neuronal-specific genes in 

stimulating neurogenesis and neural differentiation (Burgold et al., 2008; Cacci et al., 2017; Desai 

et al., 2020; Geng et al., 2021; Guan et al., 2021; Wu et al., 2022).    
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The early fetal period, gestational week 8 (GW8) to mid-gestation (GW18), is a critical 

period in neocortex development involving extensive neurogenesis and cellular migration (Stiles 

and Jernigan, 2010). This period is transcriptionally dynamic within and across different brain 

regions (Kang et al., 2011; Zhu et al., 2018),  and is associated with a directional loss of DNA 

methylation (Spiers et al., 2015) and dynamic changes in enhancer gene regulation with gestational 

week (Amiri et al., 2018). However, our current understanding of the dynamic DNA methylation 

states associated with fetal brain development are based on reduced representation techniques that 

have focused on CpG-rich regions within gene promoters leaving intergenic regulatory regions 

largely unexplored. Furthermore, the spatiotemporal landscape of histone modifications during 

fetal brain development and their interplay with DNA methylation states remains to be defined.   

Primary neural progenitor cells (NPCs) can be enriched from dissected fetal brain tissue 

and propagated as neurospheres in culture (Reynolds and Weiss, 1996). NPCs are heterogeneous 

populations of progenitor cells at different stages of pluripotency, including neuroepithelial cells, 

radial glial cells and other intermediate progenitors, that differentiate and migrate in a precise 

spatiotemporal manner(Koo et al., 2022). During the neurogenesis period, NPCs originating from 

the germinative area including ganglionic eminences (GE) migrate to the cortical layers and NPCs 

originating from outer cortical layers are characterized by a more differentiated neuronal 

phenotype compared to GE derived NPCs (Florio and Huttner, 2014; Lavdas et al., 1999; Ulfig, 

2002). Indeed, NPCs derived from different brain regions have distinct cellular compositions based 

on their level of specification and differentiation (Betizeau et al., 2013; Götz and Huttner, 2005; 

Hansen et al., 2010). However, the regulatory and transcriptional states that drive NPC 

development in different brain regions during early fetal development is largely unknown.  



 

 

11 

To address these gaps, we analyzed the transcriptional and epigenetic state of brain tissue 

and matched NPCs from four human foetuses.  From these data we construct regulatory network 

models for primary human NPCs and the brain regions from which they were derived at three 

developmental stages.   

 
Figure 4. Fetal brain development during neurogenesis.   

NPCs originating from ganglionic eminences (GE) migrate to the cortical layers. VZ: ventricular zone. CP: cortical 

plate. From Yokota Y, Ghashghaei HT, Han C, Watson H, Campbell KJ, Anton E (2007) Radial Glial Dependent and 

Independent Dynamics of Interneuronal Migration in the Developing Cerebral Cortex. PLoS ONE 2(8): e794. Used 

under Creative Commons Attribution License.  

1.5 Objectives  

• Construct regulatory network models for primary human NPCs at different developmental 

stages in early fetal period. 

• Identify distinct epigenetic signatures in NPCs derived from different fetal brain regions 

and at different developmental stages.  

• Compare regulatory states in fetal brain derived NPCs from monozygotic (MZ) twins as 

early as midgestation. 
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Chapter 2: Materials and Methods 

2.1 Human tissue samples and cell culture 

Human brain tissues were obtained from disease-free fetuses at GW13, GW15, and GW17 

after informed consent. Samples were identified through unlinked codes in accordance with the 

federal Health Insurance Portability and Accountability Act (HIPAA) guidelines. Specific brain 

regions were carefully dissected based on landmark and immediately frozen in liquid nitrogen or 

processed for cell culture. Cortical and GE regions were clearly identified and confirmed by HE 

section on adjacent tissue. Cells were extracted by gentle tissue dissociation with the Neural Tissue 

Dissociation kit with papain (Milteny) and were plated at low density in ultra-low attachment cell 

culture flasks (Corning) in Neural stem cell media (Stemcell technologies) supplemented with 

EGF (20 ng/ml), bFGF (10 ng/ml) and heparin (2 ug/ml). Cells growing as neurospheres were fed 

weekly by adding fresh media and passaged every 2 weeks by gentle manual dissociation. After 2 

to 3 passages, neurospheres were harvest and frozen in liquid nitrogen. 

2.2 Whole-genome Bisulphite Sequencing (WGBS) 

Qubit quantified genomic DNA (1–5 mg) was utilized for library construction. 

Unmethylated Lambda DNA (Promega, Cat no. D1521) was added to genomic DNA for a 0.1% 

final concentration. DNA was sonicated to a fragment size of B300 bp using a Bioruptor sonicator 

(Diagenode). End-repair, addition of 30 A bases and adapter ligation was performed as per the 

Illumina PE genomic DNA sample prep kit protocol except that methylated cytosine PE adapters 

were used. Bisulfite conversion of purified adapter-ligated DNA was performed using the EZ DNA 

Methylation Gold kit (ZymoResearch Cat.D5005) according to the manufacturer’s instructions. 

The DNA was then purified with the Qiagen Qiaquick kit, followed by PCR enrichment using 
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Kapa HiFi Hot Start Uracil þ Ready (Kapa Biosystems, Cat no. KK2801) for five cycles with PCR 

PE primers 1.0 and 2.0. PCR products were purified with the Qiagen Minelute kit and size selected 

with PAGE gel purification. DNA libraries were checked for quantity by Qubit (Life 

Technologies) and quality by Agilent DNA Bioanalyzer (Agilent). Libraries were sequenced using 

paired-end 100 nt sequencing chemistry on an Illumina HiSeq 2000 following the manufacturer’s 

protocols (Illumina). 

Sequence reads were examined for quality, sample swap and reagent contamination using 

custom in house scripts, and directionally aligned to the human genome (GRCh37-lite) as 

described (Kundaje et al., 2015). Fractional methylation calls for each CpG were generated using 

bismark(Krueger and Andrews, 2011).  

2.3 Methylated DNA immunoprecipitation sequencing (MeDIP) 

DNA (2–5 mg) was sonicated to B100–500bp with a Bioruptor sonicator (Diagenode). 

Sonicated DNA was end-repaired, A-tailed and ligated to single-end adapters following the 

standard Illumina protocol. After agarose sized-selection to remove unligated adapters, adapter-

ligated DNA was used for each immunoprecipitation using a mouse monoclonal anti-

methylcytidine antibody (1 mg/ml, Eurogentec, catalogue no. BI-MECY-0100). DNA was heat-

denatured at 95 °C for 10 min, rapidly cooled on ice, and immunoprecipitated with 1 ml primary 

antibody per microgram of DNA overnight at 4 °C with rocking agitation in 500 ml IP buffer (10 

mM sodium phosphate buffer, pH 7.0, 140 mM NaCl and 0.05% Triton X-100). To recover the 

immunoabsorbed DNA fragments, 1 ml of rabbit anti-mouse IgG secondary antibody (2.5 mg/ml, 

Jackson Immunoresearch) and 100 ml Protein A/G beads (Pierce Biotechnology) were added and 

incubated for an additional 2h at 4 °C with agitation. After immunoprecipitation, a total of six IP 

washes were performed with ice cold IP buffer. A non-specific mouse IgG IP (Jackson 
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Immunoresearch) was performed in parallel to methyl DNA IP as a negative control. Washed 

beads were resuspended in Tris-EDTA buffer (TE) with 0.25% SDS and 0.25 mg/ml proteinase K 

for 2 h at 55 °C and then allowed to cool to room temperature. MeDIP and supernatant DNA were 

purified using Qiagen MinElute columns and eluted in 16 ml EB (Qiagen, USA). Fifteen cycles of 

PCR were performed on 5 ml of the immunoprecipitated DNA using the single-end Illumina PCR 

primers. The resulting reactions were purified over Qiagen MinElute columns, after which a final 

size selection (192–392 bp) was performed by electrophoresis in 2% agarose. Libraries were 

quality controlled by spectrophotometry and Agilent DNA Bioanalyzer analysis. An aliquot of 

each library was diluted in EB to 5 ng/ml and 1 ml used as template in four independent PCR 

reactions to confirm the enrichment of methylated and de-enrichment of unmethylated sequences, 

compared with 5 ng of the input (sonicated DNA). Two positive controls (SNRPN and MAGEA1 

promoters) and two negative controls (a CpG-less sequence on Chr15 and GAPDH promoter) were 

amplified. Cycling was 95 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s with 30 cycles. PCR products 

were visualized by 1.8% agarose gel electrophoresis.  

Raw MeDIP-seq sequences were examined for quality, sample swap and reagent 

contamination using custom in house scripts. Sequence reads were aligned to NCBI GRCh37-lite 

reference using BWA 0.5.7(Li and Durbin, 2010) and default parameters. To transform aligned 

MeDIP-seq sequences to single CpG fractional calls for each library we calculated the MeDIP 

coverage signal for CpGs genome wide and the average coverage in all genomic regions, which 

were >= 500bp away from a CpG. The latter was used as a background. Next, we convert signal 

and background values into the MeDIP methylation score: a continuous value between 0 and 1 

with a distribution very similar to the one of WGBS fractional methylation. During this process 
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we exclude locations with mappability < 0.5 and correct for mappability for the locations with 

mappability between 0.5 and 1.  

2.4 Methylation sensitive restriction enzyme sequencing (MRE-seq) 

Three parallel digests were performed (HpaII, AciI and Hin6I; Fermentas), each with 1 mg 

of DNA. Five units of enzyme per microgram DNA were added and incubated at 37 °C in Fer- 

mentas ‘Tango’ buffer for 3h. A second dose of enzyme was added (five units of enzyme per 

microgram DNA) and the DNA was incubated for an additional 3h. Digested DNA was 

precipitated with sodium acetate and ethanol, and 500ng of each digest were combined into one 

tube. Combined DNA was size selected by electrophoresis on a 1% agarose Tris–borate–EDTA 

gel. A 100–300bp gel slice was excised using a sterile scalpel and gel-purified using Qiagen 

Qiaquick columns, eluting in 30ml of Qiagen EB buffer. Library construction was performed using 

the Illumina Genomic DNA Sample Kit (Illumina Inc., USA) with single-end adapters, following 

the manufacturer’s instructions with the following changes. For the end repair reaction, T4 DNA 

polymerase and T4 polynucleotide kinase were excluded and the Klenow DNA polymerase was 

diluted 1:5 in water, and 1 ml was used per reaction. For single-end oligo adapter ligation, adapters 

were diluted 1:10 in water, and 1ml was used per reaction. After the second size selection, DNA 

was eluted in 36ml EB buffer using Qiagen Qiaquick columns, and 13ml was used as a template 

for PCR, using Illumina reagents and cycling conditions with 18 cycles. After cleanup with Qiagen 

MinElute columns, each library was examined by spectrophotometry (Nanodrop, Thermo 

Scientific, USA) and Agilent DNA Bioanalyzer (Agilent, USA). Sequence reads were aligned to 

NCBI GRCh37-lite reference using BWA 0.5.7(Li and Durbin, 2010) and default parameters.   
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2.5 Chromatin immunoprecipitation sequencing (ChIP-seq) 

Standard operating procedures for ChIP-seq library construction are available 

(http://www.roadmapepigenomics.org/protocols/type/experimental/) or by request. ChIP-seq 

library construction involves the following standard operating procedures (SOPs) in order: (1) 

Crosslinking of frozen cell pellet; (2) DNA sonication using Sonic Dismembrator 550; (3) SLX-

PET protocol for Illumina sample preparation. Antibodies used in this study were subjected to 

rigorous quality assessment to meet the reference epigenome mapping quality standards 

(http://www.roadmapepigen-omics.org/protocols) including western blot of whole-cell extracts, 

384 peptide dot blot (Active Motif MODified Histone Peptide Array) and ChIP-seq using control 

cell pellets (HL60). Antibody vendor, catalogue number and lot are provided along with ChIP-seq 

library construction details as part of the metadata associated with all ChIP-seq data sets and 

available through GEO and the NCBI epigenomics portals (for example, 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM613886). Final library distributions 

were calculated using an Agilent Bioanalyzer and quantified by fluorometric quantification (Qubit, 

Life Technologies). Libraries were sequenced using single-end 76nt sequencing chemistry on an 

Illumina GAiix or HiSeq 2000 following the manufacturer’s protocols (Illumina) as either single 

or multiplex using custom index adapters added during library construction. 

    Raw sequences were examined for quality, sample swap and reagent contamination 

using custom in house scripts. Sequence reads were aligned to NCBI GRCh37-lite reference using 

BWA 0.5.7(Li and Durbin, 2010) and default parameters, and assessed for overall quality using 

Findpeaks (Fejes et al., 2008). Aligned reads were directionally extended by the average insert size 

of the DNA fragments for a given library estimated from Agilent Bioanalyzer (Agilent) profiles 
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measured during library construction and varied between B130 and 250bp. Custom java program 

(BAM2WIG) was used to generate wig files for downstream analysis and visualization. Reads 

with BWA mapping quality scores <5 were discarded and reads that aligned to the same genomic 

coordinate were counted only once in the profile generation.  

2.6 RNA sequencing (RNA-seq) 

Standard operating procedures for RNA-seq library construction are available 

(http://www.roadmapepigenomics.org/protocols/type/experimental/) or by request. RNA-seq 

library construction involves the following standard operating procedures (SOPs) in order: (1) 

Purification of polyA + mRNA and mRNA( - ) flowthrough total RNA using MultiMACS 96 

separation unit; (2) strand-specific 96-well complementary DNA (cDNA) synthesis; (3) strand-

specific 96-well library construction for Illumina sequencing. In brief, polyA + RNA was purified 

using the MACS mRNA isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany), from 2–10 

mg of total RNA with a RIN >= 7 (Agilent Bioanalyzer) as per the manufacturer’s instructions. 

The process included on-column DNaseI treatment (Invitrogen, Carlsbad, CA, USA). Double-

stranded cDNA was synthesized from the purified polyA + RNA using the Superscript II Double-

Stranded cDNA Synthesis kit (Invitrogen) and 200 ng random hexamers (Invitrogen). After first 

strand synthesis, dNTPs were removed using 2 volumes of AMPure XP beads (Beckman 

Genomics, Danvers, MA, USA). GeneAmp (Invitrogen) 12.5 mM dNTPs blend (2.5 mM dCTP, 

2.5 mM dGTP, 2.5 mM dATP, 5.0 mM dUTP) was used in the second-strand synthesis mixture in 

the presence of 2 mg of ActinomycinD. Double-stranded cDNA was purified using 2 volumes of 

Ampure XP beads, fragmented using Covaris E series shearing (20% duty cycle, Intensity 5, 55 

s), and used for paired-end sequencing library preparation (Illumina). Before library amplification 

uridine digestion was performed at 37 °C for 30 min following with 10 min at 95 °C in Qiagen 
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Elution buffer (10 mM Tris–Cl, pH 8.5) with 5 units of Uracil-N- Glycosylase (UNG: AmpErase). 

The resulting single-stranded sequencing library was amplified by PCR (10–13 cycles) to add 

Illumina P5 and P7 sequences for cluster generation. PCR products were purified on Qiaquick 

MinElute columns (Qiagen, Mississauga, ON) and assessed and quantified using an Agilent DNA 

1000 series II assay and Qubit fluorometer (Invitrogen, Carlsbad, CA), respectively. Libraries were 

sequenced using paired-end 76 nt sequencing chemistry on a cBot and Illumina GAiix or HiSeq 

2000 following the manufacture’s protocols (Illumina). 

    RNA-seq pair-end reads are aligned to a transcriptome reference consisting of the 

reference genome extended by the annotated exon–exon junctions(Morin et al., 2008). To generate 

transcriptome reference we used the JAGuaR v 1.7.6 pipeline(Butterfield et al., 2014). Reads 

aligned to a custom transcriptome reference (build from NCBI GRCh37-lite reference and 

Ensembl v65 (GenCode v10) annotations) were then ‘repositioned’ on to genomic coordinates, 

transforming reads that span exon–exon junctions into large-gapped alignments. Using 

repositioned reads we generated genome-wide coverage profiles (wiggled files) using a custom 

BAM2WIG java program (http:// www.epigenomes.ca/tools.html) for further analysis and 

visualization in genome browsers. To generate profiles we included pairs that are marked as 

duplicated as well as pairs that are mapped in multiple genomic locations. A custom RNA-seq QC 

and analysis pipeline was applied to the generated profiles and a number QC metrics were 

calculated to assess the quality of RNA-seq library such as intron–exon ratio, intergenic reads 

fraction, strand specificity, 30-50 bias, GC bias and reads per kilobase of transcript per million 

reads mapped (RPKM) discovery rate. To quantify the exon and gene expression we calculated 

modified RPKM metrics(Mortazavi et al., 2008). For the normalization factor in RPKM 

calculations we used the total number of reads aligned into coding exons and excluded reads from 
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mitochondrial genome as well as reads falling into genes coding for ribosomal proteins as well as 

reads falling into top 0.5% expressed exons. RPKM for a gene was calculated using the total 

number of reads aligned into its all merged exons normalized by total exonic length. The resulting 

files contain RPKM values for all annotated exons and coding and noncoding genes, as well as 

introns. We also report the coordinates of all significant intergenic RNA-seq clusters not 

overlapping the annotated genes.  

2.7 Integrative data analysis 

Single nucleotide polymorphisms (SNPs) were called using SAMtools mpileup with –C50 

to reduce the effect of reads with excessive mismatches, and BCFtools with –D100 to exclude sites 

with read depth greater than 100 for cortex and GE NPCs from all four subjects (Li, 2011). SNPs 

not included in dbSNP build 138 were filtered out. SNPs were compared between each of the six 

pairs among the four subjects to obtain discordant variants in NPCs. The overlap of the discordant 

variants from the two cell types were taken as the discordant SNPs between the pair.  

Differential methylated regions (DMRs) for WGBS were identified from differential 

methylation analysis using a C++ tool with p < 0.005(Raineri et al., 2014) and dynamic growth 

approach to concatenate adjacent differential methylated CpGs within 500bp. Regions with less 

than 3 CpGs were filtered. On average, WGBS DMRs are ~ 250bp across all samples. For MeDIP, 

differential methylated CpGs were identified with fractional methylation call differences greater 

than 0.6 and hypermethylation greater than 0.75. DMRs were concatenated from differential 

methylation CpGs with the same dynamic growth approach used for WGBS. Regions with less 

than 4 CpGs were filtered. On average, MeDIP DMRs are ~ 100bp across all samples.  
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Histone modifications enriched regions were identified with FindER v0.9.3b 

(http://www.epigenomes.ca/finder.html) using minER = 300bp for H3K4me3, and the overlap of 

minER = 250bp, 500bp, 1000bp for all other marks to capture narrow and broad peaks. 

Differentially marked promoters were identified by calculating ChIP-seq signals for promoter 

regions (TSS +/- 1.5 kb), ranking promoters for all 52418 protein-coding and non-coding genes 

based on their signal level. Promoters with >= 5000 differences in rank in pairwise comparisons 

were identified as differentially marked.  

Differentially expressed (DE) genes were identified by an in house matlab tool DEfine as 

previously described (Gascard et al., 2015) using entropy-based thresholds with FDR = 0.01. 

Exon-level-normalized RPKM were used to identify cell type-specific isoforms. Pairwise 

comparisons were performed to identify DE exons using DEfine (FDR = 0.01). Expressed exons 

were defined as those with RPKM > 10% of gene RPKM; unexpressed exons were defined as 

those with RPKM < 1% of gene RPKM; and the exons in between (1-10% gene RPKM) were 

discarded to filter out most false positives. Isoforms for each pairwise comparison were identified 

as genes with DE exons expressed in only one of the two samples, excluding DE genes. 

GREAT(McLean et al., 2010) and DAVID(Huang et al., 2009) were employed to study 

biological processes and pathways associated with regulatory regions and genes using default 

parameters. To study the transcription factor activities in regulatory regions, Homer was used to 

identify enriched transcription factors with q-value < 0.01 and Percent of regions with motif > 

20%(Heinz et al., 2010). Transcription factor target genes were identified with Homer annotated 

transcription factor binding site within TSS +/- 1.5 kb. Transcriptional regulation network was 

analyzed using Cytoscape(Shannon et al., 2003).  
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Chapter 3: Results  

3.1 Epigenome profiling of human fetal brain 

To explore the gene regulatory landscape of the developing human brain, dissected brain 

tissue and primary neurospheres derived from cortex and GE were obtained from four 

phenotypically normal human fetuses at GW13, GW15 and GW17 (Figure 5A). Among these four 

samples, only Subject 3 from GW15 is male and all other three are females, so we excluded 

chromosome X and Y when comparing this subject to the others. Immunohistochemistry analysis 

of primary neurospheres cultures showed cell-type specificity with cortex derived neurospheres 

displaying an increased neuronal phenotype compared to GE derived neurospheres (Figure 6 and 

Figure 7A). To confirm the progenitor status of the neurosphere cultures, they were differentiated 

into neuroblasts (DCX+, CALRETININ+, TUJ1+) and astrocytes (GFAP+) (Figure 6 and Figure 

7A). Massively parallel sequencing based assays were employed to generate chromatin 

immunoprecipitation sequencing (ChIP-seq), whole genome bisulfite sequencing (WGBS), 

methylated DNA immunoprecipitation sequencing (MeDIP-seq), methylation sensitive restriction 

enzyme sequencing (MRE-seq), mRNA-sequencing (RNA-seq) and microRNA-sequencing 

(miRNA-seq) datasets from the dissected primary brain tissue and the neurospheres derived from 

cortex and GE following the International Human Epigenome Consortium (IHEC) guidelines 

(Figure 5B and Table 1) (Stunnenberg and Hirst, 2016).  

To establish genetic relationships between twin fetuses we called single nucleotide variants 

(SNVs) from RNA-seq reads (Morin et al., 2010) and performed pair-wise comparisons across 

subjects. On average, 11,227 discordant SNVs were identified across all pairs, except the GW17 

twins for which only 1,784 were found (Figure 7B). Interestingly discordant SNVs identified 
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between the GW17 twins were homozygous in one twin and heterozygous in the other, hence can 

be either the result of genetic differences or the result of allele specific expression. To distinguish 

these possibilities we examined discordant SNVs using MeDIP-seq reads and found that all 

examined discordant sites were heterozygous across all three tissue and cell types, suggesting that 

the discordance observed in RNA-seq at these positions was due to allele specific expression. We 

conclude that the GW17 twins (referenced as Subject1 and Subject2) were genetically identical 

and thus monozygotic.  

 

Figure 5. Experimental design and overview 

(A). Human brain coronal section highlighting the section plan used during dissection to isolate specific regions as 

pictured by the boxed area on the hematoxylin eosin section. (B). Summary of sample information and bioinformatics 

analysis design. Boxes outline the pairwise comparisons, including comparisons between cortex and GE derived NPCs 

(blue), across three gestational weeks (orange), and between MZ twins (red).  
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Figure 6. Characterization of fetal brain derived NPCs 

(A). Cells isolated from the cortex or GE are able to proliferate when cultured as neurospheres and maintain a 

stem/progenitor phenotype, confirmed by the expression of SOX2 and OLIG2. (B). When grown in presence of growth 

factors, NPCs express a mixture of stem cell markers (NESTIN+, SOX2+, OLIG2+), glial progenitors (OLIG2+, 

A2B5+, MASH1-), astrocytes (GFAP+) and neuroblasts (MAP5+) with cortex derived NPCs presenting a more 

neuronal phenotype (MASH1 high, MAP5 high) while the GE derived NPCs have a more glial phenotype (A2B5 

high, GFAP more differentiated). (C). In 2% serum, NPCs are differentiate into a neuronal lineage, from an immature 

neuroblast (MAP2+, MAP5+) to a migrating neurons (Doublecortin DCX+, TUJ1+) to a postmitotic neuron 

(CALRETININ+), as well as into GFAP+ astrocytes. 
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Figure 7. Cell markers and validate monozygotic twins 

(A). NPCs characterization from GE and cortical regions isolated from 15 and 17 GW human fetuses.  (B). Discordant 

SNPs were called from all pairs among the four subjects. Red represents number of homozygotic discordant SNPs, 

and blue shows heterozygotic SNPs. 
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Table 1. Human fetal brain samples 

Original Source Subject ID Cell Type Sex 
HuFNSC01 Subject1 Brain F 
HuFNSC01 Subject1 Primary Cell Culture Neurospheres, Cortex Derived F 
HuFNSC01 Subject1 Primary Cell Culture Neurospheres, Ganglionic Eminence Derived F 
HuFNSC02 Subject2 Brain F 
HuFNSC02 Subject2 Primary Cell Culture Neurospheres, Cortex Derived F 
HuFNSC02 Subject2 Primary Cell Culture Neurospheres, Ganglionic Eminence Derived F 
HuFNSC03 Subject3 Primary Cell Culture Neurospheres, Cortex Derived M 
HuFNSC03 Subject3 Primary Cell Culture Neurospheres, Ganglionic Eminence Derived M 
HuFNSC04 Subject4 Primary Cell Culture Neurospheres, Cortex Derived F 
HuFNSC04 Subject4 Primary Cell Culture Neurospheres, Ganglionic Eminence Derived F 

 

3.2 NPCs derived from different fetal brain regions and at different developmental stages 

are epigenetically distinct  

To identify common regulatory states of NPCs, we defined enhancer regions within the 

genomes of cortex and GE derived NPCs as regions marked by H3K4me1(Heintzman et al., 

2007b). This analysis identified 39,033 core enhancers that are shared across all NPCs regardless 

of development stage or brain region from which they were derived. Intersecting NPC core 

enhancers with transcription factor binding sites (TFBSs) predicted by Homer(Heinz et al., 2010) 

revealed 13 transcription factors significantly enriched (q-value < 0.01 and > 20% enhancers with 

motif) (Figure 8), including the master regulators of pluripotency NANOG and SOX3, as well as 

key regulators of brain development such as LIM Homeobox 3 (LHX3), a transcription factor 

involved in the specification of motor neurons and interneurons(Thaler et al., 2002), and 

oligodendrocyte lineage transcription factor 2 (OLIG2), implicated in the early stages of 

oligodendrocyte specification and maturation(Bouvier et al., 2003; Cai et al., 2007; Jakovcevski 

and Zecevic, 2005; Lu et al., 2001; Rivera et al., 2006; Zhou et al., 2001).  This core set of 



 

 

26 

enhancers is predicted to play a role in defining the regulatory state of NPCs within the developing 

fetal brain (Figure 8).  

We next sought to establish whether cortical and GE tissue derived NPCs retained distinct 

regulatory states following the in vitro expansion associated with their generation. We first 

identified DNA methylation signatures of cortex and GE NPCs derived at each developmental 

stage independently. We identified differentially methylated regions genome wide (DMRs; see 

methods) between cortex and GE derived NPCs by pairwise comparisons of WGBS datasets. 

DMRs were validated using MeDIP-seq and MRE-seq datasets(Beck, 2010; Li et al., 2015) 

generated from matching NPCs (Figure 9). On average 1412 DMRs (average length 327bp) 

covering 20,008 CpGs were identified between cortex and GE derived NPCs, with 646 DMRs 

identified at GW13 and 2178 in GW17 suggesting increased divergence in DNA methylation with 

developmental age (Figure 10A). Directionality was also observed between NPCs with 3.5-fold 

more DMRs hypomethylated in cortex derived NPCs compared with GE derived NPCs. Consistent 

with differences in cell migration and fates between cortex and GE derived NPCs(Nadarajah and 

Parnavelas, 2002), genes associated with cortex-specific hypomethylated DMRs were found to be 

enriched in forebrain regionalization, while those associated with GE-specific hypomethylated 

DMRs were enriched in neuronal migration and differentiation (Figure 10B). These findings 

suggest that NPCs derived from distinct brain regions retain the epigenetic signatures specific to 

these regions.  

To examine the transcriptional output of NPCs alone and in association with regulatory 

states, we generated RNA-seq libraries. Pairwise comparisons (see methods) identified 382 cortex 

NPC specific and 456 GE NPC specific genes differentially expressed in at least two subjects 
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(hypergeometric p-value < 10-26). Consistent with an increased divergence in DNA methylation 

with gestational week, NPCs derived from GW17 exhibited nearly twice the number of differential 

expressed genes as GW13 (Figure 8). In addition, exon level differential expression analysis also 

identified twice as many putative gene isoforms in GW17 as in GW13, suggesting more divergent 

transcriptomes between cortex and GE NPCs in the later developmental age (Figure 8). 

Associating differential expressed protein coding genes with H3K4me3 promoter density (TSS +/- 

1.5kB; see methods) identified 159 differentially expressed genes with gains/losses in H3K4me3 

promoter density, a majority of which (74.8%) showed expected orientation, i.e. gain of H3K4me3 

with up-regulation and vice versa. Gains and losses in H3K27me3 promoter density were 

associated with 508 differentially expressed genes with a majority (75.4%) in the expected 

orientation, i.e. gain of H3K27me3 with down-regulation and vice versa.   

Functional analysis of genes differentially expressed in both GW13 and GW17 between 

cortex and GE derived NPCs revealed enrichment in genes implicated in neurogenesis and cell 

morphogenesis regulation (Figure 8), including glial fibrillary acidic protein (GFAP, Figure 

10C), an astrocyte marker associated with brain disorders including gliomas(Rodriguez et al., 

2001; Rutka and Smith, 1993; Zhao et al., 2004), nuclear factor I/X (CCAAT-binding transcription 

factor), (NFIX, Figure 10C), an active transcription factor essential for the development of a 

number of organ systems including brain(Campbell et al., 2008; Mason et al., 2009), FEZ family 

Zinc Finger 1 (FEZF1), a transcription repressor involved in the axonal projection and proper 

termination of olfactory sensory neurons (Shimizu and Hibi, 2009), Orthodenticle Homeobox 

proteins (OTX1 and OTX2), essential in patterning the developing brain(Acampora et al., 1999), 

and Ventral Anterior Homeobox 1 (VAX1), involved in forebrain and visual system 

development(Hallonet et al., 1999).  
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Taken together, our analysis between cortex and GE derived NPCs supports a model of 

distinct epigenetic and transcriptional states in fetal brain regions as early as GW13 that become 

increasingly divergent with developmental age. We also provide evidence that NPCs derived from 

distinct brain regions retain region of origin signatures when cultured as neurospheres.   

 

Figure 8. Epigenetic profiles of NPCs 
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(A). Transcription factors enriched in NPC core enhancers. (B). DAVID GOBP analysis of differential expressed 

genes between NPCs showed enrichment in neurogenesis. (C). DAVID functional enrichment of NPC isoform 

suggested enrichment for signalling related terms. (D). Number of differential expressed (top) / isoform (bottom) 

genes between cortex and GE NPCs in four subjects. (E). Fraction of differentially expressed genes associated with 

differential methylation of H3K4me3 and H3K27me3 in promoter regions, as well as proximal UMRs showed 

expected orientation in H3K4me3 and H3K27me3 (upregulation upon gain of H3K4me3 or loss of H3K27me3, vice 

versa), but no orientation for UMRs (hypomethylated regions).  

 

Figure 9. Epigenetic and transcriptional differences between NPCs 
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(A). For each hypomethylated DMR (UMR) called from WGBS, calculate corresponding MeDIP and MRE signal 

levels. The differences between two NPC cell types were then calculated as differences in signal levels divided by 

sum of signal levels in two cell types. (B). MeDIP UMR frequency (bp/MB) across all chromosomes supported the 

asymmetry observed from WGBS UMRs, with more cortex UMRs than GE UMRs. (C). GREAT GOBP enrichment 

for MeDIP UMRs supported results from WGBS UMRs. 

 

Figure 10. Cortex and GE derived NPCs were epigenetically distinct 

(A). DMRs between cortex and GE derived NPCs. More hypomethylated DMRs were identified in cortex NPCs (red) 

compared to GE NPCs (blue). Moreover, there were fewer DMRs found in GW13 (Subject4, inner circles) than GW17 

(Subject2, outer circles). (B). GREAT Gene Ontology biological processes showed enrichment (region-based 

binomial and hypergeometric FDR < 0.05) in forebrain development terms in cortex hypomethylated DMRs (red), 

and neuron differentiation and cell fate commitment in GE hypomethylated DMRs (blue). (C). UCSC genome browser 

tracks of examples of key regulators that were hypomethylated in the promoters and up-regulated in cortex derived 

NPCs, top panel: Glial Fibrillary Acidic Protein (GFAP), bottom panel: Nuclear Factor I/X (CCAAT-Binding 

Transcription Factor, NFIX).    
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3.3 NPCs undergo epigenetic and transcriptional activation during early fetal brain 

development  

The classical view of epigenetic patterning during development posits a model whereby 

cellular differentiation is accompanied by epigenetic restriction(Waddington, 1942). To explore 

whether evidence of such epigenetic restriction could be found within the genomes of cells 

separated by 4 weeks of fetal brain development, hypomethylated DMRs between GW13 and 

GW17 were identified in cortex and GE derived NPCs respectively (Figure 11). In agreement with 

a previously reported developmentally associated genome hypomethylation in grossly dissected 

human fetal brain tissue(Spiers et al., 2015), we observed 3.4-fold increase in the number of CpGs 

within hypomethylated DMRs in GW17 NPCs compared to GW13 (Figure 11A). Functional 

enrichment analysis of genes associated with GW17 hypomethylated DMRs revealed enrichment 

in cell fate commitment and brain cell differentiation (Figure 12). GW17-specific hypomethylated 

CpGs within DMRs were significantly enriched in core NPC enhancers (hypergeometric p-value 

< 10-26) while GW13-specific DMRs showed no such enrichment (Figure 11B), suggesting that a 

loss of CpG methylation at active enhancers follows the establishment of histone mediated 

enhancer states during brain development. To validate this observation we examined the DNA 

methylation states of fetal brain regions across developmental stages in an independent cohort 

generated by 450K array.  Consistent with our observation a directional loss of methylation with 

development stages we found an increase in the number of probes that were hypomethylated in 

GW17 (difference in beta value > 0.15) compared to those that were hypomethylated in any of the 

GW13 individuals (Figure 13). Furthermore, 241 out of the 667 probes within hypomethylated 

regions identified by WGBS were also hypomethylated in 450K array, a 12-fold enrichment of all 

hypomethylated probes.  
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We next explored gene promoters (TSS +/- 1.5 kb) differentially marked by H3K4me3 and 

H3K27me3 between GW13 and GW17. H3K4me3 differentially marked the promoters of 526 

protein-coding genes with 2.6-fold more genes gaining H3K4me3 in GW17 compared with GW13. 

We observed the opposite trend in H3K27me3 with a 6-fold decrease in H3K27me3 marked gene 

promoters in GW17 compared to GW13, consistent with a more active promoter histone 

modification landscape in GW17. A subset of the genes associated with the differentially marked 

promoters were also differentially expressed with a majority (73%) in the expected orientation and 

significantly enriched in genes related to neurogenesis and axonogenesis (Figure 12).  

To explore the transcription factor regulatory network of GW13 and GW17 NPCs, we 

overlapped gestational week specific enhancers, differentially marked by H3K4me1 between 

GW13 and GW17, with TFBSs and identified five transcription factors exclusively enriched in 

GW17 specific enhancers, three of which were expressed in both cortex and GE derived NPCs 

(Figure 11C). The three expressed transcription factors play important roles in brain development: 

OLIG2, FOXO1, involved in cell specification(Zhou et al., 2015); and androgen receptor (AR), 

involved in sex differences in brain morphology and behaviour(Zuloaga et al., 2008). Enhancers 

containing these TFBSs were also enriched in hypomethylated CpGs(Feldmann et al., 2013) at 

GW17 (Figure 11D), and genes associated with these hypomethylated enhancers(Heinz et al., 

2010) were transcriptional up-regulated in GW17 compared to GW13 (Figure 11D). The OLIG2 

promoter itself was also hypomethylated and the gene up-regulated in both cortex and GE NPCs 

at GW17 (Figure 13 and Figure 14). Moreover, 60% of OLIG2 target genes were both 

hypomethylated in their promoters and up-regulated (Figure 14B), and were enriched (FDR < 

0.05) in genes implicated in neurogenesis in both cortex and GE derived NPCs (Figure 14C). 

Among the predicted 132 target genes, 25 were differentially expressed between GW13 and 
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GW17, of which 22 genes were up-regulated at GW17 (Figure 14D). These up-regulated genes 

were highly enriched (FDR < 0.05) in genes critical for axon guidance and cell migration, 

including EPH Receptor A3 (EPHA3)(Egea and Klein, 2007), netrin-1 (NTN1)(Hamasaki et al., 

2001), Netrin G1 (NTNG1)(Kennedy, 2000), and Slit Homolog 2 (SLIT2)(Hu, 1999), reinforcing 

the critical role of OLIG2 in regulating the transcriptional and epigenetic programming of 

neurogenesis in early human development.   

Taken together, our analysis suggests that epigenetic and transcriptional activation, rather 

than restriction, is the dominant signature associated with the specification of transcriptional 

programs associated with early brain development.  
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Figure 11. Temporal changes revealed a more active epigenetic state in the later developmental stages 

 (A). DMRs between GW13 and GW17. We identified more hypomethylated DMRs in GW17 (blue) than GW13 (red) 

in both GE derived NPCs (inner circles) and cortex derived NPCs (outer circles). (B). Fold enrichment of DMRs 

between GW13 and GW17 in core NPC enhancers. GW13 hypomethylated DMRs, shown in red, were not enriched 

in the enhancers, while GW17 hypomethylated DMRs, shown in blue, were enriched. (C). Transcription factors 

exclusively enriched (Benjamini corrected p-value < 0.01, left panel, and percent of enhancers with motif > 20%) in 

GW17 unique enhancers, and their transcription levels in cortex derived NPCs (middle panel) and GE derived NPCs 

(right panel). GW13 expression values are shown in red, and GW17 are shown in blue. Out of the five transcription 

factors, OLIG2, FOXO1, and AR were expressed. (D). Methylation differences between GW17 and GW13 in 

enhancers with the particular transcription factor binding sites showed hypomethylation in GW17 (left panel). The 

vertical line, indicating hypomethylation greater than 0.2, was used as a cut-off for hypomethylated enhancers. Fold 

change of transcriptional levels between GW17 and GW13 for the nearest genes of the hypomethylated enhancers 

identified in the left panel showed up-regulation in GW17 (right panel). The vertical line indicates 2-fold increase in 

expression.   
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Figure 12. Epigenetic differences across developmental stages 

GREAT GOBP functional enrichment analysis for genes associated with GW13 UMRs (red) and GW17 UMRs (blue) 

in cortex NPCs (A), GE NPCs (B), and UMRs shared by the two cell types (C). (D). DAVID functional enrichment 

analysis of genes differentially expressed and differentially methylated by H3K27me3 in promoters between GW13 

and GW17. (E). DAVID GOBP analysis for genes differentially marked by H3K4me3 or H3K27me3 in promoter 

regions between GW13 and GW17 showed enrichment in sensory perception. 
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Figure S4. Epigenetic differences across developmental stages (Related to Figure 4). GREAT GOBP functional enrichment 
analysis for genes associated with GW13 UMRs (red) and GW17 UMRs (blue) in cortex NPCs (A), GE NPCs (B), and UMRs 
shared by the two cell types (C). (D). DAVID functional enrichment analysis of genes differentially expressed and differentially 
methylated by H3K27me3 in promoters between GW13 and GW17. (E). DAVID GOBP analysis for genes differentially marked 
by H3K4me3 or H3K27me3 in promoter regions between GW13 and GW17 showed enrichment in sensory perception. !
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Figure 13. Validating changes between GW13 and GW17 with validation datasets 

 (A). Identify differentially methylated probes between GW13 and GW17 by pairwise comparison with difference in 

beta value > 0.15. There were more hypomethylated probes in GW17 compared to all GW13 individuals. (B). 

Functional enrichment for the 241 GW17 hypomethylated probes also identified in WGBS using GREAT. (C). 

Expression levels of OLIG2 in the validation sets showed transcriptional upregulation in later stages. (D). Expression 

levels in validation sets of genes identified as upregulated in GW17 in NPCs showed upregulation in GW17 as well.   
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Figure S5. Validating changes between GW13 and GW17 with validation datasets (Related to Figure 4, Figure 5 and
Figure 6). (A). Identify differentially methylated probes between GW13 and GW17 by pairwise comparison with difference in beta
value > 0.15. There were more hypomethylated probes in GW17 compared to all GW13 individuals. (B). Functional enrichment
for the 241 GW17 hypomethylated probes also identified in WGBS using GREAT. (C). Expression levels of OLIG2 in the
validation sets showed transcriptional upregulation in later stages. (D). Expression levels in validation sets of genes identified as
upregulated in GW17 in NPCs showed upregulation in GW17 as well.
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Figure 14. Regulatory network of OLIG2 

 (A). UCSC genome browser tracks showed Oligodendrocyte Lineage Transcription Factor 2 (OLIG2) 

hypomethylated in promoter region and up-regulated in GW17. (B). Heatmap of enhancer signal level (H3K4me1) of 

GW17 specific enhancers with OLIG2 binding sites (left), their corresponding DNA fractional methylation (middle), 

and transcription levels of their nearest genes (right) showed hypomethylation of the enhancers and up-regulation of 

the predicted target genes in GW17. (C). DAVID (Huang et al., 2009) GO biological processes enrichment analysis 

of OLIG2 target genes indicating significant enrichment for brain development related biological processes. (D). 

Cytoscape network of OLIG2 target genes that are differential expressed. 22 of genes were up-regulated in GW17 

(red) while only 3 were down-regulated (green). The size of the circles corresponds to the fold change of expression 

levels between GW17 and GW13. Among the up-regulated genes, EPHA3, NTN1, NTNG1, and SLIT2 were associated 

with axon guidance and cell migration.  
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3.4 Temporal transcriptional programs are specific for NPCs derived from different 

brain regions  

Unsupervised clustering of protein-coding gene expression showed that GW13 NPCs from 

different brain regions clustered together and with GW15 GE derived NPCs, while GW15 cortex 

derived NPCs clustered with GW17 cortex NPCs (Figure 15A). These relationships were also 

observed by independent clustering of the expression of exons, non-coding genes, and miRNAs 

(Figure 16). It suggests that NPCs derived from different regions were transcriptionally similar at 

GW13 but that by GW15 region-specific signatures emerge. Differentially expressed genes 

between GW13, GW15, and GW17 were identified, and categorized into eight profile groups 

based on their temporal expression pattern (up-regulated, down-regulated, and not differentially 

expressed) between GW13-GW15 and GW15-GW17. While overall, we observed a trend for 

increasingly gene expression with GW in NPCs (Figure 15B), differentially expressed genes 

shared by both cortex and GE derived NPCs showed no discernable pattern across gestational 

weeks (Figure 15C). In contrast an increase in expression was observed between GW13-GW15 

in cortex derived NPCs (Figure 15C). In GE derived NPCs a similar up-regulation in gene 

expression was observed however it occurred between GW15-GW17 (Figure 15C). Several key 

factors in brain development followed this pattern (Figures 15D), including OLIG2, as well as 

LIM homeobox 4 (LHX4), a transcription factor critical for nervous system development(Hunter 

and Rhodes, 2005); WNT5A, involved in regulating axon growth and guidance(Blakely et al., 

2011); and Forkhead Box H1 (FOXH1), playing key roles in patterning of the forebrain(Silvestri 

et al., 2008). These differentially expressed genes were also confirmed in our independent 

validation dataset (Figure 13).  
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Taken together, our analysis provides a high-resolution view of the key transcriptional and 

epigenetic network changes occurring during early fetal brain development and supports a model 

of increased transcriptional activity associated with different developmental stages in NPCs 

derived from different brain regions.    
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Figure 15. Stage-specific differential expression 

 (A). Unsupervised clustering of expression levels of protein coding genes. NPCs derived from different regions 

clustered together at GW13. However, by GW15, GE derived NPCs still clustered with GW13 NPCs, while cortex 

derived NPCs branched off and clustered with GW17 cortex NPCs. (B). Number of differentially expressed genes 

between different gestational weeks (left panel: GW13 vs. GW17, middle panel: GW15 vs. GW17, right panel: GW13 

vs. GW15) in cortex derived NPCs (red), GE derived NPCs (blue), and shared by two cell populations (purple). Bars 

pointing up showed up-regulation in the later stages, and bars pointing down showed down-regulation, suggesting a 

general trend of up-regulation in later stages. (C). Patterns of expression for genes differential expressed between 

gestational weeks in cortex derived NPCs (top panel), in GE derived NPCs (middle panel), and in genes shared by 

both cortex and GE derived NPCs (bottom panel). Genes are divided into eight expression profile groups according 

to differential expression analysis of GW13 vs. GW15 and GW15 vs. GW17, represented by the arrows of eight 

different colours. The thickness of the line and the number in each panel corresponded to the number of genes within 

each category, and the dashed lines means no genes in that category. Cortex derived NPCs showed dominant 

transcription activation in GW13-GW15, while GE derived NPCs showed similar activation but in GW15-GW17. 

(D). Heatmap for expression values of stage-specific differential expressed genes in cortex NPCs and GE NPCs 

showed stage-specific expression patterns for key regulators of brain development. UP: up-regulated; DN: down-

regulated; ST: stable, not differentially expressed.  
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Figure 16. Hierarchical clustering of NPC transcriptomes 

Non-supervised clustering of expression levels of protein-coding exons (A), non-coding genes (B), and highly 

expressed (RPM > 100) microRNAs (C) showed similar clustering for NPCs, with GW13 NPCs clustering together 

with GE GW15 NPC, while cortex GW15 NPCs clustering with GW17 NPCs. The clusters were generated with 

spearman correlation. 

0.14 0.10 0.06 0.02

RNA−seq
Exon pc

Brain.Subject1.GW17
Brain.Subject2.GW17
GE.Subject3.GW15
Cortex.Subject4.GW13
GE.Subject4.GW13
GE.Subject1.GW17
GE.Subject2.GW17
Cortex.Subject3.GW15
Cortex.Subject1.GW17
Cortex.Subject2.GW17

0.5 0.3 0.1

RNA−seq
Gene nc

Brain.Subject2.GW17
GE.Subject3.GW15
Cortex.Subject4.GW13
GE.Subject4.GW13
Brain.Subject1.GW17
GE.Subject1.GW17
GE.Subject2.GW17
Cortex.Subject3.GW15
Cortex.Subject1.GW17
Cortex.Subject2.GW17

0.4 0.3 0.2 0.1 0.0

miRNA−seq
(RPM > 100)

Brain.Subject1.GW17
Brain.Subject2.GW17
GE.Subject3.GW15
Cortex.Subject4.GW13
GE.Subject4.GW13
GE.Subject1.GW17
GE.Subject2.GW17
Cortex.Subject3.GW15
Cortex.Subject1.GW17
Cortex.Subject2.GW17 Brain

Cortex
GE

Figure S6. Hierarchical clustering of NPC transcriptomes (Related to Figure 6). Non-supervised clustering of expression
levels of protein-coding exons (A), non-coding genes (B), and highly expressed (RPM > 100) microRNAs (C) showed similar
clustering for NPCs, with GW13 NPCs clustering together with GE GW15 NPC, while cortex GW15 NPCs clustering with GW17
NPCs. The clusters were generated with spearman correlation.

A B

C

Between GW



 

 

42 

3.5 Epigenetic and transcriptional differences between monozygotic twins arise before 

midgestation  

The genomes of MZ twins are genetically identical providing a unique opportunity to study 

developmental processes that give rise to epigenetic variations during normal development within 

the womb. To investigate epigenetic differences arising between MZ twins during fetal brain 

development, we analyzed DNA methylation and histone modification data from brain tissue, and 

cortex and GE derived NPCs of the GW17 MZ twins. MZ twin DMRs were identified through 

pairwise differential methylation in each tissue and cell type respectively (see methods). In 

dissected brain tissue and cortex derived NPCs there was significant asymmetry in the orientation 

of these DMRs with an average of 2-fold more hypomethylated DMRs present in subject 2 

compared to subject 1 (Figure 17A). As all samples were processed in the same batch using 

standardized protocols, we considered it unlikely that the asymmetry is a result of sampling bias 

or technical differences (see methods). To explore the possible functional significance of these 

asymmetric MZ twin DMRs, we examined their relationship to protein coding genes. On average, 

we identified 405 DMRs (12% of total) within the promoters of protein-coding genes, a three-fold 

enrichment compared to that expected by chance (hypergeometric p-value ~0; Figure 18). We 

associated DMRs to genes, and gene enrichment analysis of the resulting gene sets(McLean et al., 

2010) revealed an enrichment for Homeobox genes (FDR < 10-3), many of which have been 

implicated in relevant biological processes such as forebrain regionalization (Figure 17B and 

Figure 18). Intersecting DMRs between the MZ twins from all tissue and cell populations, we 

found 6 regions consistently differentially methylated in brain tissue and both NPCs, including 

one region at the promoter of CCDC169 (Figure 17C), suggesting individual specific epigenetic 

signatures between MZ twins that are common across cell types as early as midgestation.   
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Gene expression analysis revealed an average of 470 differentially expressed genes in 

pairwise comparisons across twins in the same cell types enriched in pathways involved in 

neurogenesis and brain development (Figure 18). 108 differentially expressed genes were also 

found to be differentially marked by H3K4me3 with 56% showed expected orientation; 191 by 

H3K27me3, 60% showed expected orientation. Genes differentially methylated in their promoters 

and differentially expressed were highly enriched in brain developmental processes (Figure 17D), 

including Oligodendrocyte Transcription Factor 1 (OLIG1) and Forkhead Box O1 (FOXO1), as 

well as members of WNT pathway such as Secreted Frizzled-Related Protein family (SFRP1 and 

SFRP2), Wingless-type MMTV Integration Site family (WNT3 and WNT7A). The WNT signalling 

pathway is critical in maintaining normal neurogenesis in developing brain(Malaterre et al., 2007) 

and its deregulation is important for promoting glioma cell proliferation (Sandberg et al., 2013). 

Intersecting differentially expressed gene between the MZ twins in different tissue and cell types 

found B-Cell CLL/Lymphoma 6 (BCL6) consistently higher expressed in Subject2 in brain tissue 

and both NPCs. BCL6 has been shown to control neurogenesis through epigenetic repression of 

Notch target genes (Tiberi et al., 2012).  

In summary, our findings suggest that epigenetic differences between MZ twins arise as 

early as GW17 in fetal brain tissue, and that there are individual specific signatures that are 

consistent across different cell types. Furthermore, these epigenetic differences are associated with 

differential expression of genes critical to brain development.   
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Figure 17. Epigenetic and transcriptional differences between MZ twins arise early in fetal brain development 

 (A). Total DMR length (top panel), number of enriched bases in enhancers (middle panel), and number of differential 

expressed genes (bottom panel) between MZ twins. Subject1-specific hypomethylated DMRs/enhancers and up-

regulated genes were shown in red, and Subject2-specific ones were shown in blue. (B). DMRs between MZ twins in 

three tissue and cell populations from GREAT (McLean et al., 2010) functional enrichment analysis all showed 
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enrichment in Homeobox protein domains. (C). UCSC genome browser MeDIP-seq tracks showed hypermethylation 

in Subject2 compared to Subject1 at the promoter region of CCDC169 in dissected brain tissue as well as cortex and 

GE derived NPCs. (D). DAVID (Huang et al., 2009) functional enrichment analysis for genes differentially methylated 

in their promoters and differentially expressed between the MZ twins showed enrichment in brain developmental 

processes.   
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Figure 18. Differences in epigenomes and transcriptomes of MZ twins 

 (A). Total DMR length (top panel), number of enriched bases in enhancers (middle panel), and number of differential 

expressed genes (bottom panel) between MZ twins. Subject1-specific hypomethylated DMRs/enhancers and up-

regulated genes were shown in red, and Subject2-specific ones were shown in blue. (B). UMR enrichment in genomic 

features. (C). DAVID functional enrichment of genes differentially expressed between MZ twins. (D). DMRs between 

MZ twins in three tissue and cell populations from GREAT (McLean et al., 2010) functional enrichment analysis all 

showed enrichment in Homeobox protein domains. (E). UCSC genome browser MeDIP-seq tracks showed 

hypermethylation in Subject2 compared to Subject1 at the promoter region of CCDC169 in dissected brain tissue as 

well as cortex and GE derived NPCs. (F). DAVID (Huang et al., 2009) functional enrichment analysis for genes 

differentially methylated in their promoters and differentially expressed between the MZ twins showed enrichment in 

brain developmental processes.   
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Chapter 4: Discussion  

Reference epigenome mapping efforts (Kundaje et al., 2015; Stunnenberg and Hirst, 2016)  

have largely focused on hematopoietic and epithelial cell types, and there remains a significant 

gap in our understanding of difficult-to-obtain tissues and cells including those within the human 

brain. My analysis presented in this thesis provides a valuable resource of epigenomic and 

transcriptomic signatures and derived regulatory networks of the developing human fetal brain and 

comprehensive annotation of epigenetic and transcriptional differences between MZ twins, NPCs 

and different developmental stages in early fetal brain development.  

The early fetal period (GW8-GW18) is characterized by a dynamic neurogenesis phase 

involving proliferation and migration of NPCs (Florio and Huttner, 2014) and significant effort 

has been directed at the characterization of the epigenetic and transcriptional dynamics of NPCs 

(Llorens-Bobadilla et al., 2015; Miller et al., 2014; Ziller et al., 2014). Neural migration patterns 

have not been completely deciphered in the developing human brain, but murine NPCs derived 

from different brain regions differentiate into neurons and glial cells that colonize distinct brain 

regions (Kriegstein and Noctor, 2004; Nadarajah and Parnavelas, 2002). This cellular migration is 

strictly regulated, including by factors involved in cell-cell adhesion, cell cycle control, and 

interaction with extracellular matrix (Gressens, 2000). We compared the epigenetic states of NPCs 

derived from two distinct brain regions and identified DNA methylation signatures that could be 

functionally associated with cell migration patterns specific to these brain regions. Furthermore, 

tissue specific comparisons suggest that cortex derived NPCs may be at a more epigenetically and 

transcriptionally active state compared to GE derived NPCs. Taking into account temporal analysis 

of NPCs which suggests an increase in active epigenetic and transcription states with 
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developmental stage, the more active epigenetic state of the cortex derived NPCs suggests that 

cortex derived NPCs are developmentally more advanced than GE derived NPCs, consistent with 

the more neuronal phenotype that we observed in cortex derived NPCs.   

Targeted CpG methylation array studies have demonstrated that the genomes of human 

fetal brain tissue undergo DNA hypomethylation with age (Spiers et al., 2015), and that the bulk 

of temporal transcriptional changes occur at prenatal stages with the activation of critical regulators 

during early-mid fetal development (Kang et al., 2011). Our analysis confirmed a developmentally 

associated hypomethylation between GW13-17 and extended this to show that this 

hypomethylation, in particular in enhancer regions, was associated with increased transcription 

factor binding activities of critical transcription factors, such as OLIG2. The activation of these 

transcription factors may lead to activation of genes critical for axon guidance and cell migration, 

suggesting an essential role of epigenetic regulation in increased cell migration activities during 

this critical developmental period. Furthermore, by comparing the transcription profiles in two 

distinct NPC populations, we found that the transcriptional activation occurred in waves, and at 

different developmental stages in NPCs derived from different brain regions. This pattern supports 

a model where NPCs from both brain regions share a common epigenetic state, possibly inherited 

from a common progenitor cell, and that cortex derived NPCs diverged earlier and became more 

differentiated than GE derived NPCs, providing additional insight into the spatio-temporal 

developmental trajectory within the fetal brain.  

Post-natal morphological differences in the gross anatomy of the brain tissue of human MZ 

twins are well documented (Biondi et al., 1998; Cavanna et al., 2010; Steinmetz et al., 1995). 

Previous studies on post-natal MZ twins suggested that the epigenetic differences between the 
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twins arise primarily through exposure to divergent environments(Lévesque et al., 2014), and may 

contribute to phenotypical discordance in development and disease onset(Galetzka et al., 2012; 

Singh et al., 2002; Townsend et al., 2005; Weksberg et al., 2002). However, these studies were 

unable to find distinct epigenetic signatures at the age of three due to technical limitations (Fraga 

et al., 2005). Whether or when these differences arise in pre-natal MZ twins and their consequences 

are still poorly understood. Our analysis of the epigenomes of pre-natal MZ twins provides 

evidence of epigenetic differences as early as GW17 that are associated with the activities of 

master regulators of brain development such as the WNT family of proteins.  

In summary, my analysis provides an unprecedented annotation of epigenetic and 

transcriptional states of early fetal brain development. My analysis across developmental stages 

supports a model of epigenetic and transcriptional activation with developmental age, and 

suggested that cortex derived NPCs may be at a more advanced epigenetic state than GE derived 

NPCs. My results reveal epigenetic differences between MZ twins during early fetal periods. I 

provide a high-resolution regulatory network for NPCs from different brain regions, providing a 

comprehensive reference for future studies in brain development and disease.  
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