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Abstract 

Euchromatic Histone Methyltransferase 1 (EHMT1) is an epigenetic regulator, for which 

mutations are known to cause the neurodevelopmental disorder (NDD), Kleefstra Syndrome 

(KS). Despite this, the understanding around the etiology of KS, the role of EHMT1 in 

neurodevelopment and its overlap with other phenotypically similar NDDs remains poor. The 

work in this project describes the role of EHMT1 in human neuronal development, alongside 

the implications of its loss in the establishment of KS. The project utilises CRISPR edited 

induced pluripotent stem cells (iPSCs) to derive human neurons, investigating epigenetic 

networks, which underscore proper timing and development. 

Chapter 3 describes the computational analysis of EHMT1 depleted neurons, focusing on the 

transcriptional implications and underlying epigenetic changes. Computational modelling 

revealed significant changes in the genetic architecture of derived neurons which were 

validated in various cell models. 

Chapter 4 studies the changes in microRNA expression profiles in EHMT1 depleted cells at 

both pluripotent and neuronal timepoints. Novel prediction pipelines and manipulation tools 

were developed to predict these changes. Differing microRNAs were affected at each 

timepoint, impacting on the expression of other epigenetic modifiers central to 

neurodevelopment. 

Chapter 5 describes the implications of EHMT1 loss on the timing of neuronal development 

and maturation. Changes in epigenetic modifiers and brain specific microRNAs significantly 

altered the timing and progression of neuronal cells, with changes in various maturation 

markers. 

Chapter 6 investigates the epigenetic crosstalk that exists between EHMT1 and other 

epigenetic modifiers. Global changes were identified in neuronal cells, whilst intricate EHMT1 

regulated crosstalk was seen at loci specific regions in pluripotent cells.  

The project presents novel computational and molecular tools, using them to demonstrate 

the function of EHMT1 in neurodevelopmental timing and progression. The work elucidates 

the core mechanisms involved in the establishment of Kleefstra syndrome with broader 

implications for similar neurodevelopmental disorders. 
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1 General Introduction 

1.1 Overview 

Currently almost 15% of the global population lives with a mental disorder, often with little 

to no treatment. This includes common conditions such as autism spectrum disorder and 

schizophrenia, alongside a plethora of other rare developmental diseases. Despite a robust 

occurrence and steadily increasing prevalence (Cainelli and Bisiacchi, 2022), the cause of 

these mental disorders remains unknown. 

A fascinating clue lies in the frequent co-occurrence of seemingly distinct disorders. Patients 

are commonly co-diagnosed with multiple conditions such as Schizophrenia and psychosis. A 

massive study in 2019 investigating this concurrence revealed a staggering link: that diagnosis 

of any mental disorder increased the risk of developing others, no matter how distinct (Plana-

Ripoll et al., 2019). Genetics plays a fundamental role, with evidence of significant overlap 

between seemingly separate disorders such as schizophrenia and autism. Despite this, studies 

reveal that many genes with small effects, not single genes, influence mental illness risk. 

The development and differentiation of the human brain is a highly protracted process, 

spanning decades (Sydnor et al., 2021), predisposing humans to a unique risk for the 

occurrence of mental disorders. Central to understanding how these disorders occur is the 

detailed mapping of how genes guide brain development, ensuring the right cells form in the 

right place at the right time. Recent advancements in next generation sequencing techniques 

have empowered a range of large-scale genetic studies, revealing the complex genetic and 

epigenetic networks underling mental health disorders. In particular, in-silico modelling has 

drastically accelerated our understanding of how these networks relate to each other in a 

biological setting. Together with the advancement of induced pluripotent stem cells (iPSCs), 

we are now able to generate patient specific neurons, modelling the various stages of 

neuronal development. 

In spite of this, we still lack a complete understanding of the human neurodevelopmental 

process and the flaws that lead to phenotypically similar mental disorders. This chapter 

provides an overview of mammalian neurogenesis and neurodevelopmental disorders, 

considering the key role of epigenetic modifiers in these processes. 
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1.2 Vertebrate neurogenesis 

The human nervous system is comprised of two significant cell types, neurons, responsible 

for transducing electrical signals within the brain, and supporting glial cells, including 

Oligodendrocytes and Astrocytes. During neurodevelopment these cell types are generated 

from multipotent neural stem cells (NSCs) and the process of generating neurons is referred 

to as neurogenesis. 

Human cortical neurogenesis begins with the symmetric division of neuroepithelial cells 

(NECs), producing progeny cells of identical cell fate. These NECs will also divide 

asymmetrically generating both a progeny NEC as well as an intermediate progenitor cell, 

referred to as a radial glial cell (RGC). RGCs are fate restricted to a single cell type including, 

astrocytes, oligodendrocytes or primarily neurons (Götz and Huttner, 2005). Like NSCs, RGCs 

will divide asymmetrically, generating a new RGC alongside a post-mitotic neuron. Eventually 

RGCs undergo terminal differentiation, generating two post-mitotic neurons (Rowitch and 

Kriegstein, 2010). The spatiotemporal balance between NSC self-renewal and the generation 

of neurons is a tightly controlled process crucial to proper brain development, structure, and 

function. 

During embryonic development, several signalling pathways are central to regulating neural 

induction and patterning, through their control of cellular transcription. The Notch signalling 

pathway plays a key role in neuronal development by facilitating direct cell-cell interactions. 

Its activity serves to impede neuronal differentiation by suppressing proneuronal genes like 

ASCL1 and NGN while simultaneously enhancing the proliferative capacity of neural stem cells 

(NSCs) (Paridaen and Huttner, 2014). In contrast Wnt signalling is required throughout 

neurogenesis, serving differing roles. During early neurogenesis Wnt signalling works to 

increase the number of neuronal precursor cells, promoting symmetric RGC division and 

proliferation (Mutch et al., 2010). However as neurogenesis continues, Wnt signalling shifts 

to increase neuronal differentiation though transcriptional of N-myc and in turn proneuronal 

factors Ngn1/2 (Kuwahara et al., 2010). As with Notch, the FGF and Shh signalling pathways 

are essential for the maintenance of the NSC state and proliferation (Sahara and O'Leary, 

2009). Premature ablation of FGF receptors leads to precocious neural differentiation and the 

depletion of RGCs (Kang et al., 2009). Moreover, these pathways show significant cross talk, 

implicated by compensation between the Notch, FGF and Shh pathways (Kang et al., 2009, 
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Brodski et al., 2019). Together these pathways shape the complex spatiotemporal 

transcriptional landscape that ensure the correct expression of proneuronal genes that leads 

the cells through the correct cell types underscoring neurodevelopment. 

1.2.1 Neurodevelopmental timing 

To generate a complex range of cell types and structures in the brain, NPCs must go through 

distinct multi-stage transitions. Findings have demonstrated that progression through each 

of these cell stages are crucial to proper neurodevelopment, with signals provided by previous 

cells dictating temporal regulation (Koo et al., 2023). Neurodevelopmental timings vary 

significantly between species and in humans this is a highly protracted process. For example, 

human neurons show up to 3-fold slower development during early embryogenesis, with later 

developmental stages rising from 10-100-fold longer in humans (Miller et al., 2012, Van den 

Ameele et al., 2014, Matsuda et al., 2020).  

Already, there is strong evidence that the timing of early human neurogenesis is governed by 

cell-intrinsic factors. Human NPCs derived from iPSCs, recapitulate a prolonged differentiation 

timeline compared to their primate counterparts (Kanton et al., 2019). This is also true when 

human NPCs are co-cultured with primate cells, suggesting a level of centralised control in 

species specific (Otani et al., 2016). In-vivo experiments further support this idea, as human 

NPCs transplanted into the developing mouse cortex retained the human tempo of 

differentiation and maturation (Espuny-Camacho et al., 2013, Linaro et al., 2019). Together 

this evidence suggests cell-intrinsic factors are central to determining the pace and 

subsequent successful development of neurogenesis. 

Within each cell temporal changes in neurogenesis are dictated by tightly controlled 

transcription profiles. This is best demonstrated by transcriptomics studies demonstrating 

human neuronal transcription shows distinct stage specific differences compared to primate 

and mouse (Telley et al., 2016, Kanton et al., 2019, Telley et al., 2019, Brown et al., 2021). 

Early in neurodevelopment the expression of proneural genes is repressed and only 

upregulated as cells begin neurogenesis. For example, transcription factors such as NEUROD1 

and ASCL1 are dominant regulators of neuronal differentiation and display distinct 

developmental profiles (Kim et al., 2007, Boutin et al., 2010). Regulating the expression of 

these neuronal specific genes and at the heart of neurogenesis is the master regulator, 
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Repressor Element 1 Silencing Transcription factor, REST (also known as Neuron-Restrictive 

Silencing Factor, NRSF).  

1.2.2 The REST/NRSF complex 

The REST protein is one of several proteins that combine to form the REST complex, that is 

widely expressed during embryogenesis and plays a huge role in neural differentiation. The 

complex binds to a specific 21 base pair motif termed Response Element 1 (RE1), found most 

commonly in the regulatory region of neuron-specific genes (Bruce et al., 2004). Species 

studies have shown that nearly one third of RE1 sites are primate specific, whilst a subset of 

sites are human specific (Johnson et al., 2009, McGann et al., 2021). 

The REST protein is capable of binding directly to RE1 sites, where it recruits a number of 

other proteins, forming a complex acting as a negative regulator of neurogenesis (Figure 1.1). 

REST recruits the CoREST protein at the C terminus and mSin3 at its N terminus (Naruse et al., 

1999, Ueda et al., 2017, Andrés et al., 1999). In turn these two corepressors recruit histone 

deacetylases 1/2 (HDAC-1/2), which catalyse the deacetylation of lysine residues, tightening 

the chromatin structure leading to transcriptional repression of the target genes (Ballas et al., 

2001, Robey et al., 2011). CoREST also recruits other histone modifiers, including the histone 

methyltransferase G9a (also known as EHMT2), which catalyses methylation of histone 3 at 

lysine 9 (H3K9me3), along with the lysine specific histone demethylase 1 (LSD1), which 

demethylates histone 3 at lysine 4 (H3k4) (Ding et al., 2008, Yokoyama et al., 2008, Roopra et 

al., 2004). Furthermore, the CoREST complex also contains MECP2, a methyl CpG binding 

protein, recruited to methylated CpGs. Finally in addition to recruiting repressive proteins, 

REST has also been shown to be promote gene activation through the recruitment of the 

chromatin remodelling proteins Tet1/3 (Perera et al., 2015). 
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Figure 1.1 The REST/NRSF complex and its components. 
The complex binds to RE1 sites in the genome via the REST protein, to repress target genes through either histone 
methylation or deacetylation. Various accessory proteins bind to either the rest protein or co-bound proteins to 
form the complex. 

 

1.2.3 The role of REST in neurogenesis 

Knock out experiments have demonstrated that REST is required for embryogenesis, with 

embryonic lethality occurring at day 11.5 (Chen et al., 1998). Moreover, the upregulation of 

neuron specific genes in non-neuronal tissue demonstrated the proteins importance in 

supressing neuronal transcripts (Jones and Meech, 1999). Genes containing conserved REST 

binding sites not only exhibit enrichment for neural functions but are also more likely to be 

upregulated when REST is depleted (Rockowitz and Zheng, 2015). Interestingly, human stem 

cells harbour nearly double the number of REST gene targets compared to mice. Additionally, 

human targets display a higher density of REST binding peaks. These enriched genes in 

humans are significantly associated with learning and memory functions, further emphasizing 

the crucial role of REST in human neurodevelopment. Early in-vitro studies highlighted that 

during neural differentiation, REST protein is gradually decreased leading to the increased 

expression of pro-neural genes such as MASH1 and NGN1 (Ballas et al., 2005, Sun et al., 2008). 

The gradual loss of REST appears to be phasic, where although REST is initially lost from RE1 

sites, the CoREST protein remains bound and capable of inducing repression of target genes. 

In fact although REST expression decreases, a level of expression remains in adult neurons 

and has been shown to be necessary for their proper function (Gao et al., 2011). Despite its 

central role in neurogenesis, the overexpression and prolonged expression of REST does not 

prevent the formation of neurons, but rather shifts the timeline for neuronal fate 

commitment (Mandel et al., 2011). In line with this idea of REST having a temporal role in 
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neurogenesis, its conditional knockdown during NPCs leads to an accelerated increase in pro-

neuronal gene expression, exit from the cell cycle and reduced proliferation culminating in 

fewer neurons (Aoki et al., 2012, Gao et al., 2011). 

1.2.4 Regulation of REST expression and function 

The mechanistic control of REST is vital to ensuring a gradual precise reduction of the pathway 

during neural development. The signalling pathway Wnt has been shown to directly induce 

REST expression in embryonic neurodevelopment (Nishihara et al., 2003), however the 

primary mechanism of action in the reduction of REST lies within post-transcriptional 

modifications (PTM). The PTM regulation of REST is highly complex and a variety of controls 

at different stages have been reported. The splicing factor Ser/Arg Repetitive Matrix 4 

(SRRM4) is specifically expressed in neuronal tissue and leads to exon inclusion within REST, 

resulting in a truncated form of the protein (Ohnishi et al., 2017, Shimojo et al., 2001). The 

truncated form of REST, termed REST4, retains the ability to bind to RE1 sites but not repress 

the genes, ultimately leading to increases in REST targets.  

Well-established feedback loops between microRNAs (miRNAs) and the REST complex have 

also been shown to contribute to the continued decrease of REST function. These include 

brain specific miRNAs, such as miR-9-5p and miR-124-3p, which target both the REST and 

CoREST proteins (Packer et al., 2008, Wohl and Reh, 2016). Furthermore, post-translational 

modifications such as the ubiquitination, phosphorylation and methylation of the REST 

protein have been shown to control its function (Westbrook et al., 2008, Gervasi et al., 2021). 

Despite these numerous controls, the initial switch that destabilises the REST pathway and 

initiates neuronal differentiation is poorly defined. Several recent studies have pointed 

toward miRNAs and histone modifiers as potential master regulators of REST/NRSF (Alsaqati 

et al., 2022, Lee et al., 2018, Sauer et al., 2021). 
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1.3 miRNAs 

Non-coding RNAs have been identified as key regulators of various biological processes and 

within this family, miRNAs have been the most widely researched since their discovery. 

miRNAs are short single stranded RNAs, approximately 22nt in length, which regulate gene 

expression at the post-transcriptional level through the inhibition and degradation of 

messenger RNA (mRNA) (Gebert and MacRae, 2019). 

1.3.1 miRNA biogenesis 

The biogenesis of miRNAs is a multistep process involving a number of proteins (Figure 1.3), 

hence dysregulation results in a number of human diseases. Mature miRNAs arise from 

intergenic miRNA genes or from intragenic miRNA genes located within host genes (Ha and 

Kim, 2014). The latter of these is often under the transcriptional regulation of their host genes, 

although not all and some intronic miRNAs are independently transcribed (Ramalingam et al., 

2014). MicroRNAs can also be found in clusters of two or more miRNAs that are transcribed 

together as a single polycistronic transcript and processed to individual miRNAs. 

Transcription of miRNAs is achieved by either RNA-polymerase II or RNA-polymerase III, 

although typically the former, before acquiring a 7-methylguanosine cap and a poly A tail (Ha 

and Kim, 2014). The subsequently transcribed primary miRNA (pri-miRNA) typically presents 

as a stem loop structure, whilst miR clusters form more complex structures (Figure 1.2). The 

lower stem contains 11 bp region, flanked by nine unstructured nucleotides, important for 

microprocessor cleavage (Auyeung et al., 2013). At the 5’ and 3’ ends, there are UG and CNCC 

motifs respectively, and a third UGUG motif is found in the loop of human miRNAs (Nguyen 

et al., 2015). These structures have been shown to facilitate the binding of microprocessors 

during processing (Auyeung et al., 2013). 
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Figure 1.2 Processing of miRNA 

LEFT: pri-miRNA structure composed of lower stem, upper stem and apical loop, arrows denote DROSHA cute 
site. RIGHT: pre-miRNA binding to DROSHA/DGCR8 complex, DGCR8 forms a dimer that binds to the apical loop 
of the pri-miRNA. 

 

The subsequently transcribed primary miRNA (pri-miRNA) is then cleaved by a microprocessor 

complex consisting of one DROSHA protein and two DiGeorge syndrome Critical Region 8 

(DGCR8) proteins, leaving the pre-miRNA, approximately 70nt in length (Gregory et al., 2004). 

Interestingly both the DROSHA and DGCR8 proteins have been shown to be post-

transcriptionally regulated by the DROSHA/DGCR8 complex itself, demonstrating that miRNA 

biogenesis is a finely balance and highly regulated process (Han et al., 2009). DGCR8 binds to 

the stem and apical loop of the pri-miRNA, two RNA binding haem domains are required for 

dimerization and recruitment of DROSHA (Senturia et al., 2010, Weitz et al., 2014, Partin et 

al., 2017). DROSHA is an RNAse III endonuclease and cleaves the pri-miR approximately 22bp 

from the apical junction or 11bp from the basal junction (Han et al., 2006, Zeng et al., 2005). 

The ablation of DROSHA causes embryonic lethality at E7.5 in mice (Bernstein et al., 2003), 

however despite a significant reduction in global miRNA expression, a number of miRNAs are 

still expressed (Kim et al., 2016). In addition to canonical DROSHA dependent processing, a 

non-canonical pathway also exists, which relies on splicing to form miRNAs. Termed miRtrons, 
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these spliced RNAs fold to form typical stem loop structures, similar to processed pri-miRs 

(Miyoshi et al., 2010). 

Following pri-miRNA processing the pre-miRNA is then transported out of the nucleus by the 

exportin-V (EXP5) protein into the cytoplasm. EXP5 binds to a 14bp dsDNA region of the pre-

miRNA stem and the 3’ overhang (Okada et al., 2009), whilst differences in this overhang and 

the apical loop are the main factors determining EXP5 binding efficiency (Zhang et al., 2021b). 

Interestingly, the knockout of EXP5 only modestly impacted global miRNA biogenesis, 

suggesting alternative export pathways are significant to miRNA production (Kim et al., 2016).  

Once exported to the cytoplasm the pre-miRNA is further processed by the DICER1 protein 

into a 21-22nt miRNA duplex pair. The structure of the pre-miRNA is important to its 

processing and the double stranded stem-loop structure significantly helps with binding to 

the Dicer1 protein for cleavage (Tsutsumi et al., 2011). Once cleaved a guide strand of the 

miRNA duplex binds to the AGO (Argonaute) protein, forming the miRNA-induced silencing 

complex (miRISC/RISC). Typically the guide strand that binds to the AGO is that with the lower 

thermodynamic stability (Medley et al., 2021). 

1.3.2 miRNA mode of function 

Various cellular process have been shown to be regulated by miRNAs, including 

differentiation, metabolism, and embryonic development (Tay et al., 2008, Rottiers and Näär, 

2012, Inui et al., 2010). MicroRNAs as part of the RISC complex are guided to specific mRNAs 

which are recognised by binding with the miRNA sequence, whilst AGO proteins act to recruit 

factors inducing target repression. The binding sites for miRNAs are typically found in the 3’ 

untranslated region (UTR) of target genes and crucial to their binding is nucleotides 2-8 of the 

miRNA, termed as the ‘seed’ region (Bartel, 2018). AGO proteins use nucleotides 2-4 of the 

miRNA to rapidly scan RNA, diffusing laterally and pausing at complementary sites 

(Chandradoss et al., 2015). Pausing enables the transition to a stable binding state of the seed 

region, nucleotides 2-8. Initial by the seed region is extended to the 5’ end of the miRNA 

increasing binding efficacy (Broughton et al., 2016).  

Gene silencing by miRNAs is thought to happen by either translational repression or mRNA 

degradation. Translational inhibition is generally thought to occur at the initiation stage and 

caused by the disruption of EIF4 complex (comprised of the eIF4E, eIF4G and eIF4A proteins) 
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binding (Jonas and Izaurralde, 2015, Fukaya et al., 2014, Fukao et al., 2014, Zdanowicz et al., 

2009). There is good evidence for translational inhibition, as identified by hundreds of miRNA 

targets that show significant decreases in protein levels but not in their levels of mRNA 

(Selbach et al., 2008). This was supported by studies that showed increases in eIF4F lead to 

decreased miRNA mediated gene repression (Mathonnet et al., 2007). Importantly it was 

demonstrated that miRNA mediated translational inhibition is reversable, and in response to 

stress inactivated genes were reactivated (Bhattacharyya et al., 2006). 

In contrast mRNA degradation by miRNAs is non-reversable and is thought to be the main 

driver of miRNA activity, accounting for up to 90% of miRNA silencing (Guo et al., 2010). The 

AGO protein of the mRISC complex, interacts with a GW182 trinucleotide-repeat-containing 

protein, and this in turn interacts with the cytoplasmic poly(A)-binding protein (PABPC) bound 

to the mRNA poly(A) tail (Huntzinger and Izaurralde, 2011). Upon binding the mRNA is 

deadenylated by the CAF1–CCR4–NOT deadenylase complex, before being de-capped by the 

DCP2 enzyme (Rehwinkel et al., 2005, Behm-Ansmant et al., 2006). These de-capped mRNAs 

are subsequently degraded by XRN1 exonuclease (Zangari et al., 2017, Nagarajan et al., 2013). 

Numerous studies have demonstrated that the significance of this miRNA induced 

degradation pathway by demonstrating an increase in target expression when the various 

components are inhibited (Piao et al., 2010, Chu and Rana, 2006, Rehwinkel et al., 2005). 

Both the exact mechanisms behind miRNA repression and the balance between the two are 

highly contentious areas of research that are still poorly understood. However, several studies 

investigating the temporal kinetics of miRNA repression have provided strong evidence that 

translational repression precedes mRNA decay (Djuranovic et al., 2012, Bazzini et al., 2012). 

Moreover, it is generally accepted that translation inhibition is an important step in mRNA 

degradation and that the two are intrinsically linked (Jonas and Izaurralde, 2015). 
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Figure 1.3 Vertebrae miRNA biosynthesis pathway 

Pri-miRNA is transcribed before being processed by the DGCR8/DROSHA complex and exported into the 
cytoplasm by Exportin-5. The pre-miRNA is further processed by DICER, before a single miRNA strand is 
preferentially loaded onto an Argonaute (AGO)protein, to form a RNA-induced silencing complex (RISC.) The 
loaded miRNA subsequently represses gene expression through either translational inhibition or mRNA 
degradation. 

 

1.3.3 miRNA kinetics 

Until recently the bulk of miRNA research was focused on one-to-one interactions between a 

miRNA and a target gene, despite it being well known that each miRNA is capable of targeting 

hundreds of genes (Friedman et al., 2009). Initial work demonstrated that it was possible for 

two miRNAs to repress synthetic mRNA simultaneously (Doench and Sharp, 2004), giving 

credence to the idea that miRNAs could act in together in-vivo. It was then shown that several 
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miRNAs could target the CDKN1A mRNA simultaneously, primarily at the translational level 

(Wu et al., 2010). Embracing the complexity of miRNA binding, it has been possible to 

elucidate the many-to-many relationships of miRNAs, whereby multiple miRNAs act in 

concert to target and regulate the expression of multiple mRNAs (Hashimoto et al., 2013). 

An important finding from this work was that rather than simply binding multiple miRNA to a 

target mRNA, the mRISCs could act cooperatively to impart a cumulative effect on target 

expression (Broderick et al., 2011). Interestingly, the distance between two miRNA binding 

sites determines if the miRNAs will have a combinatorial effect, with sites within 40bp of one 

another showing an additive effect (Diener et al., 2023, Briskin et al., 2020). Studies 

demonstrated two closely bound mRISCs are bridged by the GW182 protein, allowing for 

stabilisation of bound miRNAs and an increase in their efficacy (Briskin et al., 2020, Flamand 

et al., 2017). This is supported by studies demonstrating miRNAs that have no target effect 

on their own are still capable of compounding the effects of locally bound miRNAs (Flamand 

et al., 2017). Screening of the human transcriptome also highlighted significant enrichment 

for these cooperative miRNA binding sites, suggesting evolutionary importance (Rinck et al., 

2013). 

In addition to cooperative binding, miRNAs can also act competitively when their binding sites 

overlap. This is most often the case in families of miRNAs which share the same or similar 

binding sites and in these instances the miRNA with the greater free energy will preferentially 

bind to the mRNA (Aisina et al., 2019). Competitive binding is also seen when two or more 

miRNAs target the same RNA, termed competing endogenous RNA (ceRNA). By titrating away 

one miRNA, ceRNAs have been shown to increase the number of other unbound miRNAs, 

modulating their activity (Gao et al., 2021, Chen et al., 2022). 

Taken together, these results highlight the complexity of miRNA binding and its implications 

on the collective activity of miRNAs. This has presented particular problems in computational 

modelling of miRNA target prediction, where the failure to consider this biological complexity 

leads to high rates of false positives. 

1.3.4 miRNAs and REST 

As previously discussed in chapter 1.1.4, the controlled release of the REST pathway is 

essential for accurate neurogenesis. Alongside suppressing a range of pro-neural genes, the 
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REST pathway has been shown to also repress various miRNAs. Indeed, screening studies of 

RE1 sites throughout the human transcriptome identified colocalization with brain-enriched 

miRNAs such as miR-124-3p, miR-9-5p, miR-132-3p, miR-153-3p and let-7-5p (Wu and Xie, 

2006, Otto et al., 2007). Further work experimentally validated the REST mediated regulation 

of specific miRNAs (Johnson et al., 2006, Bruce et al., 2006). These miRNAs are known to be 

important at various stages of neurodevelopment. For example, let-7-5p expression is highly 

expressed in early neurogenesis and is a requirement for lineage commitment (Smirnova et 

al., 2005). The expression of miR-124-3p, miR-9-5p and mIR-153-3p are brain-specific (Lagos-

Quintana et al., 2002) and each play significant roles in neuronal lineage commitment. 

Upregulation of miR-124 alone is sufficient to shift gene expression in cells to that seen in the 

brain (Lim et al., 2005), whilst miR-9-5p is a strong regulator of proliferation during 

neurodevelopment, through its regulation of the FoxG1, Hes1 and Tlx genes (Zhao et al., 2009, 

Shibata et al., 2008, Bonev et al., 2012). Moreover, miR-132-3p is an important regulator of 

BDNF and MECP2 expression during neural differentiation and inhibition of the miRNA led to 

increases in the genes, accompanied by neurodevelopmental defects (Klein et al., 2007). As 

neurodevelopment progresses the level of these miRNAs increase, where REST acts in a 

temporal manner allowing for their dynamic release (Gao et al., 2012). This gives further 

credence to the idea that REST is acting as an inducer of neurogenesis, but also an important 

temporal regulator. 

Within the discovery that REST regulates miRNAs during neurodevelopment, a specific set of 

REST dependent miRNAs were predicted to target the REST protein and members of the REST 

complex (Wu and Xie, 2006). Subsequent work confirmed that miRNAs directly target various 

elements of the REST complex, resulting in a stabilised double negative feedback loop (Figure 

1.4) (Chen et al., 2021a, Packer et al., 2008, He et al., 2018, Duan et al., 2014). Destabilization 

of this feedback loop at the NPC stage, through overexpression of either miR-9-5p (Zhao et 

al., 2009), or miR-124 (Cheng et al., 2009, Åkerblom et al., 2012) leads to accelerated neuronal 

differentiation, further implicating REST as a temporal regulator of neuronal differentiation. 

In fibroblasts, the endogenous overexpression of miR-9-5p and miR-124-3p is sufficient to 

generate induced neurons through the repression of REST (Lee et al., 2018). 
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Figure 1.4 REST-miRNA feedback loop 

Diagram of the miRNAs directly repressed by the REST protein, which in turn target one or more of the REST 
complex genes. In this manner a feedback loop exists, whereby destabilisation of the REST complex leads to 
increased repression via regulated miRNAs. 

 

However, given that these miRNAs are repressed themselves by the REST complex, an 

external trigger must first destabilise this feedback loop. A recent paper demonstrated that 

one possible trigger is the miR-26 family (miR-26a/b) acting upstream of the REST pathway 

(Sauer et al., 2021). Knock-out of the miR-26 family did not prevent differentiation to NPC, 

however cells were unable to form mature neurons, instead arrested at the progenitor stage. 

Interestingly the miR-26 family are intronic miRNAs, encoded within the C-terminal domain 

small phosphatases (CTDSPs) (Han et al., 2012). Moreover, the CTDSPs all contain binding sites 

for the miR-26 family, providing a short negative feedback loop that is only activated during 

neuronal differentiation (Sauer et al., 2021). Therefore, a critical question remains as to how 

the REST-miRNA feedback loop is initially destabilized. Recent work from our laboratory has 

demonstrated that there are other miRNAs that appear to be upstream of the REST pathway 

and capable of targeting the protein (Alsaqati et al., 2022). 

 

1.4 Epigenetics 

The classical definition of epigenetics is the study of heritable changes in gene activity states, 

acting independently of DNA sequence modification (Bollati and Baccarelli, 2010). Epigenetic 

mechanisms including histone modifications, act rapidly to repress or de-repress target genes, 

often acting simultaneously or subsequently, to generate the complex gene architecture 

required for proper human development. Importantly epigenetic modifications are 
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reversible, enabling a dynamic state that strongly underlies cellular plasticity and the 

transcriptional landscape (Glaros et al., 2007). Epigenetic dysregulation has already been 

directly linked to a variety of diseases, including cancers, immune disorders, and 

neurodevelopmental disorders (NDDs) (Jin et al., 2007, Mittal and Roberts, 2020, Kleefstra et 

al., 2006a). 

1.4.1 Nucleosome structure 

Epigenetic modifications occur at the level of DNA or chromatin, for which the most basic 

molecule is the nucleosome (Figure 1.5). The nucleosome consists of a DNA stand wrapped 

around an octamer comprised of 4 pairs of histone proteins H2A, H2B H3 and H4, each with 

a histone tail (Arents et al., 1991). Each of these histones contains a tail to which covalent 

modifications can change the chemical structure and confirmation of the chromatin.  

The distribution and organisation of nucleosomes across the genome has significant 

implications for cell fate (Lam et al., 2008, Shivaswamy et al., 2008). Nucleosome occupancy 

determines the probability that a specific genomic sequence is occupied by nucleosomes, 

with functional regions such as promoters and enhancers typically having lower occupancy, 

often termed as nucleosome free regions (NFR) (He et al., 2010). Another consideration in 

chromatin organization is the level of nucleosome positioning. This is a measure of the 

nucleosome position in relation to the DNA and how aligned these positions are between cells 

(Chereji and Clark, 2018). Studies into nucleosome positioning within the human genome 

have demonstrated that only a very small percentage of nucleosomes display strong 

positioning (Valouev et al., 2011). Despite this, positioning is crucial to neurodevelopment 

and the number of positioned nucleosome increases greater than 8-fold from the ESC state 

when compared to NPCs (Harwood et al., 2019). 

Chromatin is found in two states, heterochromatin, where the DNA is tightly coiled, less 

accessible, and conducive to transcriptional silencing, and euchromatin, an open DNA 

structure which is associated with actively transcribed genes. These confirmations in 

chromatin can be induced by chemical modifications including methylation, acetylation, 

phosphorylation, ubiquitination and sumoylation (Walker et al., 2013, Shvedunova and 

Akhtar, 2022, Roidl and Hacker, 2014, Ryu and Hochstrasser, 2021, Li et al., 2020). These 

modifications occur on distinct amino acid residues of the histone tails are determined by 
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complex epigenetic readers, writers and erasers, which can recognise and remove the PTM 

marks (Kong et al., 2022). Typically, the addition of methyl marks by histone methyl 

transferases (HMTs) is associated with transcriptional silencing, whilst their removal by 

histone demethylases (HDM) induces activation. Likewise, the acetylation by histone 

acetyltransferases (HAT) is required for transcriptional activation and removal by histone 

deacetylases confirms a silent state. 

 

Figure 1.5 Epigenetic summary 

Chromatin is formed when DNA strands loop around histones to form repeating nucleosomes. Chemical changes 
to the tails of these histones, including methylation and acetylation by epigenetic modifiers can induce changes 
in gene expression levels. Additionally, methylation patterns on the DNA can also change gene expression. 

1.4.2 EHMT1 

The gene Euchromatic Histone Methyltransferase 1 (EHMT1) encodes the HMT protein also 

known as G9a-like protein (GLP) or KMT1D, belonging to the broader SET domain-containing 

family (Kleefstra et al., 2006a). The primary role of EHMT1 is the methylation of lysine residue 

9 on histone H3, specifically the mono-methylation (H3K9me1) and di-methylation 

(H3K9me2) (Tachibana et al., 2007).  

1.4.2.1 EHMT1 structure and dimers 

Despite being able to form homodimers, EHMT1 most commonly forms a stoichiometric 

heterodimer with its paralogue EHMT2, also known as G9a (Tachibana et al., 2005). Both the 

H3K9me reading and writing capabilities are significantly higher in-vivo when the proteins are 

in the heterodimer configuration (Sanchez et al., 2021). Together the dimer interacts with 
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other proteins including WIZ (Ueda et al., 2006), DNMT1 (Estève et al., 2006) and JARID1A 

(Chaturvedi et al., 2012). The structure of both the EHMT1 and EHMT2 proteins are highly 

comparable (76.5%), containing a cystine rich region (CRR), ankyrin repeat, ring domain, and 

SET domain. The pre-/post-and SET domains are responsible for the enzymatic lysine 

methyltransferase activity of the proteins (Chang et al., 2009). The CRR enables protein 

binding to a number of auxiliary complexes, including cyclinD1 (Kerchner et al., 2021) and 

REST (Roopra et al., 2004) in the case of EHMT2. Both also contain multiple ankyrin repeats 

that have been shown to be responsible for binding to H3k9me1 and H3k9me2 marks 

(Tachibana et al., 2001, Collins et al., 2008). 

1.4.2.2 EHMT1-EHMT2 H3K9me2 repression 

The canonical role for the EHMT1/2 is the establishment of H3K9me1 and H3K9me2 marks, 

with knockouts of either gene leading to global reductions in H3K9me2 levels (Tachibana et 

al., 2005). Despite a significant amount of structural similarity between EHMT1 and EHMT2 

and heterodimer binding, the two proteins appear to retain functionally independent roles. 

For example, whilst mutations in the EHMT2 SET domain convey embryonic lethality 

(Tachibana et al., 2002b), this is not the case in EHMT1 where embryos remain viable 

(Inagawa et al., 2013, Kleefstra et al., 2006a). Furthermore, mutations of the ankyrin repeat 

within EHMT1, but not EHMT2 conferred a loss of EHMT1/2 dimer binding to H3K9me1 (Liu 

et al., 2015). This was supported by further work that demonstrated EHMT1 has a higher 

affinity for mono-methylated H3K9 compared to EHMT2 (Benevento et al., 2016). This 

indicates that EHMT1 is required for the binding to H3K9me1 and recruitment of EHMT2, 

which acts as the primary driver in establishing H3K9me2 marks. 

Traditionally EHMT1/2 has been associated with depositing large blocks of repressive 

H3K9me2 marks, typically thought to be constitutive heterochromatin, persisting throughout 

the cell cycle and development (Wen et al., 2009). The H3K9me2 modification of peripheral 

heterochromatin has been shown to dictate its inherited spatial positioning (Poleshko et al., 

2019). However, this idea has been challenged by others that suggest H3K9me2 is not 

deposited in large segments during cell differentiation (Filion and van Steensel, 2010, Lienert 

et al., 2011). Instead, it is suggested that EHMT1/2 also has a secondary function, acting to 

establish facultative heterochromatin that is supressed in a cell-specific manner during 

development (Adam and Isles, 2017). Depletion of either EHMT1 or EHMT2 postnatally in 



1.General Introduction 

18 
 

neurons was shown to lead to significant reductions in H3K9me2 and an increase in a number 

of lineage specific genes (Schaefer et al., 2009). Many of these genes were not normally 

expressed in neurons and a significant fraction were involved in development. This was 

supported by further work that has demonstrated depletion of EHMT1 in the forebrain leads 

to a significant upregulation of genes associated with skeletal development, posing a role for 

EHMT1 in the direct repression of non-neuronal genes (Balemans et al., 2014). 

 

1.4.3 EZH2 

Another methyltransferase that plays a key role in epigenetic regulation is Enhancer of Zeste 

Homolog 2 (EZH2). The EZH2 protein is a catalytic unit responsible for trimethylating lysine 27 

of histone 3 (H3K27me3), a modification that is associated with transcriptional repression. 

This histone modification is strongly associated with facultative heterochromatin and EZH2 

has been shown to be involved in regulating a number of processes in early development 

(Wiles and Selker, 2017). 

1.4.3.1 PRC2 complex 

EZH2 is a catalytic subunit of the Polycomb Repressive Complex 2 (PRC2), a highly conserved 

chromatin modifier that is conserved across both plants and animals (O’Meara and Simon, 

2012). In addition to EZH2, the PRC2 complex contains four other proteins, SUZ12, EED, 

RbAP46/48 and AEBP2. Although EZH2 is the main catalytic unit of the PRC2 complex, it is 

dependent on its association with both SUZ12 and EED for its enzymatic activity (Simon and 

Lange, 2008). The EED protein is involved in the reading of established H3K27me3 marks and 

inducing a conformational shift in the structure of the EZH2’s SET domain, allowing the PRC2 

complex the same read/write attributes as EHMT1/2 (Poepsel et al., 2018). Disruption of the 

EED-EZH2 protein interaction prevents H3K27me3 methylation by the PRC2 complex (Tomassi 

et al., 2021). Additionally multiple isoforms of the EED protein exist, with several altering both 

the structure of PRC2 and its enzymatic specificity for H3K27me3 (Kuzmichev et al., 2004). 

Likewise, SUZ12 interacts directly with both EZH2 and EED, and is required for the PRC2 

H3K27me3 establishment (Pasini et al., 2004). SUZ12 is involved in the stabilisation of the 

PRC2 complex, through the VEFS domain, enabling EZH2’s catalytic activity (Højfeldt et al., 

2018). Another suggested role for SUZ12 has been the recognition and mediation of existing 
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methylation marks. The presence of H3K4me3, H3K36me2, and H3K36me3 marks on target 

PRC2 sites leads to inhibition of the complexes enzymatic activity, a process that is mediated 

by SUZ12 (Schmitges et al., 2011). This demonstrates the ability of chromatin environment to 

modulate repressor activity at target sites. 

1.4.3.2 EZH2 mediated H3K27me3 repression 

The PRC2 complex is a vital regulator of pluripotency and despite a loss of EZH2 leading to 

embryonic lethality before embryo preimplantation (Huang et al., 2014), the core protein has 

been shown to be dispensable for stem cell maintenance. Studies have demonstrated that 

despite being expressed at high levels in stem cells, loss of the protein does not cause cells to 

lose their pluripotent state (Chamberlain et al., 2008, Walker et al., 2011). This is supported 

by reprogramming of EZH2-/- mutants, where despite a global loss of H3K27me3, the cells are 

still capable of successful reprogramming (Fragola et al., 2013). Instead, was postulated EZH2 

repression plays a significant role in regulating early developmental targets. EZH2, via PRC2, 

mediates a range of developmental genes, including the HOX and SIX clusters, homeodomain-

containing transcriptional factors including the Dlx, Irx, Lhx and Pou families, and other key 

regulators such as SALL3 (Jarred et al., 2022, Boyer et al., 2006, Kanduri et al., 2013, Bracken 

et al., 2006). Indeed, mutations of EZH2 lead to significant developmental disorders, with 

issues of overgrowth, skeletal formation, and cognitive deficits (Gibson et al., 2012, Imagawa 

et al., 2017, Tatton-Brown et al., 2011, Tatton-Brown et al., 2017). 

As demonstrated by the neural deficits caused by a lack of EZH2, the protein also plays a 

significant role in neurodevelopment. Interestingly, EZH2 appears to be regulated in a 

temporal manner during cortical neuron differentiation, with differing requirements at 

developmental stages. As previously mentioned, levels of EZH2 in SCs are high and deletion 

of the gene at this stage culminates in a loss of neurogenic capacity (Pasini et al., 2007). Levels 

of EZH2 in NPCs remain high, acting to repress a number of neuronal targets; restraining 

neuronal commitment and allowing the cells to proliferate (Zhang et al., 2014a). As part of 

the PRC2 complex, EZH2 has been shown to target many of the key master regulators 

including NEUROG1, NEUROG2 and ASCL1 (Ezhkova et al., 2009, Li et al., 2019). As cells 

progress to the neuronal state, levels of EZH2 and H3K27me3 decrease which is accompanied 

by an increase in transcription and a shift toward a differentiated state (Pereira et al., 2010). 

In this manner, EZH2 regulates the balance of NPCs and post-mitotic neurons, demonstrating 
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its role it temporal control of neurodevelopment. Indeed, conditional knockdown of EZH2 at 

the NPC stage leads to an accelerated neuronal differentiation programme, ultimately 

culminating in a reduced number of neurons (Pereira et al., 2010). 

1.4.4 Bivalent chromatin 

An essential trait of the epigenome is the presence of bivalent chromatin, DNA that is 

characterised simultaneously by both activating and repressing histone marks. First 

discovered in ESCs, a number of promoters were identified containing repressive EZH2 

mediated H3K27me3 marks, alongside KMT2B mediated active H3K4me3 marks (Azuara et 

al., 2006, Bernstein et al., 2006). Mass spectrometry has been used to demonstrate 

conclusively that these opposing marks can exist on the same histone tail (Voigt et al., 2012), 

and it has been further shown that H3K4me3 and H3K27me3 marks can inhibit the activity of 

one another’s writers (Schmitges et al., 2011, Laugesen et al., 2019). Moreover, these bivalent 

states are cell specific, rather than a heterogenous population of chromatin states in a cell 

population (Matlik et al., 2023). Importantly transcription of these genes is repressed but not 

blocked and accessible chromatin means they can be quickly activated in response to 

developmental cues in a state that is often termed ‘poised’ (Voigt et al., 2013). As cells 

differentiate, they will resolve to either a silent or active state, rapidly losing one of their 

epigenetic marks. Recent studies utilizing high throughput techniques have identified 3,868 

‘bona-fide’ bivalent genes within mESCs, with the majority of these genes associated with 

development, and specifically neurodevelopment (Mas et al., 2018). Indeed, upon ES 

differentiation these bivalent developmental genes lose their H3K27me3 marks (Pan et al., 

2007, Zhao et al., 2007). Interestingly, the loss of H3K27me3 on bivalent promoters does not 

appear to correlate with an immediate increase in gene expression (Banaszynski et al., 2013), 

leading to the question as to why this bivalent state exists. 

For some time, it was hypothesised that this bivalent state enabled early developmental 

genes to be rapidly activated or repressed as cells left the pluripotent state. This was 

supported by the presence of paused polymerases on many of these bivalent genes, a marker 

that signifies the rapid onset of gene activation (Stock et al., 2007). However, a recent study 

looking at the transcriptional speed of these bivalent promoters determined they were 

activated no more quickly than canonically H3K27me3 repressed genes (Kumar et al., 2021). 

Instead, it was suggested the presence of H3K4 methylation blocked the de-novo DNA 
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methylation of these genes which would result in permeant silencing. This idea was supported 

by evidence that these genes became DNA methylated following treatment with H3K4me3 

inhibitors. Despite this another recent study has demonstrated that a loss of H3K27me3 at 

bivalent promoters leads to their premature activation upon differentiation (Zhang et al., 

2022). Others have suggested that bivalent genes act to fine-tune gene expression levels (Liu 

et al., 2017a), a mechanism that has already been demonstrated in H3K27me3 dependent 

genes (Rajan et al., 2023). It is clear the exact purpose and mechanisms underlying bivalent 

genes remains poorly understood. 

Despite this the involvement of bivalent genes in neurodevelopment is significant. Knockout 

of the bivalent activator, MLL2, leads to the downregulation of numerous genes, but with 

particular enrichment for neurodevelopmental targets (Mas et al., 2018). This 

downregulation of early neuronal targets has significant effects on neuronal differentiation, 

resulting in a reduced neural differentiation capacity. Analysis of bivalent genes within NPCs 

and neurons determined that clusters of these genes were closely associated with cell-specific 

functions (Liu et al., 2017a). For example, genes specific to NPCs appeared to be involved in 

supporting a proliferative state within the NPCs, whilst neuron-specific genes were centred 

around DNA damage and cellular stress response. This finding was replicated in-vivo where 

during development, bivalent genes that lost there H3K27me3 marks and increased 

expression were associated with neuronal differentiation and maturation (Matlik et al., 2023). 

Moreover, this bivalent regulation appears to be instrumental in the timing of neural 

differentiation, as ablation of H3K27me3 marks on these genes led to their premature 

expression, premature terminal differentiation, and precocious maturation (Matlik et al., 

2023). In this manner it appears histone modifications regulate the fine-tuned sequential 

progression of cells through neural differentiation. 

1.4.5 Epigenetic crosstalk 

Chromatin modifiers are capable of both dynamic activation and repression of gene 

expression; therefore, it is not wholly unsurprising that these modifiers are capable of 

regulating each other’s activity. The idea of epigenetic crosstalk was only recently proposed, 

when it was discovered that H3K27me3 marks rarely coexisted with H3K36me2/3 marks and 

it was demonstrated this was caused by the inhibition of PRC2 mediated H3K27me3 

deposition by preexisting H3K36 (Yuan et al., 2011). Already I have touched on the idea of 
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epigenetic crosstalk in the first chapter, through the ability of H3K4me3 to inhibit EZH2 

mediated H3K27me3 deposition and vice versa (Schmitges et al., 2011, Laugesen et al., 2019).  

1.4.5.1 EHMT1/2 and EZH2 

Not all epigenetic crosstalk is inhibitory, and two epigenetic regulators for which there is 

increasing evidence of functional crosstalk are the aforementioned EHMT1/2 and EZH2. As 

previously discussed, the two enzymes both hold similar roles in development regulation, and 

the H3K9me and H3K27me marks they deposit, display significant target overlap (Bilodeau et 

al., 2009, Yuan et al., 2009, Ringrose et al., 2004). Intriguingly, in addition to its principle role 

of di-methylating H3K9, EHMT2 is also capable of monomethylating H3K27 (H3K27me1), 

whilst depletion of EHMT2 leads to a reduction in H3K27me1 levels (Tachibana et al., 2001, 

Tachibana et al., 2002a, Lin et al., 2016). In a seminal paper a functional cooperation was 

demonstrated between EHMT1/2 and PRC2, with direct interaction and binding between 

EHMT2 and EZH2 (Mozzetta et al., 2014). Loss of the EZH2 protein in mESCs had no effect on 

EHMT1/2 protein levels, whilst the loss of EHMT1/2 had no effect on global H3K27me3 levels. 

However, the loss of EHMT1 or EHMT2 led to the ablation of both H3K9me2 and H3K27me3 

marks on a subset of developmentally critical genes (Mozzetta et al., 2014). Moreover, the 

EHMT catalytic activity was found to be essential for this functional crosstalk. This functional 

crosstalk mechanism is also shown in-vivo, where the two enzymes target and regulate a set 

of developmental genes during early development (Zylicz et al., 2015). This role is further 

supported in cancer studies that show overexpression of EHMT2 and EZH2 proteins 

preferentially target and repress developmental genes, inducing a state of de-differentiation 

(Fong et al., 2022).  

The dual recruiting of EHMT1/2 and EZH2 appears to only occur at specific genomic targets, 

which may in part be due to the binding proteins associated with these modifiers. Neither 

EHTM1/2 nor the core members of the PRC2 complex, including EZH2, are capable of binding 

to DNA, making them reliant on other proteins or mechanisms for chromosomal targeting. In 

this manner several proteins have been suggested to co-recruit the two epigenetic proteins. 

One of the most frequently reported factors is the transcriptional repressor JARID2, that is 

not only capable of binding to both EHMT1/2 and EZH2 (Adhikari et al., 2019, Shirato et al., 

2009, Pereira et al., 2014), but also demonstrates significant target overlap (Mozzetta et al., 

2014). Other proteins have been shown to simultaneously recruit both EHMT1/2 and EZH2 
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including, PHF19 (Pan et al., 2015), PALI1 (Fong et al., 2022), MEF2C (Papait et al., 2017) and 

ZNF518B (Maier et al., 2015). Interestingly, each of these complexes appear to target unique, 

if not overlapping, subsets of genes, implying that binding proteins may dictate the pattern 

of gene repression. This is perhaps best demonstrated by the co-binding of the EZH2, 

EHMT1/2 and REST proteins, which appear to selectively target a number of neuronal genes 

key to neurodevelopment (Mozzetta et al., 2014). Indeed, analysis of target overlap between 

EHMT1/2 and EZH2 show the greatest enrichment for pathways specific to neuronal 

development, suggesting this crosstalk plays a key role in the timing and regulation of 

neuronal differentiation. 

1.4.5.2 Chromatin modifiers and miRNAs 

The idea of epigenetic crosstalk is one that is not merely limited to chromatin modifiers and 

the establishment of feedback loops with microRNAs has been repeatedly reported. I have 

briefly discussed the crosstalk between wider epigenetic modifiers, such as the REST complex 

and miRNAs (Wu and Xie, 2006, Conaco et al., 2006). It is now well demonstrated that the 

REST complex is responsible for repressing a number of miRNAs responsible for promoting 

neuronal identity. In turn the targeting of the REST protein by several of these miRNAs such 

as miR-124-3p and miR-9-5p, culminates in a double feedback loop that once destabilised, 

propagates the acceleration of neuronal differentiation (Packer et al., 2008).  

Chromatin modifiers including histone methyltransferases have also been shown to be 

capable of regulating specific microRNAs in neuronal cells. It has been shown levels of the 

H3K9me2 and H3K27me3 marks coded by EHMT1/2 and EZH2 respectively, increase 

significantly around the MIR32 host gene in injured trigeminal ganglion neurons (Qi et al., 

2022). The result is a significant reduction in miR-32-5p expression, culminating in increased 

Cav3.2 protein expression and associated neuropathic pain. In lung cancers too, EHMT2 has 

been shown to target various miRNAs, including miR-151a-3p and miR-106b-3p, leading to 

significant reductions in the expression of the miRNAs (Pang et al., 2014). 

Conversely, miRNAs are also capable of negatively regulating various chromatin modifiers. 

For instance, EZH2 is a validated target of miR-101-3p, where overexpression of the miRNA 

leads to significant protein reduction, reduced H3K27me3 marks and increased anxiety like 

behaviour in mice (Cohen et al., 2017).  
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1.5 EHMT1 in neurodevelopmental disorders 

Given the broad expression distribution of epigenetic modifiers, their instrumental role in 

development and the extensive window of human neurodevelopment, mutations in epigenes 

often lead to significant multisystem, developmental, and neurodevelopmental disorders. 

Termed chromatinopathies, these are genetic disorders are caused by mutations in genes 

capable of modifying the chromatin state (Di Fede et al., 2022). The number of known 

causative mutations has risen from 20 in 2014 to the most recent estimates identifying 179 

disorders associated with 148 epigenes, with over 20% of all 720 epigenes causative for at 

least one chromatinopathy (Figure 1.6) (Nava and Arboleda, 2023, Harris et al., 2023).  
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Figure 1.6 Instances of chromatinopathies 

Graph summarising the rates of chromatinopathies over the last 10 years. Chromatinopathies are caused by 
mutations in epigenetic machinery, including reader, writer, eraser, and remodelling proteins. Causative genes 
have risen from 28 in 2014 to 148 as of 2023. 

Furthermore, it’s estimated almost all chromatinopathies display some degree of neurological 

involvement, with 85-93% displaying symptoms of intellectual disability (Kaur et al., 2022, 

Harris et al., 2023). Typically, these disorders are monogenic and highly penetrant, however 

they display significant symptomatic overlap, both with one another and more common NDDs 
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such as Autism or ADHD. Studies have demonstrated that is may in part be due to the genetic 

and transcriptional convergence of these disorders, implicating commonalities such as WNT 

signalling and the balance of progenitor and neuronal cells (Ciptasari and van Bokhoven, 

2020). 

Interestingly, chromatinopathies displaying strong neurological involvement are known to be 

caused by a broad range of varying epigenes. For example, Kabuki syndrome is a 

chromatinopathy presenting as multisystem intellectual disability, caused by mutations in the 

histone methyltransferase gene KMT2D (Carosso et al., 2019). However, another form of the 

disorder termed Kabuki syndrome 2, accounting for less than 10% of cases, is caused by 

mutations in the histone demethylase KDM6A, and similarly shows significant intellectual 

disability (Lederer et al., 2012). Likewise, mutations in the methyltransferase KMT2A are 

causative for the chromatinopathy Wiedemann-Steiner syndrome, again characterised by 

sever intellectual disability (Jones et al., 2012). Importantly, these disorders are highly rare, 

for example only 31 cases of Wiedemann-Steiner syndrome identified within 8 years of its 

discovery in 2012 (Baer et al., 2018). However, our understanding of causative epigenes and 

chromatinopathies continues to grow, with recent studies identifying mutations in a range of 

Histone deacetylases (HDACs) leading to neurodevelopmental disorders (Di Fede et al., 2024). 

Ultimately as access to high throughput sequencing becomes more readily available, the 

number of causative epigenes will continue to grow, emphasising the importance of 

understanding the molecular basis and commonality behind these disorders. 

1.5.1 Kleefstra syndrome 

One such chromatinopathy is the disorder Kleefstra syndrome (KS), with incidence rates 

around 1:200,000, it is typically characterised by severe intellectual disability, 

microencephaly, seizures, behavioural disorders, autism spectrum disorder and hypotonia 

(Stewart and Kleefstra, 2007, Haseley et al., 2021). The disorder is generally caused by 

microdeletions of around 700kb in the 9q34 region, which contains the ZMYND19, ARRDC1, 

C9ORF37, EHMT1 and CACNA1B genes (Kleefstra et al., 2006a). However, loss of the EHMT1 

gene has been shown to be causative of the core KS phenotypes. This is demonstrated by 

missense mutations of the EHMT1 gene that lead to improper folding of the protein and 

culminate in conventional KS symptoms (Blackburn et al., 2017, Yamada et al., 2018). 

Similarly, intragenic duplications of the EHMT1 gene also cause a loss of protein function and 
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lead to the KS phenotype (Schwaibold et al., 2014). EHMT1 knockout mice reproduce many 

of the core symptoms seen in patients, including cranial abnormalities, developmental delay, 

increased anxiety, and autistic like features (Balemans et al., 2010, Balemans et al., 2014). At 

the cellular level, neurons display abnormal firing, reduced synaptic scaling, reduced dendritic 

arborization and reduced spines (Benevento et al., 2016, Balemans et al., 2013, Frega et al., 

2019). 

Highlighting the overlap associated with chromatinopathies, mutations in four similar 

epigenetic regulators, MBD5 (Kleefstra et al., 2012), MLL3 (Siano et al., 2022), SMARCB1 

(Diets et al., 2019) and NR1I3 (Kleefstra et al., 2012) have been associated with the KS 

phenotype. These collective disorders are often referred to as Kleefstra-2 (KLEFS2) and each 

has been demonstrated to directly interact with one another, acting as a highly conserved 

epigenetic network (Kleefstra et al., 2012). Collective analysis of these mutations at the 

cellular level revealed these mutant lines show significantly increased neuronal excitability, 

accompanied by an imbalance in excitatory-inhibitory neurons (Frega et al., 2020). Moreover, 

each of the knockdown lines showed molecular convergence on 34 commonly dysregulated 

genes, however loss of EHMT1 led to increased expression, whilst the KLEFS2 genes led to 

decreases in gene expression. Interestingly a number of these targets are associated with 

epilepsy and ASD, further underscoring the overlap seen between neurodevelopmental 

disorders. 

1.5.2 EHMT1 in schizophrenia 

Schizophrenia (SCZ) is a neuropsychiatric disorder thought to affect approximately 1% of the 

world’s population (Insel, 2010). Symptoms of SCZ vary significantly and can be split into 

positive symptoms (delusions, hallucinations, and behavioural traits) or negative symptoms 

(avolition, asociality and alogia) (Correll and Schooler, 2020). Genetics are thought to play a 

significant role in SCZ susceptibility, with an estimated heritability rate of 70-80% (Sullivan et 

al., 2003). In-spite of this, a large number of risk genes have been associated with SCZ and 

even between monozygotic twins the risk of developing the disorder is 48% (McDonald and 

Murphy, 2003), leading many to speculate that environmental factors also play a significant 

role. Moreover, there is mounting evidence that genetic, epigenetic and environmental risk 

factors converge at early brain development, poising SCZ as a NDD (Birnbaum and 

Weinberger, 2017). 
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More recently chromatin regulators have been implicated in the progression and 

development of SCZ. This has included H3 methyltransferases such as SETD1A and EZH2, 

suggesting a temporal role both in development and the adult brain (Billingsley et al., 2018, 

Singh et al., 2016). EHMT1 has also been associated to SCZ, with a wide scale CNV analysis of 

SCZ patients identifying 2 de-novo and three exonic CNVs (Kirov et al., 2012). In this analysis 

EHMT1 was identified as one of the highest risk genes, converging with other risk genes on 

synaptic complexes. Interestingly, global levels of EHMT1 protein were found to be 

significantly increased in the forebrain of SCZ patients (Chase et al., 2013). Furthermore, it 

was shown that in a sex-specific manner, male SCZ patients had significantly elevated levels 

of H3K9me2 methylation driven by increases in EHMT2 protein levels (Chase et al., 2015). This 

increase in H3K9me2 had practical implications for patients, translating to higher levels of 

symptom presentation and a poorer quality of life. Analysis of H3K9me2 targets in SCZ 

patients found levels of the methylation mark were dysregulated on several genes closely 

associated with SCZ (Rizavi et al., 2022). This elevation in EHMT1/2 driven methylation does 

not appear to be limited to the brain, with significant increases of both proteins and H3K9me2 

methylation also detected in the peripheral blood cells of SCZ patients (Sharma et al., 2015). 

Moreover levels of H3K9me2 in SCZ patients peripheral blood appear to be inversely 

correlated to the age of disease onset (Gavin et al., 2009). Collectively, EHMT1 dysregulation 

appears to play a significant role in the establishment and progression of SCZ, establishing a 

repressive chromatin state central to the disorder. Despite this, further work required to 

determine the mechanistic cause of the phenotypic overlap between SCZ and similar NDDs. 

1.5.3 EHMT1 in autism spectrum disorder 

Autism spectrum disorder (ASD) is categorised as a range of developmental disorders often 

displaying widely varying symptoms (Constantino and Marrus, 2017). Incidence rates are 

significantly higher in males and although diagnostic approaches in female patients have 

improved, rates remain greater than 3.2 times lower (Solmi et al., 2022). The core symptoms 

of ASD include social deficits, restrictive repetitive behaviours, and behavioural impairments 

(McPartland et al., 2012). As with SCZ, ASD is a heritable disorder with co-occurrence 

observed in monozygotic twins, highlighting genetic significance (Tick et al., 2016). Greater 

than 50% of risk is predicted to come from common polygenic genes (Gaugler et al., 2014), 
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however around 5% of cases are thought to be caused by rare CNVs and SNVs (Eyring and 

Geschwind, 2021). 

ASD is known to be comorbid alongside a range of NDDs, including ADHD and Fragile X 

syndrome (Kaufmann et al., 2017, Hours et al., 2022) and has been previously co-diagnosed 

alongside Kleefstra Syndrome (Yoshida et al., 2023, Nagy et al., 2017). Sequencing of ASD 

patient CNVs identified a de-novo mutation in the EHMT1 gene (O’Roak et al., 2012), whilst 

microdeletions in EHMT1 have also been identified in autism patients (Talkowski et al., 2012). 

Additionally, EHMT1 mosaicism in three separate patients appeared to significantly increase 

the risk of developing ASD and mood disorders (de Boer et al., 2018). In all three cases, the 

patients were initially asymptomatic and only referred for investigation following a diagnosis 

of KS for their child. 

Despite a link between EHMT1 mutations and ASD development, the exact mechanism 

underlying the interaction is not clear. In mice, the post-natal reduction of EHMT1/2 was 

shown to reduce anxiety and ASD like symptoms (Wang et al., 2018a). However, in the same 

study the pre-natal reduction of EHMT1/2 from E9.5 to birth increased anxiety and presented 

autistic like features. In line with this finding levels of EHMT1/2 were found to be significantly 

higher in the prefrontal cortex of SHANK3 autism mouse models (Wang et al., 2020). 

Furthermore, the reduction of EHMT1/2 in this model was sufficient to elicit a robust rescue 

of the ASD like social deficits. Together this data implicates that the potential role of EHMT1 

in ASD may vary depending on the developmental stage of the brain. 

1.5.4 EHMT1 environmental interaction 

The idea of environmentally induced epigenetic changes has existed for some time, however 

more recently there is building evidence that EHMT1/2 proteins are receptive to 

environmental cues. In-vivo administration of nicotine have been shown to significantly 

reduce global levels of H3K9me2, caused by reductions in EHMT1, EHMT2 and SETDB1 mRNA 

(Chase and Sharma, 2013, Castino et al., 2018). This reduction correlates with dysregulation 

of SCZ and developmentally associated genes, whilst a withdrawal of nicotine led to the 

restoration of H3K9me2 marks. Similarly, peripheral mononuclear cells from SCZ patients 

showed elevated levels of H3K9me2 accompanied by increased EHMT1/2 expression. 

Importantly SCZ associated genes in these cells were hypermethylated, however treatment 
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with EHMT1/2 inhibitors rescued they’re expression, whilst treatment in mouse models also 

rescued expression (Chase et al., 2019). Together this data suggests epigenetic factors of SCZ 

aetiology may be influenced by environmental factors and reversible. 

Another well reported drug dependent regulation of EHMT1/2 is the self-administration of 

cocaine. Levels of H3K9me2 were significantly reduced in both mice exposed to cocaine (Maze 

et al., 2010), and human addicts (Sheng et al., 2011), in response to reduced EHMT1/2 mRNA 

levels. This reduction in H3K9me2 in post-mitotic neurons resulted in a significant increase in 

synaptic plasticity. Interestingly this cocaine induced reduction of H3K9me2 appears to be cell 

type specific, with opposing effects of cocaine on EHMT2 in Drd1 vs Drd2 neurons (Jordi et 

al., 2013). Likewise, treatment and subsequent withdrawal of ethanol in adult cortical 

neurons leads to a significant reduction of H3K9me2 (Qiang et al., 2011), whilst EHMT2 has 

been implicated in direct links between ethanol during development and long term 

potentiation (LTP) deficits and neurobehavioral abnormalities in mice (Subbanna et al., 2014). 

Perhaps the most important finding was the discovery of that EHMT1 deficits associated with 

Kleefstra syndrome in mice could be reversed with the post-natal supply of EHMT1 (Yamada 

et al., 2021). Crucially ubiquitous supply of EHMT1 in deficient mice was required in the whole 

brain to reverse neurological phenotypes. Moreover, this work identified a specific juvenile 

window, which once passed prevented rescue of KS associated behavioural or cognitive 

phenotypes. Together, it is clear that EHMT1/2 are vital in both developmental and adult 

neurons, where their function is highly amenable to changes in environmental factors. 
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1.6 Thesis Aims 

As outlined above epigenetic modulation has been shown to be a fundamental regulator of 

both the timing and progression of mammalian neurodevelopment, with mutations in these 

regulators underlying a spectrum of phenotypically overlapping disorders. Among genes 

associated with neurodevelopmental disorders (NDDs), mutations in the histone 

methyltransferase EHMT1 stand out for their high penetrance and dominant role in causing 

the NDD Kleefstra Syndrome. Similarly, miRNAs, another class of epigenetic regulators, are 

increasingly linked to neurodevelopment, suggesting potential connections between these 

two mechanisms in shaping brain health.  

By dissecting the roles of EHMT1 and miRNA regulation in neurodevelopment, the overall aim 

of this project is to shed light on the mechanisms underlying brain function and contribute to 

the development of novel therapeutic targets. To this end the project has the following aims: 

• Using bioinformatic analysis to analyse the implications of EHMT1 heterozygous loss on 

gene architecture during neurodevelopment. This will be achieved using publicly 

available RNA sequencing data sets from EHMT1+/- cell lines, differentiated to the early 

neuronal stage (Chapter 3). 

• Novel predictive analysis and validation of miRNAs in EHMT1 deficient cell models. This 

will be done by analysing changes from previous RNA sequencing data and confirming 

miRNA predictions in EHMT1 depleted cell models at various stages of 

neurodevelopment. The work will also aim to validate miRNA induced expression 

changes (Chapter 4). 

• Generation of a miRNA modulation system with the aim of rescuing miRNA dysregulation. 

Once key targets have been identified, the work then aims to modulate these EHMT1 

regulated miRNAs with the intention of reversing EHMT1 induced changes (Chapter 5). 

• Identification of epigenetic cross talk between EHMT1 and similar histone 

methyltransferases. Utilising findings from the bioinformatic analysis, this work will aim 

to identify the role of epigenetic crosstalk between EHMT1 and other histone 

methyltransferases in a stage specific manner (Chapter 6). 

 



2 General Methods 

2.1 Cell Culture 

2.1.1 Cell lines and maintenance 

The cell lines used in this work were the IBJ4, EHMT1+/- mutant and two Kleefstra syndrome 

patient induced Pluripotent Stem Cell (iPSC) lines. The IBJ4 iPSC line was a gift from Josh 

Chenoweth from the Lieber Institute for Brain Development, MD, USA. The EHMT1 

heterozygous knockout line was generated by Mouhamed Alsaqati from a modified IBJ4 cell 

line, containing the pAAVS1-PDi-CRISPRn plasmid (Addgene) inserted into the AAVS1 safe 

harbour locus. A Tet-inducible Cas9-nuclease was activated with 2 μg/ml Doxycycline, 24 

hours prior to transfection with 10pmol each of two ehmt1-specific gRNAs. Successful editing 

was confirmed by PCR amplification using the flanking primers 5‘-AGCAGCATCTCTCACCGTTT-

3‘ and 5‘-CTTTTTCAGGTGGACGACTGG-3’. Successful reprogramming was confirmed by way 

of staining and qRT-PCR. The Kleefstra syndrome patient lines were reprogrammed by Olena 

Petter from two female patients with microdeletions of the 9q34 region. The first patient was 

22 years old, nonverbal (IQ NA), with a history of epilepsy, hypotonia, anxiety and depression. 

The second patient was 20 years old, FSIQ 53, with a history of ASD, psychotic symptoms, 

hypotonia, seizures and cardiac mitral valve insufficiency. Both patients were recruited as part 

of the research study on neurodevelopmental copy number variants at Cardiff University (the 

Defining Endophenotypes from Integrated Neuroscience [DEFINE] Study). Generation of iPSC 

lines from patient blood samples were reviewed and approved by the South-East Wales 

Research Ethics Committee. In cases of diminished responsibility, written informed consent 

was provided by the patients next of kin on their behalf. PBMCs from each donor were 

reprogrammed using a CytoTune-iPS 2.0 Sendai reprogramming kit (A16517, ThermoFisher 

scientific). Karyotype analysis showed 46, XX normal diploid female karyotype (ISCN 

classification) and possessed a 9q34 deletion. 

All iPSC lines were maintained in feeder-free conditions, fed with E8 medium (Thermo Fisher, 

#A1517001) on a matrix of Cultrex (BioTechne, 3434-010-02). Cell culture plates were 

prepared by thawing aliquots of frozen Cultrex and diluting 1:100 in cold DMEM/F12 (Thermo 

Fisher, #11320033), before plating at 1 ml / 9.6 cm2. Coated plates were incubated for at least 

1 hour at 37°C and placed at 37°C until needed. Frozen vials of iPSCs were thawed at 37oC for 
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5 minutes and centrifuged in E8 media at 200g for 5 minutes at room temperature (RT). The 

supernatant was aspirated, and the cell pellet resuspended in 2ml of E8 with 10 mM Rock 

inhibitor Y27632 (Stem Cell Technologies, #72302). Cell suspension was plated on a Cultrex 

coated plate and incubated overnight at 37oC, 5% CO2. The following day, the media was 

removed, and the cells washed with 1ml of DPBS (Thermo Fisher, #14190250), before being 

removed and fed with 2ml of E8 media. Cells were maintained with E8 media changes every 

other day, until cells reached 70-80% confluency when they were passaged. 

2.1.2 iPSC passaging and freezing 

Once iPSCs reached confluency spent media was aspirated, and the cells washed with 1ml of 

DPBS, before 1ml of Gentle cell dissociation agent was added per well (Stem cell technology, 

#100-0485) and incubated at 37oC for 3 minutes. The gentle cell reagent was then aspirated 

and 1ml of warm E8 media was added to the well, then cells were manually dissociated by 

scratching with a serological pipette. The cell suspension was triturated and diluted in a 

proportional volume of E8 before being re-plated on fresh Cultrex plates and incubated at 

37oC, 5% CO2. 

For freezing, confluent iPSCs were first treated with 10 mM Rock inhibitor for 1 hour to 

overnight. Cells were then dissociated with Gentle cell reagent as previously described, 

however were resuspended in E8 with 10% dimethyl sulfoxide ([DMSO] Sigma, #D2650). The 

resulting cell suspension was transferred to a cryovial at a volume of 1ml/vial, before being 

transferred to a Mr. Frosty™ Freezing Container (Thermo Fisher, #5100-0001) and incubated 

in a -80oC freezer overnight, and subsequently transferred to vapour phase liquid nitrogen 

for long term storage. 

2.1.3 Differentiation of iPSCs to glutamatergic neurons 

All iPSC differentiations were performed using a modified version of the dual SMAD inhibition 

method described in (Chambers et al., 2009). Basal media components and volumes are 

summarised in the table below, along with a summary of the modified method. 
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Table 2.1 Neuronal differentiation media compositions 

(DMEM = Dulbecco's Modified Eagle Medium, RA = Retinoic Acid, PSG = Penicillin-Streptomycin-Glutamine, β-ME 
= Beta Mecaptoethanol) 

Components Media 

NB27 RA- NB27 RA+ 

DMEM (Thermo Fisher, #12634028) 100ml 100ml 

Neurobasal (Thermo Fisher, #21103049) 50ml 50ml 

B27 (50X) (Thermo Fisher, #12587010) 1ml - 

B27 +RA (50X) (Thermo Fisher, #17504044) - 1ml 

N2 (100X) (Thermo Fisher, #17502001) 1ml 1ml 

PSG (100X) (Thermo Fisher, #10378016) 1.5ml 1.5ml 

β-ME (Sigma, #M3148) 150µl 150µl 

 

Prior to neural induction, iPSCs were passaged as previously mentioned, onto a 12 well plate 

coated with Cultrex. The cells were maintained with 1ml of E8 every other day until they reach 

90-100% confluency, when media was switched (D0) to NB27 RA- media, supplemented with 

100 nM LDN193189 ([LDN], Sigma-Aldrich, #SML0559) and 10 nM SB431542 ([SB], Sigma-

Aldrich, #S4317) was added. 

Cells were maintained with half volume media changes every other day until day 8-10, once 

cells begin to form multi-layered colonies. Prior to the first passage, cells were treated with 

10 mM Rock inhibitor for 1 hour to overnight. This media was removed and saved for later 

use, before the cells were washed with DPBS and incubated with 0.5ml of Versene (Thermo 

Fisher, #15040066) at 37oC for 3 minutes. Versene was then aspirated and 1ml of the 

previously harvested NB27 RA- media +Rock, was added and the cells detached by scratching 

with a serological pipette. The cells were pooled, diluted to a 2:3 ratio with fresh NB27 RA-, 

with LDN, SB and rock inhibitor, and passaged onto a 12 well plate coated with fibronectin 

(Millipore, #FC010) for at least 1 hour prior. From day 12 onwards cells were fed with NB27 

RA- only and maintained with half volume feeds every other day until day 20 when multi-layer 

colonies were formed, and the cells passaged. 

At least 2 hours prior to passaging, cells were incubated with 10 mM Rock inhibitor and 12 

well plates with 0.1mg/mL poly-D-lysine (Sigma-Aldrich, #P7886) and 20 μg/mL laminin 
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(Roche, #11243217001) were prepared. This media was removed and saved for later use, 

before the cells were washed with DPBS and incubated with 0.5ml of Versene (Thermo Fisher, 

#15040066) at 37oC for 3 minutes. Versene was then aspirated and 1ml of the previously 

harvested NB27 RA- media + Rock, was added and the cells detached by scratching with a 

serological pipette. The cells were pooled, diluted to a 1:2 ratio with fresh NB27 RA-, and 

passaged onto the coated plates. On day 26, medium was changed to NB27 RA+ and 

maintained with half volume feeds every other day until day 50. 

2.1.4 Chemical inhibition of EHMT1/2 

For temporal inhibition of EHMT1/2, the selective euchromatic histone methyltransferase 

inhibitor, UNC0638, was used. UNC0638 (Selleckchem, #S8071) was reconstituted in DMSO, 

before diluting in cell culture media to a final concentration of 400nM. Vehicle controls 

consisted of the corresponding volume of DMSO being added to cell culture media, with a 

maximal concentration of 0.5%. Where UNC0638 treatment was to be withdrawn, media was 

aspirated, and cells washed 3 times with DPBS before adding the required amount of vehicle 

control media. 

2.2 Cell transfection 

2.2.1 miRNA sponge  

For miRNA/multimiR-sponge optimisation stem cells were grown in 24 well plates until 70% 

confluent and transfected with both miRNA-sponge (400ng) and luciferase reporter (100ng) 

using lipofectamine 3000 (Invitrogen, L3000015). An mCherry plasmid was used as a 

transfection control and a scramble sponge and empty vectors (EV) were used as negative 

controls. DNA was diluted in 25µl of OptiMEM™ medium, with 1µl of P3000® reagent, whilst 

2µl of Lipofectamine®3000 reagent was diluted in 23µl of OptiMEM™ medium. The solutions 

were mixed at 1:1 and incubated at RT for 15 minutes before gentle resuspension and 

addition to the cells. Forty-eight hours after transfection, samples were lysed using the Dual-

Luciferase® reporter system (Promega, # E1910), luciferase signal was measured using the 

CLARIOstar microplate reader (BMG Labtech). Treated samples were analysed relative to 

signal in the EV or scramble controls.  

For transient inhibition of EHMT1, stem cells were grown in 6 well plates until 70% confluent 

and treated with either UNC0638 (200nM) or vehicle control (DMSO). Following 24 hours of 
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treatment cells were transfected with 1-2µg of miRNA/multimiR-sponge plasmid or scramble 

control as described above. After an additional 48 hours, cells were harvested and analysed 

by way of qPCR (2.3.3) or western blot (2.5.2). 

2.2.2 EHMT1 mutants 

For mutated EHMT1 plasmids, stem cells were grown in 6 well plates until 70% confluent, 

before being transfected with a Flag-EHMT1 (1 µg) and the HA-EZH2 (1 µg), using 

lipofectamine 3000. The empty pcDNA3-Flag plasmid was used as a negative control. DNA 

was diluted in 125µl of OptiMEM™ medium, with 4µl of P3000® reagent, whilst 7.5µl of 

Lipofectamine®3000 reagent was diluted in 125µl of OptiMEM™ medium. The solutions were 

mixed at 1:1 and incubated at RT for 15 minutes before gentle resuspension and addition to 

the cells. After 48 hours the cells were harvested and analysed for co-binding, using 

antibodies against both Flag and HA. 

2.3 RNA methods 

2.3.1 miRNA/RNA purification 

RNA was extracted using the RNeasy kit (Qiagen, #74104), whilst miRNA was extracted using 

the miRNeasy kit (Qiagen, #217004). In both cases, cells were washed with DPBS, before being 

manually dissociated by gentle scratching with a serological pipette. Cells were then pelleted 

by centrifugation at 200g for 5 minutes and the supernatant aspirated. 

RNA extraction: 

The pellet was resuspended in 600µl of RLT buffer before the suspension was titrated by 

passing through a 16-gauge needle 10 times. To this, 600µl of 70% ethanol was added before 

the sample was then passed through a collection column by centrifugation at 5000g for 2 

minutes and the flow through discarded. RW1 buffer, followed by RPE buffer and 80% ethanol 

were each passed through the collection column by centrifugation for 2 minutes at 8000g and 

discarded. Finally, 20µl of nuclease free water was added to the centre of the column to elute 

the RNA and incubated for 5 minutes at RT. The column was then centrifuged at 8000g for 5 

minutes and the RNA concentration determined by spectrophotometer. 

miRNA extraction: 

The pellet was resuspended in 700µl of QIAzol lysis buffer before the suspension was titrated 

by passing through a 16-gauge needle 10 times and incubated for 5 minutes at RT. 140µl of 
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chloroform was then added to the cell suspension, shaken, and incubated for 3 minutes at 

RT. The sample was centrifuged at 12,000g at 4oC for 5 minutes, before the upper aqueous 

phase was transferred to a new tube and 1.5 volumes of 100% ethanol was added. The sample 

was then passed through a collection column by centrifugation at 5000g for 2 minutes and 

the flow through discarded. Subsequently, RWT buffer, followed by two additions of RPE 

buffer were each passed through the collection column by centrifugation for 2 minutes at 

8000g and discarded. Finally, 20µl of nuclease free water was added to the centre of the 

column to elute the RNA and incubated for 5 minutes at RT. The column was then centrifuged 

at 8000g for 5 minutes and the RNA concentration determined by spectrophotometer. 

2.3.2 cDNA synthesis 

For cDNA synthesis from RNA the High-Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher, #4368814) was used. A x2 master mix containing 10X RT Buffer, 25X dNTP Mix (100 

mM), 10X RT Random Primers, Reverse Transcriptase, RNase inhibitor and nuclease free 

water, was added to 1000ng of purified RNA for a total volume of 20µl. Samples were then 

incubated in a thermocycler at 25oC for 10 minutes, 37oC for 2 hours and 86oC for 5 minutes. 

Total cDNA concentration was then measured using a ND1000 spectrophotometer (Thermo 

Scientific) and samples were diluted to 100 ng/mL. 

 For cDNA synthesis from miRNA the miRCURY LNA RT kit was used (Qiagen, #339340). A 

master mix containing 5X miRCURY RT Reaction Buffer, 10X Reverse Transcriptase, and 

nuclease free water, was added to 200ng of purified miRNA for a total volume of 10µl. 

Samples were then incubated in a thermocycler at 42oC for 60 minutes and 95oC for 5 

minutes. Total cDNA concentration was then measured using a ND1000 spectrophotometer 

(Thermo Scientific) and samples were diluted to 100 ng/mL. 

2.3.3 qPCR 

Quantitative PCR analysis was performed using the qPCRBIO SyGreen Blue Mix (PCR 

Biosystems, #PB20.16). 10µl of the x2 master mix was added to 1.6µl of forward and reverse 

primers, 2.5µl of cDNA (250ng) and nuclease free water to a total volume of 20µl. In the case 

of miRNAs, a universal primer (underlined) complementary to the unique tag (5’-

TCTAGGAAGTCGACCTCGGCATGCGTAACTGGTGCTCGATTC-3’) introduced to the cDNA by the 

miRCURY LNA kit was used. Each sample was run in triplicate on a 96 well plate and the house 
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keeping genes GAPDH and SNORD48 were used for mRNA and miRNA analysis respectively. 

All reactions were run on StepOnePlus real time PCR machines (Applied Biosystems), with an 

initial activation of 95oC for 2 minutes, followed by 34 two stage cycles of: 95oC for 5 seconds 

and 60oC for 20 seconds. Melt curves were generated to ensure primer specificity. Data was 

exported to ‘R’ for analysis using wither the Ct method or mRNA abundance for relative 

quantification. A list of primers used is summarised below. 

 

Table 2.2 Primers used for qPCR 

Target Sequence (5’-3’)  Target Sequence (5’-3’) 

Universal GAATCGAGCACCAGTTACGC  miR-101-3p GCTACAGTACTGTGATAACTG 

miR-142-3p TGTAGTGTTTCCTACTTTATGGA  miR-101-5p CAGTTATCACAGTGCTGATGCT 

miR-142-5p GCAGCATAAAGTAGAAAGCACT  miR-10b-3p ACAGATTCGATTCTAGGGGAAT 

miR-153-3p TTGCATAGTCACAAAAGTGATC  miR-124-3p TAAGGCACGCGGTGAATGCC 

miR-153-3p GCAGTTGCATAGTCACAAAAGT  miR-124-5p CGTGTTCACAGCGGACCTTGAT 

miR-26a-3p TTATAATACAACCTGATAAGTG  miR-135b-3p ATGTAGGGCTAAAAGCCATGGG 

miR-26a-5p TTCAAGTAATCCAGGATAGGCT  miR-135b-5p TATGGCTTTTCATTCCTATGTGA 

miR-26b-3p CCTGTTCTCCATTACTTGGCT  miR-140-3p TACCACAGGGTAGAACCACGG 

miR-26b-5p GGCTTCAAGTAATTCAGGATAGG  miR-140-5p CAGTGGTTTTACCCTATGGTAG 

miR-27b-3p TTCACAGTGGCTAAGTTCTGC  miR-144-3p GCTACAGTATAGATGATGTACT 

miR-27b-5p AGAGCTTAGCTGATTGGTGAAC  miR-144-5p GCGGATATCATCATATACTGTA 

miR-320a-3p AAAAGCTGGGTTGAGAGGGCGA  miR-218-3p ATGGTTCCGTCAAGCACCATGG 

miR-320a-5p GCCTTCTCTTCCCGGTTCTTCC  miR-218-5p TTGTGCTTGATCTAACCATGT 

miR-340-3p TCCGTCTCAGTTACTTTATAGC  miR-27a-3p TTCACAGTGGCTAAGTTCCGC 

miR-340-5p TTATAAAGCAATGAGACTGATT  miR-340-5p GCAGTTATAAAGCAATGAGACTGA 

miR-548f-3p AAAAACTGTAATTACTTTT  miR-6835-3p AAAAGCACTTTTCTGTCTCCCAG 

miR-548f-5p GCAGTGCAAAAGTAATCACAGT  miR-6835-5p AGGGGGTAGAAAGTGGCTGAAG 

miR-653-3p TTCACTGGAGTTTGTTTCAATA  miR-9-3p ATAAAGCTAGATAACCGAAAGT 

miR-653-5p GTGTTGAAACAATCTCTACTG  miR-9-5p TCTTTGGTTATCTAGCTGTATGA 
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Gene Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 

ACTA1 GGCATTCACGAGACCACCTAC CGACATGACGTTGTTGGCATAC 

ACTL6B GCGCTGGTCTTTGACATTGG CCATTCTTGAGGGGCGACAT 

AP3B1 GAAGCGGATTGTTGGGATGAT TCAGCATATCGAACCAGGTAAAC 

ASCL1 CGCGGCCAACAAGAAGATG CGACGAGTAGGATGAGACCG 

CALB1 TGGCATCGGAAGAGCAGCAG TGACGGAAGTGGTTACCTGGAAG 

CCND2 ACCTTCCGCAGTGCTCCTA CCCAGCCAAGAAACGGTCC 

CDC42n GGGACCCAAATTGATCTCAG GGCAGCTAGGATAGCCTCAT 

CDC42u GGGACCCAAATTGATCTCAG GATGCGTTCATAGCAGCACA 

CDK6 CCAGATGGCTCTAACCTCAGT AACTTCCACGAAAAAGAGGCTT 

CITED2 CCTAATGGGCGAGCACATACA GGGGTAGGGGTGATGGTTGA 

CTDSPL CCACCAGCTAAGTACCTTCTTCC GGCCGCTTCAGCACATACA 

ETS1 GATAGTTGTGATCGCCTCACC GTCCTCTGAGTCGAAGCTGTC 

EZH2 AATCAGAGTACATGCGACTGAGA GCTGTATCCTTCGCTGTTTCC 

FREM2 CCTGCATGACCTGGTGTTG GCCAGTGCGTCGTTGTCTA 

GAPDH ACCACAGTCATGCCATCAC TCCACCACCCTGTTGCTGTA 

JAG1 GTCCATGCAGAACGTGAACG GCGGGACTGATACTCCTTGA 

ITGB1 ACTTGAGACGCACATAGGTGA CCCATAGTACAGCCCTTGATGTT 

KIF20A TGCTGTCCGATGACGATGTC AGGTTCTTGCGTACCACAGAC 

LAMC1 GGACTCCGCCCGAGGAATA ACTTGAGACGCACATAGGTGA 

MAP2 CTGCTTTACAGGGTAGCACAA TTGAGTATGGCAAACGGTCTG 

MAP4n TCATGGAATGGAGGGGAATA CTCAGGCATCAGCAGAAAGA 

MAP4u TCATGGAATGGAGGGGAATA GGGTCCACTGGAGACAAAGA 

NCAM1 GGCATTTACAAGTGTGTGGTTAC TTGGCGCATTCTTGAACATGA 

NRXN3 AGTGGTGGGCTTATCCTCTAC CCCTGTTCTATGTGAAGCTGGA 

ONECUT2 GGAATCCAAAACCGTGGAGTAA CTCTTTGCGTTTGCACGCTG 

OTX2 CAAAGTGAGACCTGCCAAAAAGA TGGACAAGGGATCTGACAGTG 

PAX6 GTGTCCAACGGATGTGTGAG CTAGCCAGGTTGCGAAGAAC 

PHF6 AGAGGCACGAAGCTGATGTG AGTGGTAGTGGTATGTCCTGTG 

PRRX1 TGATGCTTTTGTGCGAGAAGA AGGGAAGCGTTTTTATTGGCT 

REST GCCGCACCTCAGCTTATTATG CCGGCATCAGTTCTGCCAT 

RUFY3n ATCTCCGGGCTCTTAAGCAT TGGTGCTTTGGGATCAGTTT 

RUFY3u ATCTCCGGGCTCTTAAGCAT TCCAGCTGCAGACTGTTGAT 
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ROCK1 AACATGCTGCTGGATAAATCTGG TGTATCACATCGTACCATGCCT 

SIX3 CTGCCCACCCTCAACTTCTC GCAGGATCGACTCGTGTTTGT 

SIX4 AGCAGCTCTGGTACAAGGC CTTGAAACAATACACCGTCTCCT 

SNORD48 AGTGATGATGACCCCAGGTAACTC GGTCAGAGCGCTGCGGTG 

UNC5C TGGGACTGGGATACTTGCTG ACAGTACAGGTTCACAGGCTTAT 

VSTM2L CAGTGGTGGTATGTACGGAGC CCTGCTTGTCGGTCCAGTC 

 

2.4 DNA methods 

2.4.1 Chromatin Immunoprecipitation (ChIP)-qPCR 

Samples were collected in triplicate from at least 3 wells of a 12 well plate or one well of a 6 

well plate for a total of 1x107 cells. Cells were first washed with DPBS before fixing in situ with 

0.75% aqueous formaldehyde (Sigma, #47608) at RT for 5 minutes. To inactivate the reaction, 

glycine (Sigma, #G7126) was added at a final concentration of 0.125M and incubated at RT 

for 5 minutes. The solution was aspirated, before cells were washed in ice cold DPBS and 

manually dissociated by gentle scratching with a serological pipette. They were then 

centrifuged at 1000g for 5 minutes at 4oC and the supernatant removed. 

 

Table 2.3 Chromatin Immunoprecipitation buffer compositions 
(HCL = Hydrogen Chloride, NaCL = Sodium Chloride, LiCL = Lithium Chloride, IGEPAL = 
Octylphenoxypolyethoxyethanol, SDS = Sodium Dodecyl Sulfate, EDTA = Ethylenediaminetetraacetic Acid, 
NaHCO3 = Sodium Bicarbonate, PMSF = Phenylmethylsulphonyl Fluoride) 

Reagent 

Buffer 

Cell 

lysis 

Nuclear 

lysis 

Dilution Wash 

#1 

Wash 

#2 

Wash 

#3 

Elution 

Tris-HCL 

(Sigma, #108315) 
10mM 50mM 20mM 20mM 10mM 10mM  

NaCL 

(Sigma, #S3014) 
50mM  150mM 50mM    

LiCl 

(Sigma, #310468) 
    250mM   

IGEPAL CA-630 

(Sigma, #56741) 
0.5%    1%   
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Sodium Butyrate 

(Sigma, #B5887) 
10mM 10mM 10mM     

SDS 

(Sigma, #7910) 
 1% 0.01% 0.01%   1% 

EDTA 

(Sigma, #E4884) 
 10mM 2mM 2mM 1mM 1mM  

Triton-X-100 

(Sigma, #X100) 
  1% 1%    

Deoxycholic acid 

(Sigma, #30960) 
    1%   

NaHCO3 

(Sigma, #S5761) 
      100mM 

PMSF 

(Sigma, #PMSF-RO) 
0.3mM 0.3mM 0.3mM     

Leupeptin 

(Sigma, #LEU-RO) 
2nM 2nM 2nM     

 

The cell pellet was resuspended in 150µl of ice-cold cell lysis buffer (CLB) at 4oC for 20 minutes 

with vigorous vortexing every 5 minutes. Following this the samples were centrifuged at 

8000g for 5 minutes at 4oC to collect nuclei, before being resuspended in 1.2ml of nuclear 

lysis buffer (NLB). The lysis was then passed through a 25-gauge needle 10 times and 

incubated on ice for 30 minutes. Samples were then transferred to a clean Eppendorf tube, 

diluted with 720µl of dilution buffer and aliquoted into maximum volumes of 300µl. 

Chromatin was then sheared to a fragment size of ∼200-600bp by sonication in a Bioruptor® 

PLUS combined with the Minichiller® Water cooler (Diagenode, #B02010003), with 15 cycles 

of 30 sec ON/30 sec OFF. The resulting chromatin was used to set up the ChIP assay while 

270µl was used as the input control.  

Primary antibody (10µg) was diluted in 200µl of PBS + 0.1% Tween-20 (PBST) and added to 

50ul of magnetic Dynabeads (Thermo Fisher, #10003D) per sample, before incubating for 10 

minutes at RT. The bead-Ab complex was then separated by magnet and resuspended in 200ul 

of PBST. The bead-Ab complex was then separated once more and incubated with chromatin 
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at 4oC overnight. The following day each sample was washed twice with 750µl of IP wash 

buffer #1, once with 750µl of IP wash buffer #2 and twice with 750µl of IP wash buffer #3. 

Then 550µl of elution buffer was added to each sample, which was then heated to 55oC for 

15 minutes. Magnetic separation was used to remove the beads from solution and the DNA 

in was purified using QIAquick PCR Purification Kit (Qiagen, #28104). Samples were analysed 

by qRT-PCR as previously mentioned, with material detected using PCRBIO SyGreen Blue Mix 

(PCR Biosystems, #PB20.16) on a StepOnePlus™ Real-Time qPCR System (Applied Biosystems). 

Primer sets are summarised in the table below. ChIP enrichment was assessed relative to the 

input DNA in specific genomic regions. 

Table 2.4 Primers used for Chromatin Immunoprecipitation 
Position denotes location in kilobases from the gene transcription start site (TSS) 

Gene Position Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 

OTX2 

+1Kb GAGACGGCATAGTGGTGTTT AGGGAGTGACTGGGTTATCA 

+0Kb CACAGCCTCCACTGTGATTA GAAGGCGGCTAGAGTTCTAAA 

-1Kb GTGTCCGTCTGTCTTGTCTATATC AATACATCCGCCTACAGAACTC 

-2Kb TGGATCGGCCCAGTAAGA GAGTCACTTGAACGCAACAAC 

REST 

+1Kb CCGCTGCGGCTACAATACTA TCCTCCAGTGATACTCGCTCA   

+0Kb GCGATGTGGTTTTAAGCCAGT   ACTGCTGGTAAACAGCCCTC   

-1Kb GGCCAAGTCAAGCACAATGC   GCAGGCTGAAGTTCCACAAC   

-2Kb GCGGTAACTTTCCGTCCTCT CCTGCGCTCTCCAACACTAA 

-3Kb CAGGATCGGGTTACACAGCA   GCCTCAAAGGACCTGACTCG   

ROBO3 

+1Kb GTCTCCTACAGGAACTCCTAGAT GTTTCCATTCCCTCCCAAGT 

+0Kb AAGAGGCACCGACCGTA AGTTCATCTGCAGCAGCGT 

-1Kb CAAGACTCAAGGAAGAGGAAGG CCCTTCACCTCACATAGGAAAG 

-2Kb CTCCAAGAGGCCAACTTAACA GCTTCCAGGTCAGGGTAATG 

-3Kb CAAAGAGCTCAGCCACTACA GTCTGAGCTAGATACAGGGAGA 

SALL2 

+1Kb GTGGGAATGGAAGTGAGAAAGA TCTGAGGGCCAGAAGAAGA 

+0Kb GCTTTCTCACTCCAGCTTCT ATTGAGGGAGGCGATGG 

-1Kb GGCCTGAGGGTCACAATAATC ACTCCTCTCCTCTCCTCTCT 

-2Kb CCTGTCCAAACCAGCAAGA GGGTGGTAAAGGTGGAAGAAG 

VSTM2L 
+1Kb CTCTCTGCCCATCTGCCTTT GTGGTATAGGGCTGGGTGTG 

+0Kb AAATCAAGCGGCAGATCCCT   CCTCCGACTGCGGGACT 
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-1Kb AGGGAAGGAGCCTACAGTCC TTAGTTGTTGCGGCTCCTGG 

-2Kb TGCATAGAGTCCAAGACGCC GCCGTGTTTGCCTGATTCTC 

-3Kb GTGATGAGCCAACAGAGGCT GTGCTTGTATGCCTTCCCCT 

miR-142 

+1Kb GGTGGACTGGAGACCAAGAC   CAGGACCTTGGGCTGCTATG 

+0Kb CAAAGCGCCTTGAAACCCTC   CCTTACTCTCCAGCCCTCCT 

-1Kb GTGTTGGGAAGGGAAGGGAG   TTGAGGGTGACCCCAGAAGA   

-2Kb GTCACTGAGATCACCAAGAACA CCACTGCTCGAACCAGAAA 

-3Kb GACAGCGTGTCTGTGTCTGA CCTGTGACTGGAACAAGGCT 

miR-153 

+1Kb GAGGCATGCGAGATGAGGAA CCTTCTCCCGAACCTGCAAT 

+0Kb TAGCGAGGCGCCTACTATTTG   GTCTACATGCCCCTCTCGC   

-1Kb GGAGCTCGGAAAGATGCGG CCTGACCGTGGGCACTAAC 

-2Kb AGTGGTCGTGGTGAAAGAGC   CTTTCTCTCCGTCTGTGCCA   

-3Kb AGGAAATACAGGTGATATACAGGTT CATAGACACCATATCCTCTCTCCC   

miR-124 

+1Kb CTCTAAGGAGCACCTCACGC   TCCATTCCCTGACAGCCTCT 

+0Kb AAAGCCTGGATGCGAAAGGA   GAAGGGACCACAGCATCCTC 

-1Kb TGACAAAGCTGATGAGGGGC   GACCTGGGGATTCAGCCTTC 

-2Kb TCCAGCCGCATTATACACGA   ACTGTCAGCGGGCTTTACC   

-3Kb GCAGTGAGAATGACGTGTGC   TCTGCTGACGGTTCCGAAAA   

miR-9 

+1Kb TTGCGACTCCCAGGGAAAAG GACCAGTGCGGAATGGAGG 

+0Kb GCTTGCAAGGGGTTAACAGT GTCAGCGGGTCTCACCATTC 

-1Kb GCTCCCTCTTTGAGCCCTTT GGGTGGAGAGAGAGAACCCA 

-2Kb GAACCTCGACTTTCCCCAGG CTGAAGCCTCCTCCTCTCCT 

-3Kb CAGAGGCCCGAGTGATTTCG CACGGGGCTTCTCGAAATCA 

 

2.5 Protein methods 

2.5.1 Protein sample collection and measurement 

Samples were collected in triplicate from at least one well of a 12 well plate at confluency. 

Cells were washed with DPBS and either Gentle cell dissociation reagent or Versene was 

added to the well for iPSCs and differentiated cells respectively. Cells were incubated at 37oC 

for 1-2 minutes, the DPBS aspirated and fresh DPBS added. Cells were detached by manual 

scratching using a serological pipette and collected in 1.5ml microtubes. They were then 

centrifuged at 900g at 4oC for 5 minutes and the supernatant aspirated. The pellet was 
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resuspended in 150µl of RIPA buffer (SLS, #R0278-50ML) supplemented with MS-SAFE 

Protease and Phosphatase Inhibitor (Sigma, MS-SAFE-1VL), before being incubated on ice for 

30 minutes, vortexing rigorously every 5 minutes. Cells were subsequently centrifuged at 

14,000g at 40C for 5 minutes. Of the supernatant, 120µl was transferred to a new tube with 

46 µl of LDS sample buffer (4x) and 18 µl of DTT (500mM, 10x), (Thermo Fisher, #NP0007 and 

#NP0004 respectively), and incubated at 95oC for 5 minutes for protein denaturation. If not 

used immediately for downstream processes, samples were stored at -80oC. 

To measure samples a standard curve was generated using BSA protein standards (Thermo 

Fisher, #23208). 5µl of each standard, 125-2000 μg/mL, was transferred to a clear 96 well 

plate in triplicate. Then, 25 μL of working solution A [20 μL reagent S plus 1 mL reagent A],  

(BioRad, #5000113 and #5000115) was added to each well, followed by 200 μL of reagent B 

(BioRad, #5000114) before gentle mixing and incubation for 15 minutes at RT. Absorbance 

values were then read on the CLARIOstar microplate reader (BMG Labtech), and a standard 

curve plotted for the known values. Using this curve, concentrations of the protein samples 

were then calculated. 

2.5.2 Western Blot 

Quantified protein samples from chapter (2.5.1) in DTT and LDS were thawed and 20-30µg of 

protein was loaded onto a Bolt Bis-Tris 4-12% gel (Thermo Fisher, #NP0323BOX) with Pre-

stained Protein Ladder (AbCam, # AB116028). The gel was run at 100V for 1-3 hours in Bolt 

MES running buffer (Thermo Fisher, #B000202), until the protein of interest was evenly 

dispersed. The protein was then transferred to a nitrocellulose membrane (BioRad, # 

1704158), for 10-15 minutes using the semi-dry Trans Blot Turbo system (BioRad). 

The membrane was blocked by soaking in a solution of Tris buffered saline ([TBS], Formedium, 

#TBSL1000) supplemented with 5% milk powder for 1 hour at RT. The membrane was 

subsequently incubated with the primary antibody, diluted in a TBS + 5%-milk solution at 4oC 

overnight. The membrane was then washed 3 times with TBS with 0.1% Tween-20 (Sigma, 

P9416) for 5 minutes at RT each time, before being incubated with secondary antibody 

diluted in a TBS + 0.1% Tween solution for 1 hour at RT. The membrane was again washed 3 

times before being visualised in an Odyssey CLx imaging system. Relevant primary and 

secondary anti-bodies are summarised in the table below. 
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Table 2.5 Primary and secondary antibodies used for western blotting 

Primary Antibodies 

Antibody Supplier Cat # Species Dilution 

EHMT1 R&D Systems (PP-B0422-00) Rabbit 1:1000 

EHMT2 AbCam (AB185050) Rabbit 1:1000 

EZH2 Cell Signalling Technology (5246) Rabbit 1:1000 

GAPDH Abcam (AB9485) Rabbit 1:1000 

H3K9me2 Merck (17-648) Rabbit 1:1000 

H3K27me3 Merck (07-449) Rabbit 1:500 

NEFM Merck (AB1987) Rabbit 1:500 

REST Merck (07-579) Rabbit 1:500 

SNAP25 AbCam (AB41455) Rabbit 1:2000 

SYN AbCam (AB32127) Rabbit 1:1000 

TUBB3 Cell Signalling Technology (5568T) Rabbit 1:1000 

Secondary Antibodies 

IRDye® 800CW 

anti-Rabbit IgG 

LiCor (926-32211) Goat 1:10000 

 

2.5.3 Co-Immunoprecipitation 

Primary antibody (1-10µg) was diluted in 200µl of PBS + 0.1% Tween-20 (PBST) and added to 

50ul of magnetic Dynabeads (Thermo Fisher, #10003D) per sample, before incubating for 10 

minutes at RT. The bead-Ab complex was then separated by magnet and resuspended in 200ul 

of PBST. The bead-Ab complex was then separated once more and 500-800µg of quantified 

protein sample from chapter (2.5.1) was added, before incubating for 20 minutes at RT with 

rotation. The bead complex was subsequently washed 3 times with RIPA buffer, separating 

on the magnet between each wash, removing supernatant and resuspending by gentle 

pipetting. The bead complex was transferred to a new tube to prevent coelution, separated 

by magnet and resuspended in 20µl of elution buffer (24ul of RIPA buffer + 8ul of NuPAGE 

LDS). The bead complex was then incubated at 95oC for 5 minutes, before being separated by 

magnet. The supernatant was then loaded onto a Bolt Bis-Tris 4-12% gel (Thermo Fisher, 
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#NP0323BOX) with Pre-stained Protein Ladder (AbCam, # AB116028) and processed as 

previously described in Western Blot Chapter. 

Table 2.6 Antibodies used for co-immunoprecipitation 

Antibody Supplier Cat # Species 

EHMT1 R&D Systems (PP-B0422-00) Rabbit 

EZH2 Cell Signalling 

Technology 

(5246) Rabbit 

FLAG AbCam (AB1257) Goat 

HA Merck (05-904) Mouse 

REST Merck (07-579) Rabbit 

 

2.5.4 Immunocytochemistry 

Media was aspirated from cells on a 12 well plate, washed with 0.5ml of DPBS and fixed using 

a 3.7% paraformaldehyde solution ([PFA], Sigma, #P1648) at RT for 20 minutes. Cells were 

washed 3 times with DPBS, then permeabilized with 0.3% Triton-X-100 (Sigma, #X100PC) for 

10 minutes at room temperature and blocked with 5% donkey serum for 1 hour. Cells were 

then incubated with primary antibodies in PBS-T with 5% donkey serum at 4 °C overnight. 

Following this, cells were washed 3 times with DPBS. Secondary antibodies were applied in 

PBS-T for 1.5 h at RT, counterstained with DAPI (Molecular Probes) and mounted in DAKO 

fluorescent mountant (Life Technologies, #S3023). 

Table 2.7 Primary and secondary antibodies used for immunocytochemistry 

Primary Antibodies 

Antibody Supplier Cat # Species Dilution 

MAP2 AbCam (AB92434) Chicken 1:500 

PAX6 DSHB (AB_528427) Mouse 1:1000 

Secondary Antibodies 

Alexa Fluor 488 anti-mouse Thermo Fisher (A21202) Donkey 1:1000 

Alexa Fluor 647 anti-

chicken 

Thermo Fisher (A78952) Donkey 1:1000 
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Samples were imaged on a Leica DMI6000b fluorescent microscope. A minimum of 20 fields 

were acquired per well at x20 magnification. Image analysis was performed using the FIJI 

analysis software. Each channel was threshold dependent on protein of interest and 

maintained between samples. Mean fluorescence intensity measurements were taken from 

at least 4 biological samples. 

2.6 Bioinformatics analysis 

2.6.1 RNA Sequencing 

Microarray and RNA sequencing datasets of gene expression studies focussed on EHMT1 

depletion or mutation were accessed and downloaded from Gene Expression Omnibus (GEO) 

Datasets available on the National Centre for Biotechnology Information (NCBI) Database 

website (http://www.ncbi.nlm.nih.gov/gds/). The search words used were “EHMT1” and 

“Kleefstra Syndrome” and through filtering the search was restricted to Homo Sapiens. From 

this search the raw data for a single dataset was downloaded (GSE178646) (Fear et al., 2022). 

Counts were read into R 4.2.3 (https://www.R-project.org/) and filtered to retain genes with 

counts greater than 5. Principle Component Analysis Plots indicated no outlying samples. 

Differential gene expression (DGE) analysis was performed using DESeq2 (R package, v1.30.0), 

where the difference in gene counts was assessed between the wild type control and SNP 

samples. P values were adjusted for multiple comparisons using Benjamini-Hochberg 

correction address false discovery rate (FDR). A gene was considered differentially expressed 

if it has an adjusted P-value of less than 0.05 and a Log2 fold change of 1.5 or greater. 

2.6.2 Functional enrichment analysis 

For enrichment analysis, significant genes from RNA seq analysis were grouped into either 

“upregulated” and “downregulated” datasets. Enrichment analysis was performed for each 

gene set to determine Gene Ontology – Biological Processes (GOBP), using the fgsea 

multilevel enrichment test and genes were ranked by minimum significant difference signed 

msd (fgsea). Enriched terms with a padj value less than 0.01 were considered significant. 

Enriched GOBP terms were clustered based on semantic similarity using GOSemSim (R 

package, v2.24.0), and clusters were manually summarized. Disease-gene network analysis 

was performed using the DisGeNET database (V7.0) (Piñero et al., 2021), calculating overlap 

significance for DEGs and disease genesets by hypergeometric probability, with adjusted 

http://www.ncbi.nlm.nih.gov/gds/
https://www.r-project.org/
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P<0.001 considered statistically significant. Tissue enrichment analysis was conducted using 

the TissueEnrich (R package, v1.20.0), with enrichment of tissue specific gene sets assessed 

within KS DEGs. 

2.6.3 Knowledge guided miRNA prediction 

For prediction of upregulated miRNAs a knowledge guided bioinformatics model was 

developed as previously described (Shen et al., 2016). A miRNA-mRNA regulatory network 

was built based on validated miRNA-mRNA pairs, mined from the TargetScan (McGeary et al., 

2019), TarBase (Karagkouni et al., 2017) and miRTarBase (Huang et al., 2022a) databases. The 

Kleefstra Syndrome specific miRNA-mRNA network was generated by mapping significantly 

downregulated genes onto the reference network and functional miRNA prediction was 

achieved by using a 2-step approach (Figure 2.1A).  

 

Figure 2.1 Summary of the knowledge guided predictive model 
A) Schematic illustrating the model structure, significantly downregulated genes from KS-RNA sequencing data 
sets are mapped onto a microRNA-mRNA regulatory network B) Illustration of the many-many network 
generated to predict upregulated miRNAs based on downregulated target mRNAs from RNA sequencing data 

The Number of Single-line Regulation (NSR) value was calculated to measure the number of 

genes regulated by a single miRNA and all miRNAs with a significantly high NSR value were 
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extracted from the KS specific miRNA-mRNA network (p-value <0.01, Wilcoxn signed-rank 

test). Transcription Factor Percentage (TFP) values were generated to measure the 

percentage of transcription factors within a target list, before miRNAs with a significant TFP 

value (p-value <0.01, Wilcoxn signed-rank test) were filtered from those miRNAs in the 

previous step. Predicted miRNAs were then ranked and presented in order of their NSR 

values. Using this approach, significantly downregulated genes from an KS specific RNA 

sequencing dataset was used to predict the functionally significant upregulation of miRNAs in 

response to the loss of EHMT1 (Figure 2.1B). 

2.7 DNA cloning 

2.7.1 Multi-miR sponge construction 

The multimiR sponges were constructed from a modified method previously reported (Kluiver 

et al., 2012b). Three empty sponge cassettes (pmiR-A, pmiR-B, and pmiR-C) were generated 

by introducing a multiple cloning site (MCS) containing the AgeI, NheI, SbfI and ApaI, 

restriction sequences, with a nonpalindromic KlfI site positioned between either the 1st and 

2nd, 2nd and third, or 3rd and 4th restriction site (Figure 2.2). The donor plasmid, pcDNA3-EGFP 

a gift from Doug Golenbock (Addgene, plasmid # 13031) was first digested with XbaI and ApaI. 

Purified plasmid DNA (1µg) was incubated with the restriction enzymes and Cutsmart™ buffer 

at 37oC for 2 hours. The digested DNA was subsequently run on a 2% agarose gel, before the 

correct band was identified by size and gel extracted using the Monarch® DNA Gel Extraction 

Kit (NEB, #T1020L). The MCS oligos were subsequently ligated into the 3’ UTR of the digested 

pcDNA3-EGFP. The oligos were each combined with the purified DNA at a 1:4 ratio, T4 buffer 

and T4 ligase, before incubation at RT for 30 minutes and then heat inactivation at 65oC for 

10 minutes. The ligation mixture was then mixed with a vial of NEB® 5α bacteria (NEB, 

#C2987H) and incubated on ice for 30 minutes, before transforming into the bacteria by heat-

shocking at 42oC for 5 minutes. 950µl of RT Super Optimal broth ([SOC], NEB, B9020S) was 

added to the solution and incubated at 37oC for 1 hour with shaking at 200rpm. The mixture 

was then diluted 1:10 and spread on agar plates containing ampicillin (100µg/ml). Colonies 

were picked and cloning efficacy assessed by diagnostic digest with BamHI and SbfI, and with 

sanger sequencing. 
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Figure 2.2 Summary of the microRNA-sponge cassette system 
Three cassettes allow for quick multimiR-sponge assembly through subcloning 

Individual miRNA sponges were designed and tested in-silico using the miRNAsong algorithm 

to assess on-target and off-target binding efficiency (Barta et al., 2016). A scramble sequence 

(TCATACTATATGACATCATA), denoted as Empty Vector (EV), was also designed as based on 

previous studies (Gebeshuber et al., 2013). The scramble sponge was analysed using the 

miRNAsong algorithm and was not predicted to bind to any miRNA with a free-energy cut off 

value of -20 kcal/mol. Individual sponges were generated as previously described (Kluiver et 

al., 2012a), into one of the three MCS cassettes (A, B, C). The relevant pmiR-cassette was 

digested with KlfI, as described above, before the microRNA binding site (MBS) oligos were 

ligated with digested cassettes at ratios ranging from 1:3 -1:500. The ligation mixture was 

transformed into NEB® Stable Competent E. coli (NEB, #C3040H) and spread on agar plates 

containing ampicillin (100µg/ml). Colonies were picked and cloning efficacy assessed by 

diagnostic digest with AgeI and ApaI, and with sanger sequencing. 

MultimiR-sponges were generated by digesting the individual miR-sponges with the 

restriction enzymes flanking the MBS insert (AgeI, NheI, SbfI or ApaI), as described above. 

Digested DNA was separated by gel electrophoresis and purified by gel extraction. Purified 

DNA was then subcloned into a corresponding individual miRNA sponge and transformed into 

NEB® Stable bacteria, before spreading on agar plates containing ampicillin (100µg/ml). 

Colonies were picked and cloning efficacy assessed by sanger sequencing. 

Luciferase reporters were again designed and constructed as previously described (Kluiver et 

al., 2012a). The donor plasmid, pLuc-9, was a gift from Bob Weinberg (Addgene, plasmid 
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#25037) was digested with HindIII and SpeI, as described above. Digested DNA was purified 

using the Monarch® PCR & DNA Cleanup Kit (NEB, #T1030S), before being ligated with oligo’s 

specific to each of the miRNA sequences, as described above. Ligation mixture was 

subsequently transformed into NEB® 5α bacteria and spread on agar plates containing 

ampicillin (100µg/ml). Colonies were picked and cloning efficacy assessed by sanger 

sequencing. 

For generation of lentiviral multimiR-sponges, the sponge sequence was subcloned into the 

pBABE-puro retroviral vector, a gift from Hartmut Land & Jay Morgenstern & Bob Weinberg 

(Addgene plasmid # 1764). Both the donor plasmid and multimiR-sponge were digested with 

BamHI and ApaI as described above. DNA was separated by gel electrophoresis and purified 

by gel extraction, before ligation, transformation into NEB® Stable bacteria and spreading 

onto agar plates containing ampicillin (100µg/ml). Colonies were picked and cloning efficacy 

assessed by sanger sequencing. The production of amphotropic viruses and infection of target 

cells were described previously (Stewart et al., 2003). 

2.7.2 EHMT1 mutant plasmids 

Full length (FL) EHMT1 (ENST00000460843.6 - 5095bp, 1298aa) was amplified from an IBJ4 

cDNA library, using primers containing BglII and SalI (NEB, #R0144L, #R0138T) restriction sites. 

The amplified DNA was digested with BglII and SalI, before being separated by gel 

electrophoresis and purified by gel extraction. The FL EHMT1 sequence was then subcloned 

into the donor plasmid pcDNA3-Flag, a gift from Stephen Smale (Addgene, plasmid #20011), 

digested with BamHI and XhoI (NEB, #R3136T, #R0146L). Amplified EHMT1 FL was ligated with 

the digested donor using T4 DNA ligase, incubated at RT for 30 minutes and then heat 

inactivation at 65oC for 10 minutes, before transformation into NEB5α. Colonies were picked, 

and cloning efficacy assessed by diagnostic digest with NotI-HF (NEB, #R3189L).



 

Figure 2.3 Schematic showing the structure of EHMT1 and the deletion constructs 

EHMT1 mutant plasmids were then generated, with various truncations of the protein, 

removing either the N-terminus regions (A), the Ankyrin repeat (B) or the SET domain/C-

terminus region (C) (Figure 2.3). A site directed mutagenesis kit (NEB, # E0554S) was used to 

induce premature termination/STOP codons, with primer pairs for each mutant. Mutant 

sequences were amplified with respective primers, before each was mixed with a X10 Kinase, 

Ligase, and DpnI (KLD) enzyme mix and incubated at RT for 10 minutes. The mixture was 

subsequently transformed into NEB® 5α bacteria and spread on agar plates containing 

kanamycin (50µg/ml). Colonies were picked and cloning efficacy assessed by sanger 

sequencing. To investigate binding association of EHMT1 to EZH2, the plasmid pCMVHA 

hEZH2, a gift from Kristian Helin (Addgene, plasmid #24230), was used. 

Table 2.8 Primers used for site directed mutagenesis and sequencing  
Underlined sequences denote restriction enzyme sites 

Primer Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 

EHMT1 (FL) GCTAAGATCTGTGAAAACCGAGCTGCTGGG CGTCGTCGACGGTCGGTCTCCTGACCTCTC 

EHMT1 (A) CAGGCAAGGGTAGCTTCAGAAG GCGGAGAAGTACAGCTGC 

EHMT1 (AB) TGCCGCCCGGTAGAACCGCTA ATGTGCAGTGGCGAGTCTCC 

EHMT1 (BC) GTGGACGGAATTGACCCC CTTATCGTCGTCATCCTTGTAATC 

EHMT1 (C) AGGGACATCGCTCGAGGC AGATCCGCCCGGGCTCTT 

Seq (A) CAGGGACCAGGGAAGGAAAC CTTCCATCAACGGGGTCCTC 

Seq (AB) AGTACAAGCACGTGGACCTC TGCAGAGCCTTGCTCATCTG 

Seq (Vector) GGCACCAAAATCAACGGGAC GGAAGGGCGATCGAGTGAAT 
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2.7.3 MicroRNA mimics 

For gain of function studies, synthetic double stranded miRNA mimics were used 

(ThermoFisher Scientific). Mimics were transfected into NPCs at 50nM on day 10 of 

differentiation with Lipofectamine 3000 (ThermoFisher Scientific). Cells were harvested 4 

days later, and RNA was isolated for analysis of miRNA expression by qRT-PCR. The mirVana 

negative control (ThermoFisher Scientific), was used to assess the unspecific effects of mimic 

treatment. 

2.8 Statistical analysis  

Statistical analysis was performed in GraphPad Prism (8.4.2), with the exception of miRNA 

prediction analysis which was performed in R (4.2.3). All data was assessed for normality using 

the Shapiro-Wilkes test and where normally distributed, parametric testing was conducted. 

Additionally, outlier analysis was also performed by way of the ROUT method for all 

experiments. Significant outliers were removed from further analysis. Where two groups 

were being compared at individual timepoints, students T-tests were implemented to assess 

statistical significance. When comparing 3 conditions one-way ANOVA was used, whilst 

multiple conditions across multiple timepoints were assessed by two-way ANOVA. Graphs all 

display mean values and standard error of the mean (S.E.M). A minimum n value of 3 was 

always implemented, with higher values denoted on individual figures.



3 Computational analysis of gene expression in cells lacking 

EHMT1 

3.1 Introduction 

Despite their complexity, psychiatric and neurodevelopmental disorders (NDDs) are 

increasingly understood to be influenced by both genetic and environmental factors. New 

genetic evidence shines a light on the critical role of epigenetic modifiers in NDD 

development. Genome-wide association studies (GWAS) reveal a strong association between 

mutations in genes encoding these modifiers and a wide range of NDDs (Lasalle, 2013, Yao et 

al., 2021). This finding is particularly intriguing given the significant overlap in symptoms 

(phenotypic overlap) across NDDs. For example, autism spectrum disorder (ASD) and 

intellectual disability (ID) often co-occur at a rate of up to 70% (Coe et al., 2019, Satterstrom 

et al., 2020). Advanced next-generation sequencing techniques (NGS) have generated 

complex datasets, when combined with the advent of large-scale computational analysis has 

shed light on biological mechanisms driven by these epigenes. These analyses reveal that 

chromatin regulators cluster together in networks with distinct functions and developmental 

timing (Ciptasari and van Bokhoven, 2020, Moyses-Oliveira et al., 2020). This suggests that 

disruptions in these networks may contribute to the shared and distinct features observed in 

various NDDs. 

One such epigenetic modifier, EHMT1, is consistently associated with autistic features, 

psychosis and intellectual disability, however the functional pathways involved so far remain 

unknown (Kirov et al., 2012). Mutations in EHMT1 are highly penetrant, with heterozygous 

loss of the gene being causative for the NDD Kleefstra syndrome (KS). The monogenic nature 

of KS makes it a promising disease model for unveiling commonalities with other NDDs. 

Computational driven analysis of multiomics data has already proven effective in identifying 

system-level mechanisms in neurodegenerative conditions such as Alzheimer’s disease (AD) 

(Caldwell et al., 2020). This approach demonstrated that key changes in chromatin modifiers 

induces a state of de-differentiation within AD cells. Likewise, bioinformatic analysis of 

publicly available RNA sequencing data from the cortex of ASD patients has been successful 

in identifying key genetic nodes and essential molecular pathways underlying the disorder 

(Rahman et al., 2020, Trivedi et al., 2023). 
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3.2 Chapter Aims 

This chapter presents the results of computational analysis of publicly available sequencing 

data of EHMT1 depleted cell lines. This work aims to pinpoint the key biological pathways and 

genetic control points regulated by EHMT1 that underlie Kleefstra Syndrome and potentially 

contribute to other widespread neurodevelopmental disorders. In-silico results were 

subsequently validated in cellular models. 
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3.3 Results 

3.3.1 Bioinformatic analysis of EHMT1+/- cells 

Human RNA sequencing data was accessed and downloaded from the Gene Expression 

Omnibus (GEO) Datasets using the search terms “EHMT1”, “Kleefstra Syndrome” and 

“Neurons”. The raw data for a single dataset was downloaded (GSE178646), from KOLF2 iPSCs 

containing a CRISPR editing induced single nucleotide polymorphism (SNP) in the EHMT1 

gene, which were then differentiated to NPCs at day 24 (Fear et al., 2022). The SNP variant 

was an EHMT1_c.3430C > T (p.Gln1144*) and identical to a KS patient specific genetic variant. 

Once the data was processed, I performed differential gene expression (DGE) analysis 

EHMT1+/- NPCs using DESeq2 (Love et al., 2014) with a threshold of |fold change (FC)| > 0.5 

and adjusted P value < 0.05. A total of 383 genes were differentially expressed when 

compared to wild type, with 231 upregulated and 151 downregulated (Figure 3.1). EHMT1 

expression in the SNP line showed reduction in line with pathogenic mutations, though not 

significant (log2FC = -0.46, p = 0.26).  

 

Figure 3.1 RNA sequencing volcano of DEGs in EHMT1+/- mutation relative to WT  
As determined by the DESeq2 method with a fold change (FC) threshold of >0.05 and a false discovery rate (FDR)–
adjusted P < 0.05 
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To gain a greater understanding of how the loss of EHMT1 impacted the gene regulatory 

network, differentially expressed genes (DEGs) were separated into upregulated and 

downregulated gene sets, before Gene Set Enrichment Analysis (GSEA) was performed using 

fgsea (Gennady et al., 2021) with the Gene Ontology (GO) database (Figure 3.2). For 

upregulated genes there was enrichment for GO Biological Processes associated with 

neuronal development, including Neuron Projection Development, Synaptic Signalling, Brain 

Development and Synapse Organization. This included a variety of genes including early 

developmental markers such as VSTM2L (LogP = -1.49, Log2FC = 1.06) and OTX2 (LogP = -1.90, 

Log2FC = 0.99), adhesion markers, NCAM1 (LogP = -1.50, Log2FC = 0.98) and neural 

differentiation markers, STMN2 (LogP = -1.94, Log2FC = 1.96) In contrast, analysis of 

downregulated genes showed enrichment for processes including Cell Cycle Regulation, Cell 

Morphogenesis and Cell Division. Biological processes appeared to show stronger enrichment 

for upregulated genes compared to downregulated genes, with maximum logP values of -

32.15 and -12.68 respectively. 

 

Figure 3.2 Ranked enrichment analysis of EHMT1+/- gene expression  
Biological processes ranked using the GOBP database by the fgsea multilevel enrichment test, upregulated genes 
(blue) and downregulated genes (orange) ranked by minimum significant difference signed msd (fgsea).  
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Next, to further probe key pathways and identify functionally related genesets, I performed 

cluster analysis on enriched GOBP terms for upregulated and downregulated genes based on 

their membership similarities, which were then visualized (Figure 3.3).  

For the upregulated geneset (Figure 3.3A), the highest ranked cluster showed enrichment for 

neuron projection development (GO:0031175, LogP = -32.15), neuron projection 

morphogenesis (GO:0048812, LogP = -25.96), axon development (GO:0061564, LogP = -

22.88), and cell morphogenesis involved in neuron differentiation (GO:0048667, LogP = -

18.94). Synaptic signaling pathways were also strongly clustered, with enrichment for trans-

synaptic signaling (GO:0099537, LogP = -20.84), chemical synaptic transmission (GO:0007268, 

LogP = -20.13) and regulation of synaptic plasticity (GO:0048167, LogP = -9.270953337). 

Likewise, clustering of brain development pathways was also observed, with enrichment for 

forebrain development (GO:0030900, LogP = -9.61), cerebral cortex development 

(GO:0021987, LogP = -8.214206926) and neuron migration (GO:0001764, LogP = -

6.696903233). 

In contrast, analysis of downregulated genes (Figure 3.3B) showed lower levels of clustering. 

The highest ranked cluster showed enrichment for cell cycling and division, with enrichment 

for mitotic cell cycle (GO:0000278, LogP = -13.15), chromosome segregation (GO:0007059, 

LogP = -7.19) and nuclear division (GO:0000280, LogP = -5.12). Other cluster showed 

enrichment for developmental pathways around skeletal development and cardiac 

development. 
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Figure 3.3 Network of enriched GOBP terms in EHMT1+/- neuronal cells 
Clustered by shared ID and coloured by p-value, for both A) upregulated DEGs and B) downregulated DEGs. 
Enriched GOBP terms were clustered based on semantic similarity using GOSemSim (R package, v2.24.0), and 
clusters were manually summarized. Node size indicates the number of genes. Clusters are identified by the most 
statistically significant term. 
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3.3.2 Functional enrichment analysis 

This hypothesis of neuronal enrichment was further supported by Tissue analysis (Figure 3.4A-

B), which indicated huge enrichment for brain specific gene expression (LogP = -28.30), as well 

as nerve tissue (LogP = -26.25). Modest enrichment was also seen for the ovaries (LogP = -

7.49), heart (LogP =-7.08) and pancreas (LogP = -5.07). Given the significant enrichment in 

brain specific expression, brain cell type enrichment analysis was subsequently performed 

using single cell sequencing reference datasets from human brain tissue (Lake et al., 2018). 

EHMT1+/- cells showed a clear genetic shift toward neuronal commitment with significant 

enrichment for all subtypes of neuron found within the brain including, granule (LogP = -3.7), 

inhibitory (LogP = -2.61), excitatory (LogP = -2.41) and Purkinje (LogP = -2.26) cells (Figure 

3.4C). In contrast there was no enrichment for other non-neuronal cell types. 

Next, given the considerable genetic and phenotypic overlap observed between 

Neurodevelopmental disorders, I assessed the gene-disease association using the DisGeNET 

database (Piñero et al., 2017). Of the 13 associated diseases, Neurodevelopmental Disorders 

showed the highest enrichment, as well as the greatest overlap in Differentially Expressed 

Genes (DEGs) (Figure 3.4D). Gene ontology analysis of overlapping genes again showed 

significant enrichment for biological process involved in neuronal development, with the top 

three processes as Nervous System Development (GO:0007399, LogP = -4.65), Synapse 

Organization (GO:0050808, LogP = -3.80) and Neuron Projection Morphogenesis 

(GO:0048812, LogP = -3.77). Interestingly, the remaining diseases/disorders showed 

significant overlap with documented KS phenotypes (facial features, speech delay, dystonia). 

Genes common between enriched genes included MAPT, NLGN3, KIF1A, EEF1A2 and MAST1, 

and with exception of MAPT, de-novo mutations for each gene being linked to a range of 

neurodevelopmental symptoms (Quartier et al., 2019, Tomaselli et al., 2017, Kaneko et al., 

2021, Tripathy et al., 2018, Cooper et al., 2011). 
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Figure 3.4 Enrichment analysis of EHMT1+/- neuronal cells 
A) Tissue enrichment analysis using gene expression per tissue based on GTEx RNA-seq data for general tissues 
B) Schematic body map of significantly enriched tissues. C) Brain cell type enrichment analysis using gene 
expression per tissue based on brain tissue single cell data. Significant tissues P>0.05, are in blue. D) Disease-
gene enrichment analysis performed for all DEGs and disease associations from DisGeNET, with significance 
determined as P < 0.001. Bar plot colour indicates the number of enriched genes within a given disease gene-set. 
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3.3.3 Transcription motif analysis 

Collectively, enrichment results indicate cells depleted in EHMT1 suggested a gene 

enrichment indicative of increased neuronal differentiation and maturation. To characterise 

the transcriptional changes of this altered gene architecture I performed transcription factor 

(TF) analysis using Integrated System for Motif Activity Response (ISMARA) (Balwierz et al., 

2014), for the upregulated and downregulated genesets (Figure 3.5A-B).  

 

Figure 3.5 ISMARA motif analysis of EHMT1+/- neurons  
A) ISMARA motif analysis (based on z score) for upregulated (blue) and downregulated (orange) genesets, with 
identified motif sequence. B) Violin plot of TF target expression for upregulated (blue) and downregulated 
(orange) genes. 

The top transcriptional regulator for the upregulated gene set was REST (RE1 Silencing 

Transcription Factor) (Z-score = 39.49), a neuron specific gene repressor, often referred to as 

the master regulator of neurogenesis (Mozzi et al., 2017). Indeed, of the 231 upregulated 

genes, 52 contained REST RE1 motifs. Interestingly, amongst the remaining enriched TFs is 

EZH2 (Z-score = 20.13), another epigenetic repressor, known to directly bind to the REST 

protein (Dietrich et al., 2012). Additionally, SIN3A (Z-score = 20.14) and RCOR1 (Z-score = 

12.01) are both TFs within the REST complex and known to regulate the balance of 

proliferation and differentiation of developing neurons (Monaghan et al., 2017). These 

findings suggest a dysregulation of the REST complex, principally around the REST protein 

itself, leading to strong activation of the neurogenesis pathway. This supports previous GOBP 

analysis that suggested the enrichment of neuronal differentiation pathways. Conversely, 
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within the downregulated gene set, enriched TFs included E2F4, FOXM1, MYC and SOX2. A 

negative association with FOXM1 and SOX2 suggests a loss of stemness as they are directed 

to neuronal cell differentiation (Besharat et al., 2018, Favaro et al., 2009). 

3.3.4 Analysis of REST expression 

Bioinformatic analysis indicated that REST function was disrupted in response to a loss of 

EHMT1. REST is a critical regulator of development and is highly expressed in both stem cells 

and neural stem cells (Johnson et al., 2008). To assess the impact of depletion on REST 

function, hiPSCs were treated with the selective euchromatic histone methyltransferase 

inhibitor, UNC0638, for 48 hours. 

Stem cells were treated with concentrations of UNC0638, from 0-800nM and the levels of 

REST protein were analysed (Figure 3.6A). Analysis by One-way ANOVA with Bonferroni post-

hoc testing revealed levels of REST protein were inversely proportional to UNC0638 

concentrations, with significant decreases at 400, 600 and 800nM as compared to control 

(0nM 1.404±0.196, 200nM 0.989±0.243, 400nM 0.539+0.100, 600nM 0.399±0.048, 600nM 

0.204±0.090). Half maximal change was seen around 400nM of UNC0638. This data indicates 

that a loss of EHMT1 does indeed lead to a reduction in REST protein as early as the stem cell 

stage. 

To assess if this reduction in protein translated to functional changes, expression of NRXN3, 

ACTA1, CALB1 and ACTL6B were measured as targets of REST, in hiPSCs treated with UNC0638 

(400nM) (Figure 3.6C). The expression of these three targets begins early in neuronal 

development in response to decreased REST, however, they are not present in stem cells 

(Bruce et al., 2004, Ballas et al., 2005, Wu and Xie, 2006). Treatment of hiPSCs with UNC06368 

lead to a reduction in REST transcript levels (0.703±0.125), although this reduction was not 

significant. However significant increases were observed in the REST targets, NRXN3 

(3.663±0.455), ACTA1 (3.400±1.223), CALB1 (6.517±0.613) and ACTL6B (7.183±1.262). This 

data indicates that the loss of REST protein leads to de-repression of its targets and a 

premature increase in their expression. 
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Figure 3.6 Expression of REST following EHMT1 inhibition 
A) Analysis of REST protein levels in hiPSCs treated with varying concentrations of UNC0638, from 0-800nM. 
Analysis by One way ANOVA with Bonferroni post hoc analysis relative to control B) Analysis of REST protein 
levels during neuronal differentiation, of cells treated with UNC0638 (400nM). C) Expression analysis of REST and 
its targets in hiPSCs treated with UNC0638 (400nM) (* p>0.05; ** p>0.01; *** p>0.001). Figure A shows summary 
data from 3 samples, figure B shows summary data from 6 samples and figure C shows summary data from 3 
samples. 

Given that REST expression is known to decrease as neural differentiation progresses, I 

wanted to assess how protein expression changes in EHMT1 depleted cells during 

differentiation. Cells were treated with UNC0638 (400nM) starting two days prior and 

differentiated, with samples taken at day 0, 15 and 30. 
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REST protein levels were significantly lower in UNC0638 treated cells compared to control at 

day 0 (0.301±0.099 vs 0.506±0.091), day 15 (0.198±0.031 vs 0.413±0.041) and day 30 

(0.230±0.066 vs 0.355±0.056) (Figure 3.6B). Importantly REST levels were significantly 

decreased in controls cells compared between day 0 and day 30 (0.506±0.091 vs 

0.355±0.056), however this was not the case UNC0638 treated cells which remained low from 

day 0 and no significant change was observed between timepoints. 

To visualize the effects of UNC0638 on protein expression, hiPSCs were continuously exposed 

to the drug (400nM) throughout their differentiation process into neurons for 30 days. 

Following differentiation, the cells were stained for REST protein (Figure 3.7A). Analysis of the 

images showed a significant drop REST protein intensity relative to DAPI (1621±126 vs. 

529±233) (Figure 3.7B). This data suggests initial loss of REST protein is sustained throughout 

differentiation and globally affecting all cells in culture. 

 

Figure 3.7 Immunostaining of REST (purple) and DAPI (blue) in control and UNC0638 treated neurons, day 30.  
A) Example-stained images, scale Bar, 50μm. B) Quantification of protein expression as REST mean fluorescence 
intensity, with DAPI nuclear counterstain. (** p>0.01). Figure B shows summary data from 4 samples across 4 
differentiations. 
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3.4 Discussion 

This chapter describes how reduced EHMT1 function, a mutation linked to Kleefstra 

Syndrome, affects gene expression in human induced pluripotent stem cells (hiPSCs) as they 

progress to neurons. Publicly available RNA sequencing data from EHMT1+/- cells was 

processed and revealed global changes. A limitation in the availability of EHMT1+/- RNA 

sequencing data meant only a single dataset was analysed. Subsequently published results by 

the authors of the KS-RNA sequencing dataset (GSE178646), performed differential gene 

expression analysis on combined iPSC and NPC data between SNP and WT cells (Fear et al., 

2022). In contrast, given that EHMT1 is not required to maintain a pluripotent state, my 

analysis focused solely on data from the NPC stage, identifying 231 significantly upregulated 

genes and 151 downregulated genes, as opposed to 89 and 19 respectively. 54 DEG were 

common to the results of both analyses. Results from both mine and the authors analysis 

identified a significant dysregulation of REST targets as previously identified in our work 

(Alsaqati et al., 2022). Work by the authors also identified associated changes with targets of 

the transcription factor SP1, not identified in my analysis. This may indicate a function of SP1 

as cells transition out of the pluripotent stage. Within my own work, by utilising approaches 

such as fGSEA, ISMARA and tissue enrichment analysis, I identified novel changes in neuronal 

maturation, key transcription factors, histone methylation marks and cell type specification. 

Genes involved in neuronal development and maturation, such as those related to neuron 

projection and synaptic signalling, were upregulated. Conversely, genes associated with cell 

cycle and division were downregulated. Analysis of brain-specific tissues showed an 

enrichment of the differentially expressed genes, suggesting their relevance to brain 

development. Interestingly, several genes commonly altered in this work have been 

previously linked to neurodevelopmental disorders. Further investigation pointed towards a 

potential role for the protein REST, a critical regulator of neuronal differentiation, in the 

observed effects. Loss of EHMT1 function appeared to disrupt REST, leading to decreased 

protein levels in hiPSCs. This inactivation of REST resulted in the premature expression of 

genes typically activated during later stages of development. These findings suggest EHMT1 

plays a key role in neuronal development and the regulation of key neuronal genes. 

My findings of enhanced neuronal differentiation are corroborated by omics studies 

examining the early stages of neural differentiation in human stem cells (Samara et al., 2022, 
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Su et al., 2017). These studies identified a significant overlap in enriched biological processes, 

including nervous system development, synaptic signalling, neuron projection development, 

and neuron development itself. Notably, all these processes were enriched in EHMT1+/- 

neurons, and clustering analysis revealed a strong association, suggesting a highly organized 

network. Furthermore, these studies reported increased expression of specific genes that 

were also upregulated in EHMT1+/- neurons. These genes included early 

neurodevelopmental markers like OTX2 and VSTM2L, alongside neuronal differentiation 

markers such as STMN2 and NCAM1. Conversely, the enrichment of cell cycle-related genes 

among downregulated genes suggests a disruption of the cell cycle, potentially indicative of 

premature neuronal differentiation (Pauklin et al., 2016). 

However, these results contradict previous results of KS derived neurons, which show 

increased expression of proliferation related genes, alongside a decrease in maturation and 

migration genes (Nagy et al., 2017). This may in part be explained by the study design, in 

which the researchers shortlisted 197 targets from the SFARI autism dataset (Abrahams et al., 

2013), as representative of the differentiation state. Upregulated genes which the authors 

associated with increased proliferation, SIX3, were also upregulated in the EHMT1+/- neurons. 

Meanwhile maturation markers CUX2 and HCN2 which were shown to be downregulated in 

the study, were instead upregulated in my analysis. At the timepoint investigated, day 10, 

increases in the homeobox gene SIX3 are more indicative of increased neuronal 

differentiation (Shrestha et al., 2023), whilst accompanying morphological maturation 

analysis is performed significantly later at the 8-week mark. 

In this study tissue enrichment analysis also indicated a genetic shift toward neuronal 

development in response to a loss of EHMT1. By far the strongest genetic signatures in 

upregulated genes were for brain and nerve tissues., whilst cell type analysis showed 

enrichment for all neuronal cell types within the brain. Interestingly, disease analysis also 

showed significant enrichment for various conditions, including the top result, 

neurodevelopmental disorders. These findings are in line with other studies which have 

shown significant genetic overlap between neurodevelopmental disorders, including EHMT1 

(Gigek et al., 2015, Chen et al., 2014). Importantly, as seen in my work, these expression 

changes are characteristic to differentiating neural cells, with decreases in proliferation 

associated genes. This suggests the loss of EHMT1 is driving precocious neuronal 
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differentiation and leading to a premature exit from the cell cycle. This hypothesis aligns with 

the disease phenotype, in which microencephaly and reduced brain size are a common 

observation of Kleefstra Syndrome (Stewart and Kleefstra, 2007). This precocious maturation 

has been demonstrated in other neurodevelopmental disorders such as Kabuki syndrome, 

Wiedemann-Steiner syndrome, Rett syndrome and Tuberous Sclerosis Complex disorder 

(Carosso et al., 2019, Huang et al., 2015, Patrizi et al., 2019, Magri et al., 2011). Indeed, deficits 

in neuronal differentiation and proliferation have been posited as major convergence points 

for NDDs and may go some way to explaining the observed phenotypic overlap (Ernst, 2016). 

The effect of EHMT1 on neuronal maturation rate has also been highlighted in a very recent 

study, demonstrating that a temporary loss of the epigenetic regulator leads to premature 

maturation of iPSC derived neurons (Ciceri et al., 2024). Many of the upregulated markers 

observed in this work were also identified as being upregulated in my own analysis, such as 

NEFM and STX1A.  

Transcription factor analysis indicated the driving force behind this accelerated maturation 

was a loss of the REST complex, with almost a quarter of upregulated genes targeted by REST. 

This finding strongly corroborates previous findings that indicate REST is a key mediator of 

the Kleefstra Syndrome phenotype (Alsaqati et al., 2022). Multiple known components of the 

REST complex were identified in motif analysis, including SIN3A and RCOR1, which in 

themselves are important regulators of neurodevelopment. RCOR1 is a core protein of the 

BRAF-HDAC (BHF) complex and is vital for the recruitment of HDAC for the repression of 

neuronal genes (Lee et al., 2005). Despite being closely associated with the REST complex, the 

protein is also capable of REST independent regulation and is required for proper timing and 

migration of cortical neurons (Fuentes et al., 2012). Mutations in the gene have also been 

closely associated with the developmental disorder Joubert Syndrome 1 (Braun et al., 2016). 

Likewise, SIN3A is a core member of the REST complex, required for the recruitment of HDACs 

to repress gene expression (Huang et al., 1999). Intriguingly, a study by Halder et al. 

demonstrated that reducing SIN3A levels promotes neuronal differentiation while inhibiting 

the formation of astrocytes (Halder et al., 2017). This finding aligns with results of my cell type 

enrichment analysis, which revealed a preferential shift towards neuronal subtypes compared 

to astrocytes and oligodendrocytes. Similar to RCOR1, mutations of SIN3A are causative for 

the neurodevelopmental disorder Witteveen-Kolk syndrome, characterised by intellectual 
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disability, seizures, hypotonia and epilepsy (Balasubramanian et al., 2021), all classical 

symptoms of the EHMT1 disorder, Kleefstra Syndrome. 

Another highly enriched transcription factor was the epigenetic regulator EZH2, a 

methyltransferase responsible for depositing H3K27me3. EZH2 is crucial for the proper 

development of neurons, particularly in balancing between self-renewal and differentiation 

(Pereira et al., 2010). Though not a core member of the REST complex, EZH2 has been found 

to associate with the complex, whilst REST is required for the recruitment of EZH2 at specific 

targets (Dietrich et al., 2012). Furthermore, alongside EHMT1 and DOT1L; EZH2 was identified 

as a key regulator of neural differentiation timing (Ciceri et al., 2024).  

Collectively these results demonstrate the close relationship between these epigenetic 

regulators and the significant overlap seen in their functions. Despite this, results of the motif 

analysis indicated enrichment appeared primarily around the REST protein itself. Moreover, 

of all transcription factors identified, REST showed the largest change in EHMT1+/- cells. 

Beyond the control of REST gene expression, the protein's activity is further fine-tuned 

through various chemical modifications (ubiquitination, phosphorylation, methylation), as 

well as alternative splicing mechanisms (Nishihara et al., 2003, Ohnishi et al., 2017). To assess 

if the dysregulation of REST was at the transcriptional or translational level, cells were treated 

with an EHMT inhibitor, UNC0638. I demonstrated that although a modest decrease is seen 

in REST transcript, the most significant reductions were seen in protein levels. This indicates 

the regulation of REST by EHMT1 is most likely post-translational in nature. To note, UNC0638 

inhibits not only EHMT1 but also its dimer, EHMT2, meaning I cannot conclusively exclude an 

action of EHMT2 on REST levels at this stage. 

Widely recognized as the master regulator of neurogenesis, REST functions by suppressing 

genes that maintain neural stem cells in an undifferentiated state. Conversely, activation of 

these REST target genes is sufficient to drive neuronal differentiation (Su et al., 2004). To test 

if the loss of REST protein was sufficient to cause de-repression of its targets, I analysed 

expression levels following EHMT1 inhibition. Expression of early NPC markers were 

significantly upregulated as early as the stem cell stage, indicating the loss of REST protein has 

a functional implication on its targets. These results underline that REST decreases are driving 

precocious neuronal differentiation in EHMT1 depleted cells. This mirrors our previous 

findings that indicate REST protein shows a marked decrease in EHMT1 deficient cells 



3. Computational analysis of gene expression in cells lacking EHMT1 

69 
 

(Alsaqati et al., 2022). This aligns with studies implicating the role of REST in maintaining an 

undifferentiated state in stem cells (Mukherjee et al., 2016). In this work, depletion of REST 

not only induced premature differentiation of neurons, but also a decrease in cell cycling 

genes, as previously highlighted in my findings. This is not the first association of a methylase 

and REST impairment with neurodevelopmental disorders. Mutations in the histone 

demethylase, KDM5C (also referred to as JARID1C) was found to impair the REST mediated 

repression of various neuronal genes, ultimately culminating in X-linked intellectual disability 

(Tahiliani et al., 2007). 

Although REST expression decreases as stem cells progress through neural differentiation, 

several studies have demonstrated elevated levels of REST are expressed later in adult post-

mitotic neurons (Gao et al., 2011, Calderone et al., 2003). To understand if REST levels 

changed as differentiation progresses, I differentiated EHMT1 depleted cells until day 30 and 

compared to control cells. As before REST levels were decreased in stem cells in response to 

a loss of EHMT1, however as differentiation progressed these levels remained repressed. 

Conversely, levels in control cells decreased sequentially as differentiation progressed, 

however by day 30 were still significantly higher than EHMT1 depleted cells. Taking this 

information together suggests beyond simply an acceleration of REST reduction, the loss of 

EHMT1 causes a sustained repression of REST. This was supported by imaging analysis of day 

30 neurons which showed a significant reduction in REST levels across the culture. There is a 

possibility that prolonged culture of these EHMT1 depleted cells may lead to subsequent 

increases in REST levels, particularly for specific neuronal phenotypes. Most likely expression 

would take the form of the alternatively spliced isoform, REST4, a truncated protein that 

unlike its full-length counterpart functions as an activator (Raj et al., 2011). 

3.5 Conclusion 

This chapter delves into the computational analysis of gene expression patterns within 

neurons possessing a heterozygous mutation in the EHMT1 gene (EHMT1+/-). The work 

demonstrates the ramifications of reduced EHMT1 levels on the overall architecture of gene 

expression. The findings reveal a compelling shift in this architecture, favouring the gene 

expression profile characteristic of differentiating cells. This shift manifests as an upregulation 

of genes intimately involved in the development of neuronal structures, particularly those 

facilitating communication and connection between neurons. These findings collectively 
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suggest that EHMT1 plays a critical role in orchestrating the timely progression of 

neurogenesis, ensuring the proper development of neurons within a defined timeframe. 

Notably, the genes exhibiting dysregulation displayed a significant overlap with genes 

implicated in various developmental disorders. This observation highlights a potential 

convergence pathway with other disorders that share similar symptomatic presentations. The 

research provides compelling evidence for a degree of functional convergence between 

EHMT1 and a subset of rare neurodevelopmental disorders. The central driver behind this 

shift in gene expression appears to be the dysregulation of the master regulator REST. The 

study successfully confirmed that the ablation of EHMT1 leads to a subsequent 

downregulation of REST protein levels. This downregulation, in turn, prematurely derepresses 

the vast network of genes associated with neuronal function. Interestingly, these alterations 

in REST function are not solely confined to the stem cell stage, but rather persist as the 

process of neural differentiation unfolds. 



4 Analysis of miRNAs in EHMT1 deficient cell models 

4.1 Introduction 

As a master regulator of neurogenesis, the regulation of REST is complex and regulated at 

various levels. Mechanisms of REST regulation are dependent on cell type and differentiation 

stage, with a multistep system regulating how cells progress to mature neurons. During the 

transition to the neuronal progenitor state, REST protein levels undergo a tightly regulated 

reduction. This precisely controlled degradation ensures that neuronal gene chromatin 

remains in a transcriptionally repressed yet inducible state (Ballas et al., 2005). Subsequently, 

as these progenitors differentiate into mature neurons, REST along with its co-repressors 

dissociate from the RE1 element on neuronal gene promoters. This dissociation event triggers 

the transcriptional activation of the neuronal gene network. 

In the early stages of neuronal differentiation, post-translational regulation mechanisms 

appear to be the dominant regulator of REST levels. For example, retinoic acid (RA) induced 

differentiation has been shown to stimulate proteasomal degradation of REST through the 

elevation of β-TRCP E3 ubiquitin ligase (Westbrook et al., 2008, Singh et al., 2011). However 

more recently studies have implicated sncRNAs are instrumental in the regulation of REST, 

with a particular inference on microRNAs. MicroRNAs are small, non-coding RNAs that 

function as post-transcriptional regulators by binding to target mRNAs and promoting their 

degradation or inhibiting translation (Gebert and MacRae, 2019). 

Studies on the role of RA demonstrated that in addition to the effect on β-TRCP E3, there was 

also a significant increase in miR-29a-3p, which acted to directly degrade REST (Wang et al., 

2018b). Interestingly, treatment with inhibitors for miR-29a-3p lead to a reduction in 

neuronal differentiation and increases in proliferation. Other studies have demonstrated that 

initial loss of REST is driven by increases in the miR-26 family (Sauer et al., 2021). 

Administration of miR-26 mimics were shown to directly inhibit REST and lead to both 

accelerated differentiation and reduced proliferation. 

The regulatory relationship between REST and miRNAs is intricate. While some miRNAs may 

target REST for downregulation, REST itself acts as a transcriptional repressor for a subset of 

miRNAs. For example, REST directly inhibits miR-124-3p, miR-9-5p, miR-132-3p, miR-153-3p 

and let-7-5p, whilst simultaneously being targeted by these miRNAs (Wu and Xie, 2006, Otto 
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et al., 2007) This reciprocal interaction creates a feedback loop, making it challenging to 

definitively identify which miRNAs act upstream of the REST complex in a given context. 

In the absence of high-throughput biological assays, computational methods have emerged 

as a valuable tool for the rapid identification of miRNAs and their putative targets. The 

cornerstone of most algorithms for predicting miRNA targets lies in the analysis of 

complementarity between the miRNA's seed region, typically nucleotides 2-7, and a potential 

target site within the 3' untranslated region (UTR) of an mRNA transcript (Min and Yoon, 

2010). Despite this, various techniques are used, each considering differences in pairing 

matches, evolutionary conservation, and target accessibility. As such these databases can 

produce significantly differing results, with one analysis of 5 databases showing an overlap of 

only 16 miRNA-target interactions from a total of 2,869 (0.56%) (Kariuki et al., 2023). 

Moreover, a study aiming to validate these databases by studying the global impact of 

knocking out a single miRNA found the best algorithm, TargetScan (V4.1), still displayed a false 

discovery rate of approximately 66% (Baek et al., 2008).  

This discrepancy can in part be explained by the failure of these algorithms to acknowledge 

the highly complex reality of miRNA binding in-vivo. It has been demonstrated that a single 

miRNA can bind to many target genes, but perhaps even more importantly that multiple 

miRNAs can bind to a single target simultaneously and in concert with one another (Wu et al., 

2010, Hashimoto et al., 2013). Combined with other factors such as competitive binding 

between miRNAs (Gardiner et al., 2015) and dosage response (Cui et al., 2024), it is little 

surprise that algorithms display such high rates of false positives. 

In attempts to embrace this complexity some studies have incorporated target prediction 

results with omics data, including mRNA expression profiles. Such approaches have involved 

generating disease specific miRNA-mRNA networks, using a biological systems approach to 

overcome issues of many-many relationships (Zhu et al., 2017, Zhang et al., 2014b, Lin et al., 

2018). This approach has been successful in identifying novel biomarkers in various cancers, 

but also in highly polygenic disorders such as autism spectrum disorder (ASD) (Shen et al., 

2016).
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4.2 Chapter Aims 

The aim of this chapter will be to develop a novel Kleefstra syndrome specific miRNA-mRNA 

network, utilising previously analysed RNA-sequencing data from chapter 3.3.1. The goal is to 

identify dysregulated miRNAs that may be driving the disease phenotype and confirm these 

results in-vitro using disease models. Critically, the work also aims to discern the temporal 

differences in this network throughout neuronal differentiation. 
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4.3 Results 

4.3.1 Knowledge guided miRNA prediction analysis 

The results in Chapter 3 demonstrated that REST protein is significantly repressed in response 

to a loss of EHMT1. To further probe the potential role of miRNAs in this system I developed 

a model based on integrative analysis of a miRNA-mRNA regulatory network and the disease 

specific expression profile of RNA-seq data analysed at day 30, modified from previously 

described pipelines (Shen et al., 2016, Zhang et al., 2014b). This model predicts and ranks 

enriched miRNAs, utilising three network measurements, namely single-line regulation, the 

percentage of transcription factor genes and the closeness proximity score. 

Based on the expression data from EHMT1+/- cells at day 30, a total of 18 miRNAs were 

predicted to be enriched (P≤0.01) (Figure 4.1A). Interestingly, of these 18 miRNAs, 8 are 

known to contain RE1 binding sites and have been shown to be directly regulated by the REST 

complex (Wu and Xie, 2006). Next to confirm the results of the model, qRT-PCR was 

performed on samples taken from day 30 of differentiation and treated with UNC0638 

(400nM). Of the 18 predicted miRNAs, an astonishing 14 (78%) were shown to be upregulated 

(Figure 4.1B), including 7 of those known to be regulated by the REST complex (Wu and Xie, 

2006). This included brain specific miRNAs such as miR-124-3p and miR-9-5p, which are 

known to induce neuronal differentiation and drive maturation (Richner et al., 2015). 

Given that previous studies have suggested specific miRNAs may act upstream of the REST 

complex, I next analysed the expression of the predicted miRNAs in pluripotent cells treated 

with UNC0638 (400nM) for 48 hours. Of the total 18 miRNAs, 10 (56%) were shown to be 

significantly upregulated following the UNC treatment (Figure 4.1C). Interestingly, with the 

exception of miR-153-3p, the remaining REST targeted miRNAs were not upregulated, 

suggesting although REST was decreased at the pluripotent stage, a residual level of activity 

was sufficient for repression. Furthermore, although upregulated at the pluripotent stage, the 

expression of several miRNAs (miR-653-3p, miR-10b-3p and miR-140-5p) appear to reduce by 

day 30, whilst the remaining miRNAs remain elevated. To determine if the pluripotent 

upregulated miRNAs may be acting upstream of the REST complex, target analysis was 

performed. Four of these miRNAs (miR-142-3p, miR-153-3p, miR-140-5p and miR-26a-5p), 

were predicted to target REST mRNA based on the TargetScan database (V8.0).  
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Figure 4.1 Dysregulation of miRNAs in EHMT1 depleted cells. 
A) Prediction enrichment analysis of upregulated miRNAs based on EHMT1+/- day 30 transcriptomic data, where orange miRNAs are those known to be regulated by the REST 
complex. Prediction was considered significant when P < 0.01, plot size indicates the number of DEGs predicted to be targeted by the relevant miRNA. B,C Analysis of predicted 
miRNA expression by qRT-PCR. Mean fold change over vehicle control, n ≥ 4 independent experiments, log10 scale axis. Increased miRNA expression = FC > 2. B) Day 30 hiPSC 
derived neurons following constitutive treatment with 400nM UNC0638. C) hiPSC following treatment with 400nM UNC0638 for 4 days. Data were presented as Mean±SEM 
and analysed by student’s t-test or One-way ANOVA with post hoc comparisons using Tukey’s multiple comparisons test comparing to control samples. 
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4.3.2 EHMT1 mediated regulation of miRNAs 

To determine if these miRNAs were indeed directly targeted by EHMT1, ChIP-qPCR was 

performed for all four miRNAs to determine the levels of H3K9me2 methylation. For the gene 

encoding each miRNA, primer pairs were designed for the transcription start site (TSS), 1Kb 

downstream of the TSS, or up to 3Kb upstream of the TSS at 1Kb intervals (Figure 4.2A). A 

control region, 8Kb upstream of the TSS was also assessed. H3K9me2 levels were then 

analysed for each of the four miRNA genes (miR-142, miR-153, miR-140 and miR-26a) in 

hiPSCs treated with UNC0638 (400nM) for 48 hours (Figure 4.2B-E). 

Genes for all four miRNAs showed greater than two-fold enrichment for repressive H3K9me2 

marks in control samples. The largest mean fold enrichment was 18.73±2.09 for MIR142, 

12.11±1.67 for MIR153, 10.46±1.44 for MIR140 and 6.53±0.44 for MIR26a. Control regions, 

at -8Kb showed no enrichment for H3K9me2. With the exception of MIR26a, all genes show 

clear peaks of H3K9me2 enrichment. Following treatment with UNC0638, all genes showed a 

significant reduction in repressive H3K9me2 levels across all regions as compared to controls, 

with the exception of MIR26a -2Kb (P>0.05). Mean fold enrichment for previous peaks 

dropped to 4.37±0.75 for MIR142, 4.91±1.29 for MIR153, 2.43±0.39 for MIR140 and 

1.13±0.43 for MIR26a. 

Collectively data indicates enrichment for H3K9me2 marks around each of the miRNA genes 

that is significantly reduced following treatment with the methyltransferase inhibitor, 

UNC0638. 
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Figure 4.2 ChIP-qPCR analysis of H3K9me2 marks on miRNA targets 
A) Schematic of regions in the MIR142 gene analysed by qPCR. Primer pairs were designed at the transcription 
start site (TSS), 1Kb downstream of the TSS, or up to -3Kb upstream of the TSS at 1Kb intervals. B-E Analysis of 
miRNAs in hiPSCs treated with 400nM UNC0638 as compared to vehicle control. Mean fold change over vehicle 
control, n = 3 independent experiments B) MIR142 C) MIR-153, successful primers were not possible for -1Kb 
downstream of the TSS D) MIR140 E) MIR26a. Data were presented as Mean±SEM 
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To further probe the link between EHMT1 and the four miRNAs, I assessed their expression 

in iPSCs derived from Kleefstra Syndrome patients (KS). Unlike the UNC0638 inhibitor, the KS 

cell lines are only deficient in EHMT1, whilst EHMT2 remains unchanged. With the exception 

of miR-142-3p in cell line KS1, analysis by two way ANOVA revealed all miRNAs were 

significantly increased compared to control (Figure 4.3A), indicating EHMT1 is directly 

responsible for the regulation of the H3K9me2 marks noted previously. No significant 

difference was observed between the two patient lines, however miR-153-3p was 

significantly higher than all other miRNAs (P<0.05). 

To further support this finding, I assessed expression of the miRNAs in a previously generated 

EHMT1 heterozygous mutant cell line (EHMT1+/-). Expression of all four miRNAs was increased 

relative to controls (Figure 4.3B). To understand if abnormal increase in miRNA expression 

was reversible, I generated a full length EHMT1 plasmid and subsequently transfected the 

plasmid into the EHMT1+/- cells. Exogenous overexpression of EHMT1 in the EHMT1+/- cell 

line was sufficient to significantly reduce expression levels of all four mature miRNAs, (miR-

142-3p p=0.0013; miR-153-3p p=0.00015, miR-140-5p p=0.0082, miR-26a-5p p=0.0050) 

reversing the effects of the EHMT1 loss (Figure 4.3B). Together this data suggests EHMT1 is 

directly responsible for the repression of miRNAs targeting REST in hiPSCs, whilst the loss of 

EHMT1 and its effects of miRNA expression are reversible. 

 

 

Figure 4.3 EHMT1 directly regulates miRNAs 
A) Mature miRNA expression analysis of miRs predicted to target REST by qRT-PCR in patient hiPSCs (KS1, KS2). 
Mean fold change over control, n = 3 independent experiments. B) Mature miRNA expression analysis by qRT-
PCR in CRISPR edited EHMT1+/- cells only, or with exogenous EHMT1 plasmid (+E). The qRT-PCR data were shown 
as Mean±SEM and analysed by two-way ANOVA comparing between samples and miRNAs. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, n ≥ 3. 
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4.3.3 Development of a multimiR-sponge 

It has been previously demonstrated that several miRNAs are capable of targeting the same 

mRNA simultaneously (Wu et al., 2010) and I hypothesised this may also be the case with my 

shortlisted miRNAs and REST. To test this hypothesis, I generated a novel multimiR-sponge 

based on previous sponge approaches (Ebert et al., 2007), capable of repressing multiple 

miRNAs simultaneously. 

To generate the multimiR-sponges, individual sponges were first generated by ligating 

multiple miRNA binding sites (MBS) into the 3’UTR of one of three empty GFP vectors (Figure 

4.4A). The efficacy of a miRNA sponge is determined both by the binding sequence and the 

number of those sequences in the sponge. The number of MBS inserts was regulated by 

varying the ratio of insert to vector, ranging from 1:3 up to 1:500 (Figure 4.4B). Increased 

ratios showed a greater number of average repeated MBS per sponge, 1:3 (4.27±0.42), 1:50 

(6.07±0.56), 1:100 (7.80±0.68), 1:300 (9.33±0.80) and 1:500 (12.67±1.22).  

 

Figure 4.4 MultimiR-sponge cloning 
A) Overview of the multimiR sponge cloning approach. Three vector libraries allow for subcloning of individual 
miR sponges to generate the combined multimiR-sponges. B) Analysis of microRNA binding site inserts 
proportional to insert ratio (3-500), n = 30 bacterial colonies. Black bar denotes average number of microRNA 
binding sites (MBS) 

Next to test the efficacy, I generated sponges specific to miR-142-3p (pmiR-142) with either a 

perfect binding sequence or bulged sequence with a slight 4bp mismatch (Figure 4.5A), as this 

has been reported to prevent cleavage of the sponge and thus increase efficacy. Sponges 

were generated with either 2, 6 or 12 repeated MBS inserts and co-transfected with either an 

empty luciferase vector or one containing the binding sequence for miR-142-3p (Figure 4.5C). 

Analysis by two-way ANOVA revealed bulged sponges showed significantly increased 

luciferase levels compared to perfect sponges (0.64±0.16 vs. 0.15±0.090, p<0.0001). This was 
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most likely due to the cleavage of perfect sponges by mRISC complexes, a hypothesis that was 

supported by the lack of GFP signal in cells transfected with perfect sponges (Figure 4.5B). 

Furthermore, significant increases in luciferase signal were seen between x2 and x12 MBS 

inserts for both perfect (0.074±0.026 vs. 0.26±0.063, p=0.045) and bulged (0.45±0.086 vs. 

0.76±0.047, p=0.0006) sponges. However, no significant increase was observed in bulged 

sponges beyond x6 MBS inserts (p=0.93), suggesting an upper level of inhibition was reached. 

Importantly, even the largest increase in luciferase signal seen in pmiR-142-bulged-x12 MBS 

was significantly lower when compared to empty vector (p=0.0064). 

To determine if the miR-sponge was capable of inhibiting its target miRNA in a KS model, a 

sponge was designed against the most robustly elevated miRNA, miR-153. Stem cells were 

treated with UNC0638 for 48 hours and transfected with either an empty vector or pmiR-

153(x12). Three validated targets of miR-153, KIF20A, CITED2 and UNC5C (Rahman et al., 

2023, Gao et al., 2020, Zhao et al., 2022), were selected and their expression measured using 

qRT-PCR. Following treatment with UNC0638 and the empty vector, significant decreases in 

expression were seen for both KIF20A (0.35±0.12, p=0.0085) and UNC5C (0.61±0.015, 

P<0.00012) (Figure 4.5D). CITED2 also showed a decrease, however this was not significant 

(0.69±0.098, p=0.0576). Conversely, in samples transfected with UNC0638 and the pmiR-153 

sponge, expression of KIF20A, CITED2 and UNC5C were greater than the empty vector 

samples, with a 3.4-fold (1.20±0.15, p=0.0045), 1.3-fold (0.94±0.12, p=0.11) and 1.9-fold 

(1.15±0.028, =0.0001) increase respectively. 

Next, I generated a multimiR-sponge for miR-142-3p and miR-153-3p by subcloning together 

individual pmiR-142 and pmiR-153 bulged sponges with x12 MBS each. To assess the efficacy 

of the multimiR sponge it was co-transfected into stem cells with either an empty luciferase 

vector or one containing the binding sequence for miR-142/153. Analysis by one-way ANOVA 

revealed there was no significant difference in luciferase signal between the multimiR-sponge 

and the individual pmiR-142 or pmiR-153 sponges (Figure 4.5E). Despite this luciferase signal 

in samples treated with the multimiR-sponge remained significantly lower than the empty 

vector (0.80±0.066 vs. 1.03±0.11, p=0.0014).  

Collectively these results demonstrate that miR-sponges are capable of inhibiting the effects 

of miRNAs, while multimiR-sponges are equally as capable as their individual counterparts.  
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Figure 4.5 MultimiR-sponge efficacy  
A) Illustration of the perfect vs. bulged sponge designs, in which an individual sponge will contain either one or 
the other B, C Efficacy analysis of individual sponge inserts using luciferase reporters. B) Immunofluorescence 
imaging of stem cells transfected with either the bulged or perfect pmiR-142 sponges. C) Luciferase reporter 
analysis of perfect and bulged miR-142 sponges relative to empty vector (EV). D) Gene analysis using qRT-PCR of 
hiPSCs treated with 400nM UNC0638 + Empty vector (EV) miR-sponge, or pmiR-153 sponge, as compared to 
vehicle treated control. Mean fold change over vehicle control, n = 3 independent experiments, log10 scale axis 
E) Luciferase reporter analysis of individual and multimiR-sponges relative to empty vector (EV). Luciferase data 
shown as Mean±SEM and analysed by One-way ANOVA with post hoc comparisons using Tukey’s multiple 
comparisons test comparing to control samples. *P < 0.05, **P < 0.01, **P < 0.001 n ≥ 3. 
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4.3.4 MicroRNA regulation of REST 

Given that miRNAs have been shown to target genes simultaneously and that a number of 

miRNAs upregulated in my cell model are predicted to target REST, I aimed to probe this 

relationship further. To achieve this, I first treated stem cells with UNC0638 (400nM) inhibitor, 

before transfecting these cells with either miRNA-specific sponges targeting miR-142-3p, miR-

140-5p, miR-26a-5p, and miR-153-3p individually or a multimiR-sponge targeting up to three 

miRNAs simultaneously. To assess the impact on REST function I assessed the expression of 

REST targets known to be dysregulated following UNC0638 treatment, NRXN3, ACTA1, CALB1. 

As previously demonstrated the expression of all three targets, NRXN3, ACTA1 and CALB1, 

were significantly elevated following treatment with UNC0638 and scramble control, with fold 

changes of (4.82±1.07, 4.24±1.48, and 8.36±1.39 respectively) (Figure 4.6A-C). With the 

exception of pmiR-153 and CALB1, which showed a 1.7-fold reduction vs scramble control (FC 

4.85±2.34 vs. FC 8.36±1.39, p=0.02), none of the individual sponges were capable of 

significantly reducing the elevated expression of REST targets following UNC0638 treatment 

(Figure 4.6A-C). Analysis by two-way ANOVA revealed multimiR-sponges collectively elicited 

a stronger effect on REST target expression, with a significant reduction compared to 

individual sponges for NRXN3 (p=0.034), ACTA1 (p=0.049) and CALB1 (p=0.012).  

Of the multimiR-sponges, the sponge lacking miR-153-3p (pmiR-142/140/26a) showed the 

weakest response of all the multimiR sponges, only capable of significantly reducing CALB1 vs 

scramble control 1.8-fold following treatment with UNC0638 (FC 4.67±0.82 vs. 8.36±1.39, 

p=0.013). Conversely, pmiR-142/26a/153 and pmiR-142/140/153 both showed stronger 

repression for NRXN3 (FC 2.12±0.69, p=0.0021 and 2.34±0.77, p=0.0047 respectively), ACTA1 

(FC 1.65±0.36, p=0.015 and 1.83±0.54, p=0.026 respectively) and CALB1 (FC 3.45±0.58, 

p=0.0009 and 2.91±0.31, p=0.0003 respectively). In contrast the combined repression of miR-

140-5p, miR-26a-5p and miR-153-3p (pmiR-140/26a/153) consistently showed the greatest 

reduction in REST target expression, with relative FC of (1.56±0.56, p=0.0003; 1.10±0.30, 

p=0.0027 and 2.37±0.42, P<0.0001) for NRXN3, ACTA1 and CALB1 respectively. These results 

indicate that miR-153-3p appears to be the central driver behind the REST degradation, 

however the combined action of multiple miRNAs, enact a more significant reduction in REST 

function. 
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Figure 4.6 Analysis of miRNA regulation of REST using multimiR-sponges 
A-C Analysis of REST targets by qRT-PCR in hiPSCs treated with 400nM UNC0638 and varying individual (blue) or 
multi (pink) pmiR-sponges, as compared to EV control. Mean fold change over vehicle control±SEM and analysed 
by two-way ANOVA with post hoc comparisons using Tukey’s multiple comparisons test. n ≥ 3 independent 
experiments, log10 scale axis. A) NRXN3 expression, only multimiR-sponges containing pmiR-153 suppressed 
increased expression. B) ACTA1 expression, only multimiR-sponges containing pmiR-153 suppressed increased 
expression. C) CALB1 expression, all multimiR-sponges were capable of reducing increased target expression, in 
addition to pmiR-153 alone. n ≥ 3 independent experiments, log10 scale axis 

To assess if the EHMT1 regulated miRNAs were leading to a reduction in REST protein, 

western blot analysis was performed on hiPSCs treated with UNC0638 and transfected with 

multimiR-140/26a/153. As demonstrated previously treatment with UNC0638 and empty 

vector resulted in a significant reduction in REST protein levels by almost 2-fold compared to 
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control (1.24±0.27 vs. 0.66±0.09, p=0.0003) (Figure 4.7A). In contrast simultaneous treatment 

with the multimiR sponge led to no significant change in REST protein levels. 

To ensure this de-repression of REST was specifically linked to the loss of EHMT1, EHMT1+/- 

cells were transfected with the multimiR-140/26a/153 sponge. Again, REST protein levels 

were significantly decreased in empty vector samples (p<0.0001), whilst those treated with 

the multimiR sponge showed a modest but non-significant change in expression (Figure 4.7B). 

Collectively, this data demonstrates that a defined group of EHMT1 regulated miRNAs act 

simultaneously to repress REST levels at the pluripotent stage. Moreover, this repression can 

be effectively reversed using novel multimiR-sponge technology, allowing for tuneable 

repression of each target miRNA simultaneously. 

 

 

Figure 4.7 Analysis of REST protein levels following multimiR sponge treatment 
Western blot analysis of REST protein expression following treatment with Empty vector (EV) miR-sponge, or 
multimiR-140/26a/153 sponge, as compared to control samples. Plotted as Western band intensity normalized 
to GAPDH, n = 6. A) Control hiPSCs treated with UNC0638 for 4 days. B) EHMT1+/− hiPSCs compared to isogenic 
control hiPSCs. Data were presented as Mean±SEM and analysed by One-way ANOVA with post hoc comparisons 
using Tukey’s multiple comparisons test comparing to control samples. ***P < 0.001, ****P<0.0001.  
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4.4 Discussion 

The work in this chapter demonstrates that EHMT1 deficiency induces substantial miRNA 

dysregulation throughout the differentiation process, from pluripotency to early neuronal 

stages. The relationship between epigenetic modifiers and miRNAs is highly complex, as each 

are known to regulate both genetic targets and one-another in a temporal fashion. Existing 

miRNA prediction algorithms relying solely on seed sequence pairing have exhibited limited 

success in translating simple miRNA-gene interactions into the complex human transcriptome 

environment, with peak accuracy results of up to approximately 66% (Maragkakis et al., 

2009). Consequently, to address these limitations studies have demonstrated that by using a 

systems biology approach and deriving prediction models from known validated omics data, 

the efficacy of these predictions is significantly improved (Zhang et al., 2014b). 

I therefore developed a novel predictive model informed by prior transcriptomic data 

obtained from EHMT1-haplodeficient NPCs. This model identified a number of upregulated 

miRNAs and confirmation by qRT-PCR revealed successfully predicted with an efficacy rate of 

78%. A recent study compared 5 of the most common miRNA prediction tools, miRanda, 

PicTar, PITA, RNA22 and TargetScan, with positive rates ranging from 3.6-6% (Plotnikova and 

Skoblov, 2018). One suggested approach has been to combine multiple prediction tools, 

however as the previous study demonstrated this only increases efficiency rates to 14%. 

Conversely, significant progress has been achieved with machine learning models that 

capitalize on curated databases of miRNA-mRNA interactions with confirmed biological 

relevance. This approach offers an alternative to solely relying on novel predictions and 

Predication rates have been reported from 54-88% (Grigaitis et al., 2020). Despite this, 

machine learning models are often prone to overfitting and training datasets are often 

representative of heterogenous disorders (Kuang et al., 2023).  

Considering that fluctuations in miRNAs are reflected in the expression of their target genes, 

paring miRNA regulatory data with experimental specific transcriptomic data gives a 

systematic approach to miRNA prediction. Results of similar approaches in Autism spectrum 

disorder show highly similar data, with positive identification rates of 72.7% (Shen et al., 

2016). This model has been shown to be particularly for identifying dysregulated miRNAs 

regulating genes with known roles in biological processes. My data shows comparative 

results, with a high accuracy in identifying miRNAs functionally relevant to the disorder. 
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Positive targets included a number of brain-related miRNAs including miR-9-5p, miR-124-3p, 

miR-135b-5p, miR-153-3p and miR-26-5p, shown to be upregulated in healthy mouse and 

human brains (Sempere et al., 2004). MiR-153-3p has been shown to promote neuronal 

differentiation, whilst reducing self-proliferation and the self-renewal capacity of NPCs 

(Mandemakers et al., 2013, Liang et al., 2012, Stappert et al., 2013). Similarly, miR-135b-5p is 

upregulated during brain development, inducing neuronal differentiation through inhibition 

of the BMP/TGFβ pathway (Bhinge et al., 2014). Additionally, the miR-26 family has also been 

found to be required for neuronal differentiation, inhibiting neuronal repressors including its 

own host gene CTDSP (Sauer et al., 2021, Dill et al., 2012). Two of the most powerful miRNAs 

are the brain specific miR-124-3p and miR-9-5p, which have been shown to be key drivers of 

neuronal maturation (Suzuki et al., 2020). MiR-124-3p targets a number of non-neuronal 

genes, ensuring there repression during differentiation (Lim et al., 2005). Likewise, miR-9-5p 

promotes neural differentiation and reduces proliferation, whilst it’s inhibition significantly 

impairs neuronal differentiation capacity (Nowak et al., 2014, Yuan et al., 2021b). 

Upregulation of these miRNAs coincides with previous findings in this work that a loss of 

EHMT1 leads to accelerated maturation of neurons. These results suggest, the loss of EHMT1 

and subsequent increased expression of brain related miRNAs contributes to the accelerated 

differentiation and maturation of neuronal cells. 

Perhaps unsurprisingly considering the previous results identifying a loss of REST protein, a 

number of these dysregulated miRNAs contain RE1 sites and are known to be regulated by 

the REST complex (Wu and Xie, 2006). This finding aligns with the loss of REST protein 

observed in Chapter 3, further suggesting it promotes the significant upregulation of a specific 

subset of miRNAs. Furthermore, studies have shown a number of these miRNAs, miR-9-5p, 

miR-124-3p, miR-135b-5p, act to repress REST, establishing a negative feedback loop (Lee et 

al., 2017, Giusti et al., 2014, Reed et al., 2018). The control of this feedback loop during 

neurogenesis is complex; however, it has been demonstrated that the miR-26 family act as 

one potential upstream regulator, working to repress the REST complex (Sauer et al., 2021). 

Hypothesising that one or more of the REST independent miRNAs identified may be acting 

upstream of REST I assessed the expression of all predicted miRNAs at the pluripotent stage. 

The observation that numerous miRNAs were upregulated at this early developmental stage 

strongly suggests that EHMT1 plays a crucial role in regulating miRNA expression from the 
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earliest stages onwards. Despite having previously observed a loss of REST protein at the 

pluripotent stage, analysis revealed REST regulated miRNAs were not upregulated. 

Repression by REST/NRSF is dynamic and there may be several reasons for this lack of 

expression. Previous work analysing targets of the REST complex, have identified two gene 

classes. The first class exhibits automatic increases in expression upon REST loss, while the 

second class retains associated co-repressors even in the absence of REST (Ballas et al., 2005). 

Despite a potential loss of REST protein binding to the miRNA targets identified in this study, 

these targets may still be repressed during the pluripotent stage due to the action of other 

co-repressors, such as co-REST and MECP2. Further work investigating the repressive 

elements bound to these miRNAs at the embryonic stage may further elucidate their 

regulation by epigenetic factors. 

In contrast, several REST-independent miRNAs, including miR-142-3p, miR-153-3p, miR-140-

5p, and miR-26a-5p, were upregulated at the pluripotent stage. Computational analysis 

indicated these miRNAs targeted REST, suggesting a potential link between EHMT1 and REST 

regulation. To validate this hypothesis, chromatin immunoprecipitation (ChIP) assays were 

performed to assess the enrichment of the EHMT1-mediated methylation mark H3K9me2 at 

the promoter regions of all four miRNA genes. Notably, these regions showed significant 

enrichment of H3K9me2, which was ablated upon treatment with the EHMT1 inhibitor, 

UNC0638. However, a limitation of UNC0638 is its potential to inhibit both EHMT1 and its 

paralog, EHMT2. Therefore, to achieve greater target specificity, miRNA expression was 

evaluated in induced pluripotent stem cells (iPSCs) derived from Kleefstra Syndrome (KS) 

patients, a condition associated with EHMT1 deficiency, as well as EHMT1-haplodeficient cell 

lines (EHMT1+/-). In both models, all four miRNAs exhibited elevated expression, strongly 

suggesting their primary regulation by EHMT1-deposited H3K9me2 marks. Further supporting 

this conclusion, ectopic overexpression of EHMT1 in EHMT1+/- iPSCs effectively repressed the 

expression of all four target miRNAs. This also demonstrates the repression of these miRNAs 

by EHMT1 is dynamic and reversible.  

EHMT1/2 has previously been shown to regulate miRNAs in various contexts. Studies have 

demonstrated that EHMT2 alongside EZH2 and CDYL2 acts to repress miR-124-3p/5p in cancer 

cells (Siouda et al., 2020). Likewise, EHMT2 directly represses miR-200c-3p/5p in response to 

leptin signalling (Chang et al., 2015). STAT3 upregulation of EHMT2 has also been shown to 
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repress miR-145-3p/5p in lung cancer lines (Chang et al., 2019). Beyond cancers, EHMT2 is 

required for the suppression of maternal specific miRNA clusters (Zeng et al., 2021). 

Furthermore, miRNAs have shown to regulate EHMT2 expression, with both miR-122-5p and 

miR-217 targeting the epigene (Yuan et al., 2021a, Thienpont et al., 2017). Despite significant 

evidence of miRNA regulation by EHMT2, there is comparatively significantly less evidence of 

regulation by EHMT1. Given the homology between the two methyltransferases it is 

reasonable to expect EHMT1 is also capable of miRNA regulation. This has been shown to be 

true for other histone methyltransferases such as SETD1A, which modulate cell cycle 

progression through the repression of various miRNAs (Tajima et al., 2015). My work 

demonstrates that alongside EHMT2, EHMT1 acts as a powerful regulator of various miRNAs 

and is capable of independently repressing key miRNAs in pluripotent cells. 

Based on these previous experiments it appeared the repression of REST by one or more of 

these EHMT1 regulated miRNAs was the most plausible explanation. Although miRNAs are 

typically thought to act on a single mRNA target in a one-to-one fashion, they have also been 

shown to act simultaneously on a single target (Wu et al., 2010, Hashimoto et al., 2013). 

Working in a collaborative fashion, individual miRNAs often act at the centre of a hub with 

other miRNAs to synergistically fine-tune protein levels (Chen et al., 2017). To this end I 

wanted to answer the question of whether these miRNAs were targeting REST independently 

or in a cooperative fashion. 

While various approaches exist for miRNA inhibition, achieving multiplexed repression 

necessitates the delivery of equal inhibitor concentrations to individual cells. To address this 

challenge, I developed a novel multiplexed miRNA inhibition system that facilitates the 

simultaneous repression of multiple miRNAs. Initially developed individual sponges revealed 

that those with perfect binding miRNA sequences were significantly less effective at 

repressing target miRNAs than sponges with a 4bp mismatched bulge. Perfect binding 

between miRNA and mRNA is rare in mammals, however such binding leads to cleavage of 

the target (Yekta et al., 2004). This increased efficacy of bulged miRNA sponges has been 

previously noted (Jung et al., 2015). Therefore, the reduced efficacy of perfect sponges is most 

likely explained by a premature degradation of the miRNA sponge. Within bulged sponges an 

increased number of miRNA binding sites showed an increase in miRNA repression but 

plateaued beyond 6 repeated binding sites. This is most likely representative of an upper limit 
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of miR-sponge repression and maximal efficacy. A similar effect was not seen in the perfect 

sponges, as supported by the absence of visible GFP in transfected cells. This sub saturation 

presence of GFP is replicated in similar GFP sponge approaches (Malmevik et al., 2015). Such 

thresholds have been demonstrated previously with miR-sponges, but maximal inhibition 

numbers likely vary depending on the abundance of target miRNA present (Ebert et al., 2007). 

Results of gene expression analysis indicated individual miR-sponges were capable of rescuing 

target genes inhibited by elevated levels of miR-153-3p in response to UNC0638 treatment. 

Although two targets showed significant reduction, CITED2 a validated target of miR-153-3p 

was not significantly reduced following UNC0638 treatment. One explanation for this result 

may be the competitive binding action of the remaining two targets, KIF20A and UNC5C. RNAs 

themselves have been shown to act as miR-sponges, influencing each-others expression levels 

by sequestering away miRNAs (Bosia et al., 2017). Alternatively, the modest decrease seen at 

the transcript level may be representative of a more significant reduction in translation levels, 

however analysis by western blot would be required to confirm this. These results indicate 

the constructed sponges were effective at repressing the target miRNA, as has been shown 

previously with sponges targeting miR-124-3p and the miR-132/212 family (Malmevik et al., 

2015, Lavenniah et al., 2020).  

To evaluate the efficacy of a multimiR-sponge compared to individual counterparts, luciferase 

assays were performed. These assays utilized individual sponges targeting either miR-142-3p 

or miR-153-3p, alongside a multimiR-sponge targeting both miRNAs. The results 

demonstrated that the multimiR-sponge effectively inhibited both miRNAs, achieving 

comparable efficacy to the individual sponges. However, none of the sponges fully restored 

luciferase activity to control levels observed with the empty reporter vector. As mentioned 

previously, this is likely due to a ceiling effect in miRNA inhibition. 

The multimiR-sponge platform emerges as a powerful tool for comprehensively investigating 

the influence of multiple miRNAs simultaneously. This approach offers several key 

advantages. Firstly, the presence of antibiotic resistance and fluorescent markers enables 

positive selection of transfected cells, minimizing signal contamination from non-transfected 

cells. Secondly, the single-cassette design incorporating multiple miRNA inhibitors ensures 

consistent delivery ratios within individual cells. This eliminates potential variability 

associated with separate transfection events or between individual cells. Lastly, the flexibility 
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to tailor the number of miRNA binding sites per target allows for adaptable inhibition levels, 

enabling fine-tuning of the degree of miRNA suppression for each target. 

Encouraged by the effectiveness of the multimiR-sponges, I sought to investigate the 

connection between the miRNAs regulated by EHMT1 and the observed dysfunction of the 

REST complex. To achieve this, I generated both individual miRNA sponges targeting specific 

miRNAs and multimiR-sponges targeting combinations of three miRNAs. The efficacy of these 

sponges on REST was measured in UNC0638 treated cells by measuring the expression of REST 

targets. As anticipated, UNC0638 treatment resulted in a notable increase in REST target gene 

expression. While individual miRNA sponges partially counteracted this rise, the reductions 

observed were statistically insignificant. In contrast the combined effect of multiple miRNA 

inhibitions was much stronger, significantly reducing all three REST target genes compared to 

individual sponges. The results strongly indicate that the loss of REST is caused by the 

collective repression of multiple miRNAs, simultaneously, rather than the action of a single 

miRNA. 

Further analysis revealed that a multi-sponge lacking miR-153-3p had the weakest effect, 

while sponges containing miR-153-3p alongside miR-140-5p and/or miR-26a-5p showed the 

strongest reduction in REST target levels. These findings suggest that miR-153-3p may be a 

key node in reducing REST function. This finding is supported by data that has shown similar 

miRNA hubs centred around a primary miRNA (Chen et al., 2017). However, the combined 

action of multiple miRNAs appears to be even more effective. This directly contradicts 

previous work that suggests separate miRNA binding sites within the same target UTR act 

antagonistically (Gam et al., 2018). Importantly this study had a number of limitations, the 

principle of which was utilising exogenous plasmids with perfect miRNA binding sites to 

measure the binding kinetics of several miRNAs. Both results from my work, along with that 

of others have demonstrated perfect binding sequences lead to poor binding of miRNAs and 

are not representative of the typical miRNA-mRNA interactions seen within animals (Jung et 

al., 2015). In contrast, others have cloned the binding sites of validated miRNA targets into 

exogenous plasmids, with imperfect binding and have demonstrated a clear additive and 

collaborative effect of multiple miRNAs on a single transcript (Diener et al., 2023). One key 

finding of this study was that miRNA binding sites within 40 base pairs of one another lead to 

significantly increases in repression comparted to further distances. Given that none of the 
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binding sites I studied in REST fell within a 40bp window, it is unlikely the repressive action 

can be attributed to a combinatorial effect. However future studies may consider cloning of 

the binding sites in an exogenous plasmid at varying distances to assess this possibility. 

Since the most significant changes in REST activity were observed at the protein level, I 

investigated the multimiR-sponges' effect on REST protein itself. Notably, the multimiR-

sponges effectively restored REST protein levels close to normal in both UNC0638-treated and 

EHMT1-haplodeficient cells. This finding suggests that EHMT1-regulated miRNAs, miR-140-

5p, miR-26a-5p and miR-153-3p, function upstream of REST, directly and collectively reducing 

protein levels. My observations are consistent with previous studies, where miR-26-5p was 

shown to function independently of the REST complex to suppress REST expression during 

neurogenesis (Sauer et al., 2021). Interestingly, the miR-26 family also target their host genes, 

CTDSP, a central element of the REST complex (Han et al., 2012). 

Neuronal development is characterized by a gradual decline in REST protein levels, even 

though it remains bound to target genes in neural stem cells (Sun et al., 2005). My findings 

suggest that a specific subset of miRNAs regulated by EHMT1 contributes to this initial 

reduction. However, when EHMT1 is absent, REST loss accelerates dramatically, starting as 

early as the embryonic stage. Since REST plays a crucial role in fine-tuning neuronal and 

synaptic genes (Rodenas-Ruano et al., 2012), it's likely that these EHMT1-regulated miRNAs 

help to precisely regulate REST expression and function throughout development. Further 

research is needed to confirm this hypothesis. 

Interestingly, my work also revealed a reciprocal regulatory role for REST. It appears to inhibit 

a set of brain-specific miRNAs that target a wide range of non-neuronal genes. By repressing 

these miRNAs, REST effectively prevents a large-scale genetic shift towards a neuronal 

phenotype, further amplifying the regulatory reach of the REST complex. The upregulation of 

these miRNAs upon EHMT1 loss suggests a second phase of neurodevelopment, where 

several of these miRNAs actively suppress REST, creating a feedback loop that reinforces 

neuronal differentiation. MicroRNAs within this feedback loop such as miR-9-5p and miR-124-

3p, are crucial for the balance of neural stem cell proliferation and differentiation (Qu et al., 

2010). 
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4.5 Conclusion 

This chapter describes the role of EHMT1, an epigenetic regulator, in microRNA (miRNA) 

dysregulation during neuronal differentiation. The findings reveal a complex interplay 

between EHMT1, miRNAs, and the REST complex, a key player in neuronal development. 

Novel transcriptomic guided prediction pipelines accurately predicted a number of 

dysregulated miRNAs in a response to a lack of EHTM1. In neurons a significant number of 

these miRNAs were known to be targeted by the REST complex and key to neuronal 

development and maturation. Likewise, miRNAs were upregulated that are known to directly 

target the REST complex. At early pluripotent stages, miRNAs upstream of REST were 

significantly elevated. Novel multimiR sponges revealed these miRNAs targeted REST in 

synergistically, with miR-153-3p a key regulator of this process. Importantly, the inhibitory 

influence of these miRNAs on REST could be both prevented and reversed. 

Collectively these findings have elucidated the complex regulatory network between 

epigenetic modifiers and miRNAs, and the implications on neuronal development and 

maturation. The novel predictive models and multimiR sponges represent significant 

advancements in the study of the interactive role of miRNAs in a systems approach. 

 



5 The effect of EHMT1 loss on neuronal development and 

maturation 

5.1 Introduction 

Neurodevelopment is a meticulously timed process, and research has revealed that 

microRNAs (miRNAs) play a key role in this orchestration. This was first demonstrated during 

loss-of-function studies, probing key components of the miRNA biogenesis pathways such as 

Dicer and DGCR8 (Davis et al., 2008, Stark et al., 2008). In these studies, the subsequent global 

loss of miRNAs resulted in microcephaly, reduced synaptic connectivity, and reduced 

neuronal branching, incidentally all phenotypes of EHMT1 deficient Kleefstra Syndrome cells. 

Interestingly, stage specific ablation of Dicer in neural stem cells indicates miRNAs are 

required for the generation of novel neurons, but dispensable for astrocytes (Pons-Espinal et 

al., 2017). This work highlights the importance of miRNAs throughout the various stages of 

neurogenesis. The advent of human stem cell derived models over the last two decades has 

enabled researchers to reveal the specific roles of various miRNAs. Analysis of miRNAs 

expression as cells transitioned from pluripotent stem cells to mature neurons identified over 

100 miRNAs that differed in expression (Giorgi Silveira et al., 2020). 

As our understanding of neural development has advanced, miRNAs have been found to 

impact on almost biological processes during brain development, with varying effects. Quite 

often the impacts of an individual miRNA are dependent on the developmental timing and 

transcriptomic environment. Mammalian neurogenesis has been shown to be strongly 

regulated by the highly conserved miR-153-3p, through its direct repression of the Notch 

signalling pathway (Qiao et al., 2020, Xu et al., 2019). Likewise, the miR-128 also acts to 

positively affect neurogenesis through the inhibition of UPF1, ensuring nonsense mediated 

decay does not impinge on differentiation (Bruno et al., 2011). Conversely, as neuronal 

differentiation progresses miR-128 also plays a negative role, preventing migration through 

the inhibition of the zinc finger PHF6 (Franzoni et al., 2015). This dual role is also 

demonstrated in other miRNAs such as miR-137. Early in neural development the miRNA acts 

to induce differentiation of NSCs by repressing the nuclear receptors TLX1 and LSD1, the latter 

of which is found in the REST complex (Sun et al., 2011). At later stages, miR-137 has a 

negative effect on neurogenesis, targeting the epigenetic regulator, EZH2 (Szulwach et al., 
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2010). These studies demonstrate that the roles of miRNAs in neurodevelopment are dynamic 

and often dependent on the developmental stage. 

Profiling of miRNAs across all cell types in the human brain has shown enrichment in at least 

one cell type, including intermediate progenitors, radial glial cells and interneurons 

(Nowakowski et al., 2018). During differentiation, distinct sequential transcriptional waves 

are required guiding development through cell phases, something mirrored with miRNAs 

(Telley et al., 2016, Kumar et al., 2020). As such a number of these miRNAs are vital for the 

correct regulation of timing for both neuronal differentiation and development. This is 

exemplified by Dicer knockout cells which remain arrested at progenitor stages until transient 

reintroduction of Dicer leads to irreversible terminal differentiation (Andersson et al., 2010). 

This control is seen also in individual miRNAs such as the miR-200 family which establishes a 

feedback loop with both SOX2 and KLF4. Inhibition of miR-200 miRs leads to reduced neuronal 

differentiation and significantly increased proliferation, whilst overexpression leads to 

premature exit from the cell cycle (Peng et al., 2012, Pandey et al., 2015). 

In the case of mature post-mitotic neurons, miR-124-3p shows the most consistent 

enrichment (Nowakowski et al., 2018), whilst from differentiation of stem cell to mature 

neuron both miR-124-3p and miR-9-5p are the most markedly altered (Liu et al., 2012). 

Collectively miR-124-3p and miR-9-5p are typically regarded as master regulators of neuronal 

differentiation and are only significantly upregulated in terminally differentiating neural stem 

cells (Fedorova et al., 2023). Both miR-124-3p and miR-9-5p are downstream targets of the 

REST complex and simultaneously both target the complex in a feedback loop (Visvanathan 

et al., 2007, Packer et al., 2008). Simultaneous overexpression of the two miRNAs is sufficient 

to reprogram fibroblasts to a neuronal state, in part through the downregulation of REST 

protein levels (Lee et al., 2018). Temporal single cell sequencing of this process reveal this is 

a sequential stepwise process, with an initial erasure of the fibroblast genetic network, before 

activation of the neuronal program (Cates et al., 2021). Analysis has revealed synergism with 

ELAVL3 is required for a significant portion of the neuronal activation profile (Lu et al., 2021). 

However, inhibition of ELAVL3 and the miRNAs in adult neurons is not sufficient to de-

differentiate the cells, indicating the pathway is irreversible. The synergistic effects of the two 

miRNAs are also important for neuronal differentiation, with studies demonstrating that 
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expression of both miRNAs is required for the suppression of common targets such as RAP2A, 

to support dendritic branching (Xue et al., 2016). 
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5.2 Chapter Aims 

This chapter aims to assess the dysregulation of epigenetically regulated miRNAs throughout 

neuronal development and assess the impact on timing and maturation. Stem cell models will 

be utilised to determine changes in miRNA targets, whilst miRNA mimics and sponges will be 

used to aid in implicating the role of individual miRNAs. Markers of neuronal development 

will be analysed to assess changes on cell maturation with regards to developmental timing. 
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5.3 Results 

5.3.1 Analysis of miR-124 and miR-9 in EHMT1 depleted cells  

Having already demonstrated that a lack of REST leads to increased levels of brain specific 

miRNAs, miR-124-3p and miR-9-5p by day 30 but not at day 0, I sought to better understand 

the timeframe of this dysregulation. To do this two of the most important miRNAs in neuron 

differentiation, miR-9-5p and miR-124-3p were selected and their expression tracked over 70 

days of neuronal differentiation in EHMT1+/- cells. These miRNAs are known to be repressed 

directly by REST and their overexpression is sufficient to induce a fate change of fibroblasts 

to late-stage neurons (Wu and Xie, 2006, Lee et al., 2018). 

Despite a rise, neither miR-124-3p or miR-9 showed a significant increase in EHMT1 depleted 

cells in the first 20 days. However, from day 30 onwards significant increases were seen in the 

expression of both miRNAs in EHMT1+/- cells as compared to control (Figure 5.1A-B). At day 

30 average abundance levels of miR-124-3p were 3.76-fold higher compared to control 

(p<0.0001), and miR-9-5p levels were 2.88-fold higher (p<0.0001). At day 40, average levels 

of miR-124-3p in control rose but remained 1.92-fold higher in EHMT1+/- cells (p<0.0001), 

whilst miR-9-5p was 2.35-fold higher than control (p<0.0001). By day 50 both miRNAs 

remained elevated, with miR-124 an average of 1.76-fold higher than control (p<0.0001) and 

miR-9-5p slightly lower at 1.36-fold (p=0.002). Average abundance was more comparable by 

day 60, with no significant difference in miR-9-5p levels and miR-124-3p levels 1.23-fold 

higher than control (p=0.029). Finally at day 70, neither miR-124-3p or miR-9-5p showed any 

significant change, with levels of miR-9-5p slightly lower than control. These results 

demonstrate both miRNAs displayed a significant and premature upregulation in EHMT1-

deficient cells, with control levels gradually approaching those of the EHMT1-deficient group 

by day 60. Taken together, these results indicate a shift in the normal expression of these 

proneural, REST regulated miRNAs. 

To better understand the effect of this dysregulation on transcription, expression of validated 

miR-124-5p and miR-9-3p targets were assessed at peak differential expression, day 30. 

Across 14 targets analysed, all showed a significant reduction in expression (Figure 5.1C). For 

miR-124-3p, 7 targets showed an average fold change of 0.48±0.18 and for miR-9-5p, four 

targets showed an average fold change of 0.50±0.20. Targets common to both miRNAs were 
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also assessed and showed an average fold change of 0.24±0.10, significantly lower than the 

individual targets (p=0.024). Two of these targets, REST and CTDSPL, are components of the 

REST complex and know to negatively regulate miR-9-5p and miR-124-3p, hence their 

depletion further increases miRNA expression. The remaining targets are typically 

downregulated in mature neurons, including developmental markers such as ONECUT2 and 

SIX4 that prevent premature differentiation (Chen et al., 2021b) and genes such as JAG1 

required for the balance between NSCs and mature neurons (Blackwood, 2019). These results 

further suggest that a lack of REST is leading to accelerated neuronal differentiation as a result 

of increased miR-9-5p and miR-124-3p. 

 

Figure 5.1 REST dysregulation of brain specific miRNAs 

A,B Relative miRNA abundance measured by qRT-PCR in EHMT1+/- hiPSC derived neurons, from day 0-70, as 
compared to wild type control. A) Expression of miR-124, EHMT1+/- cells show a premature increase in expression 
that remains elevated. B) Expression of miR-9, EHMT1+/- cells show a premature increase that is elevated until 
day 70. n ≥ 3 independent experiments C Analysis of miR-124 and miR-9 validated targets by qRT-PCR in EHMT1+/- 
hiPSC derived neurons at day 30 Targets were all decreased in EHMT1+/- cells. n ≥ 3 independent experiments 
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5.3.2 Alternative neuronal splicing 

One of the accompanying changes in miR-124-3p positive neuronal cells is the induction of 

alternative brain specific pre-mRNA splicing. It has been shown the increased expression of 

miR-124-3p represses PTBP1, resulting in an isoform switch to PTBP2 (Makeyev et al., 2007). 

The culmination of this isoform switch is a change in the splicing patterns of a number of 

genes. To determine if brain specific splicing is altered in EHMT1 depleted cells, three genes, 

CDC42, RUFY3 and MAP4, known to be alternatively spliced in response to increased levels of 

PTBP2 were selected. Primers were then designed, specific to either the neuronal isoform or 

the universally spliced isoform. Expression was then analysed in UNC0638 (400nM) treated 

progenitor cells transfected with either a scramble sponge or miR-124-3p specific sponge. 

For all three genes, analysis by two-way ANOVA revealed a significant increase in the 

expression of the neuronally spliced isoform. CDC42n showed a 7.43-fold increase relative to 

control (7.43±1.75, p<0.0001), RUFY3n a 5.02-fold increase (5.02±1.56, p=0.0004), and 

MAP4n a 7.19-fold increase (7.19±2.25, p=0.0003) (Figure 5.2A-C). In contrast no significant 

change was observed in the expression levels of the universally spliced isoform for any of the 

three genes. 

Importantly, samples treated with sponges targeting miR-124-3p showed drastic reductions 

in the expression of neuronally spliced variants. CDC42n showed only a 2.71-fold increase 

relative to control (2.71±0.85, p<0.014), RUFY3n displayed a 2.03-fold increase (2.03±1.03, 

ns), and MAP4n a 2.86-fold increase (2.86±0.94, p=0.032) (Figure 5.2A-C). Once more as with 

scramble sponge samples, no change was observed in the universally spliced isoforms. 

Together these results suggest increased expression of miR-124-3p in EHMT1 depleted cells 

causes a significant shift toward a brain specific pattern of alternative splicing. Importantly 

miR-sponges are capable of ablating these affects by repressing the action of miR-124-3p, 

most likely restoring expression levels of the PTBP1 protein.  
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Figure 5.2 miRNA induced alternatively spliced isoforms 
A-C Analysis of neuronally spliced (n) or ubiquitously spliced (u) isoforms in cells treated with UNC and wither a 
scramble sponge or a miR-sponge against mIR-124, with x12 binding repeats. The qRT-PCR analysis for A) CDC42, 
B) RUFY3 and C) MAP4. Data were presented as Mean±SEM and analysed by Two-way ANOVA with post hoc 
comparisons using Dunnett’s multiple comparisons test comparing to control samples. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. 
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5.3.3 miRNA – REST neuronal network 

Unlike miR-124-3p and miR-9-5p, previous work suggested miR-26a-5p and miR-140-5p do 

not contain RE1 sites and are not regulated by the REST complex, hence they are most likely 

upstream of brain specific miRNAs in neurogenesis. To determine if this was the case, I 

transfected WT cells with miRNA-mimics of miR-26a-5p, miR-26b-5p and miR-140-5p into NPC 

cultures at day 10 and measured the expression of REST regulated miR-9-3p and miR-124-3p 

3 days later. Following transfection of the mimics, increases were seen in the expression of 

both miR-9-5p (2.79±0.19, p=0.003) and miR-124-3p (1.89±0.18, p=0.015) (Figure 5.3A). 

These results are consistent with previous findings that miR-26a-5p and miR-140-5p act 

independently and upstream of the REST controlled miRNAs. 

Based on previous studies which demonstrated that inhibition of miR-124-3p in adult neurons 

was not sufficient to induce dedifferentiation (Lu et al., 2021), I wanted to assess if the 

precocious elevation of miR-124-3p and miR-9-5p was reversible. To this end cells were either 

treated with UNC0638 (400nM) continually or transiently treated from d0 to d20, before 

withdrawing the inhibitor until d30. Cells treated with UNC0638 continually, showed 

increased expression of both miR-124-3p (8.17±1.14) and miR-9-5p (9.42±2.74) as expected 

(Figure 5.3B). However, despite withdrawal of the inhibitor, levels of both miR-124-3p 

(7.16±1.36) and miR-9-5p (8.43±1.38) remained elevated. 

Both these miRNAs are directly regulated by the REST, which has already shown in my work 

to be downregulated following a loss EHMT1. To determine if the loss of REST protein is also 

fixed following restoration of EHMT1 western blot analysis was also performed on cells 

transiently treated with UNC0638 (400nM). As expected, treatment with UNC0638 resulted 

in a significant drop in REST protein levels at day 30 as compared to control (0.32±0.052) 

(Figure 5.3C). As seen with the miRNAs, the removal of UNC0638 did not result in a de-

repression of REST protein levels (0.37±0.039). Together these results suggest the shift in 

brain specific REST-miRNAs in response to a loss of EHMT1 is already fixed at the NPC stage.  
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Figure 5.3 miRNA-REST network 
A) Mature miRNA expression analysis of miR-9-5p and miR-124-3p by qRT-PCR in hiPSC derived neurons treated 
with miRNA mimics. At day 10 of differentiation cells were treated with mimics for miR-140-5p and miR-26a-5p, 
3 days later samples were collected and both miR-9-5p and miR-124-3p expression was elevated. n = 3 
independent experiments B) Mature miRNA expression analysis of miR-9-5p and miR-124-3p by qRT-PCR in hiPSC 
derived neurons at day 30 following treatment with UNC0638 from days 0-20, as compared to vehicle control. n 
= 6 independent experiments. The withdrawal of UNC0638 did not reduce miR-9-5p or miR-124-3p expression. C) 
Western blot analysis of REST protein expression in hiPSC derived neurons at day 30 following treatment with 
UNC0638 from days 0-20, as compared to vehicle control. Withdrawal of UNC0638 did not restore REST 
expression. Data were presented as Mean±SEM and analysed by student’s t-test or One-way ANOVA with post 
hoc comparisons using Tukey’s multiple comparisons test comparing to control samples. *P < 0.05, **P < 0.01, 
***P < 0.001. 
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5.3.4 Impact on early neuronal markers 

In an attempt to understand how a loss of REST and the accompanying increase in REST-

miRNAs affected neuronal differentiation, control cells and UNC0638 (400nM) treated cells 

were differentiated into neurons using a standard dual-SMAD inhibition protocol (Chambers 

et al., 2009). Expression of two non-REST regulated genes, PAX6 and MAP2, were analysed as 

markers of development. PAX6 is a transcription factor and a marker of early neuroectoderm 

cells, typically associated with neural progenitor cells (Zhang et al., 2010). Meanwhile, MAP2 

is a cytoskeletal protein and a marker of neurons, its dysregulation has been associated with 

disorders including schizophrenia and autism (Przyborski and Cambray-Deakin, 1995, 

DeGiosio et al., 2019, Westphal et al., 2018). 

Expression levels of PAX6 showed significant elevation in UNC0638 treated cells both at day 

10 with a fold difference of 2.78 (14.41±4.39 Vs. 40.13±7.59, p=0.0071) and at day 20 with a 

fold difference of 1.86 (57.23±8.14 vs. 106.55±23.43, p=0.026) (Figure 5.4A). Likewise, 

expression levels of MAP2 were significantly elevated at day 20 with a fold difference of 8.39 

(42.30±3.08 Vs. 103.0±21.05, p=0.0077) and at day 30 with a fold difference of 2.50 

(84.30±7.96 Vs. 211.70± 32.77, p=0.0028) (Figure 5.4B). These results suggest a precocious, 

sustained increase in REST independent maturation markers. 

Next to understand if these transcriptional changes were reflected at the translational level, 

control cells, along with UNC0638 (400nM) treated cells and EHMT1+/- cells were again 

differentiated into neurons. EHMT1+/- were included to ensure the observed effects were 

directly caused by the loss of EHMT1 and not a dual effect of EHMT1/2 induced by UNC0638. 

Cells were either stained for the PAX6 NPC marker at day 20 or the neuronal MAP2 marker at 

day 30 (Figure 5.4C). Analysis revealed at day 20 mean fluorescence levels for PAX6 were 

significantly higher in EHMT1 deficient cells as compared to control, by a factor of 2.06 

(410.73±113.04, p=0.0021) for UNC0638 treated cells and a factor of 2.35 (410.73±113.04 Vs. 

963.41±161.08, p=0.0004) (Figure 5.4D). Analysis of MAP2 at day 30 also showed significant 

increases in mean fluorescence in UNC0638 treated cells, by a factor of 2.67 (515.60±89.14 

Vs. 1375.58±158.62, p<0.0001) and also for EHMT1+/- cells by a factor of 1.91 (515.60±89.14 

Vs. 983.24±97.70, p=0.0009) (Figure 5.4E). Of note, no significant difference was observed 

between UNC0638 treated cells or EHMT1+/- cells for either PAX6 or MAP2.  
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Figure 5.4 EHMT1 depletion leads to precocious neuron differentiation 

A) Cell staining of hiPSCs treated with UNC0638 and EHMT1+/- hiPSCs, subsequently differentiated to either day 20 or day 30. Day 20 cells were stained for PAX6 protein, 
whilst day 30 cells were stained for MAP2 expression. Scale Bar, 70 μm. B-C Gene expression analysis by qRT-PCR in hiPSC derived NPCs following treatment with 400nM 
UNC0638, as compared to vehicle control. B) PAX6 expression at day 10 and day 20 of differentiation. C) MAP2 expression at day 20 and day 30 of differentiation. n = 3 
independent experiments. D-E Graphs show quantitation of protein expression as D) MAP2 or E) PAX6 mean fluorescence intensity, with DAPI nuclear counterstain. 
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5.3.5 Impact on ealy to late neuronal markers 

Next, expression of early determinators of neuronal fate, NCAM1 and ASCL1, were assessed 

in order to understand if the effects on differentiation were limited to only day 20 onwards. 

NCAM1 is a neural adhesion molecule which promotes the determination to a neuronal fate 

(Shin et al., 2002b), whilst ASCL1 (also known as MASH1) is a protein specifically expressed in 

cells undergoing the critical transition from neural progenitor to mature neuron (Kim et al., 

2007). At 15 days there was no discernible difference in the expression of NCAM1 between 

samples, however by day 30 there was a 2.57-fold increase in UNC0638 treated cells 

(23.12±6.76 Vs. 59.44±12.2.27, p=0.011) (Figure 5.5A). Comparatively, ASCL1 showed a 

modest 2.26-fold increase compared to control at day 15 (2.56±0.58 Vs. 5.79±1.91, p=0.049) 

and a larger 4-fold increase at day 30 (19.49±5.21 Vs. 78.50±5.75, 0.00019) (Figure 5.5B). 

These results indicate the loss of EHMT1 and subsequent increase in brain specific miRNAs 

induces a shift in neuronal maturation toward a greater expression of mid stage neuronal 

markers. 

Theorising that the upregulation of brain specific miRNAs had induced a precocious shift in 

neuronal maturation, two markers of mature neurons were assessed in EHMT1 depleted cells 

at day 40/50 of differentiation. TUBB3 (also known as TUJ1) is a beta tubulin protein almost 

exclusively expressed in neurons (Pang et al., 2011), whilst SNAP25 is a synaptic protein, 

essential for healthy neuronal communication (Nazir et al., 2018). Protein levels of TUBB3 was 

analysed at day 40 in both UNC0638 (400nM) treated and EHMT1+/- cells. UNC0638 treated 

cells showed a 2.02-fold increase (0.070±0.009 Vs. 0.14±0.023, p=0.008) compared to control, 

whilst EHMT1+/- cells displayed a comparable 1.86-fold increase (0.070±0.009 Vs. 0.13±0.033, 

p=0.017) (Figure 5.5C). 

Levels of SNAP25 protein were assessed at day 50 in UNC0638 treated, EHMT1+/- and Kleefstra 

syndrome patient cells. For all three sample types SNAP25 showed a sustained and significant 

increase in protein levels. Treatment with UNC0638 induced a 2.95-fold increase relative to 

control (0.37±0.11 Vs. 1.09±0.16, p=0.0017), in EHMT1+/- cells a 2.11-fold increase 

(0.74±0.082 Vs. 1.56±0.26, p=0.0006) and in KS1 cells a 1.51-fold increase (0.81±0.16 Vs. 

1.25±0.28, p=0.048) (Figure 5.5D). Collectively, results indicate the lack of EHMT1 leads to 

significant increases in TUBB3 and SNAP25, indicating a greater shift toward maturing 

neurons. 
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Figure 5.5 Increases in maturation markers 
A,B qRT-PCR analysis of early neuronal markers in hiPSC following treatment with UNC0638 and differentiation. 
A) NCAM1 expression is elevated at day 30. B) ASCL1 expression is strongly increased at both day 15 and day 30. 
C Western blot analysis of TUBB3 protein expression in hiPSCs treated with UNC0638 and EHMT1+/- hiPSCs, 
differentiated to neurons, day 40, as compared to vehicle control or isogeneic control respectively. D Western 
blot analysis of pre-synaptic SNAP25 protein expression in hiPSC treated with UNC0638, EHMT1+/- hiPSCs and 
patient KS hiPSCs, all differentiated to day 50 neurons and relative to vehicle control or isogenic controls. Data 
were presented as Mean±SEM and analysed by One-way ANOVA with post hoc comparisons using Tukey’s 
multiple comparisons test comparing to control samples. *P < 0.05, **P < 0.01, ***P < 0.001. 
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5.3.6 Rescue of precocious maturation 

Having previously identified that EHMT1 mediated dysregulation leads to repressed levels of 

REST, elevated brain specific miRNAs and in turn precocious neuronal differentiation, I 

wanted to determine if stable repression of these EHMT1 mediated miRNAs could restore 

normal developmental timing. 

To this end a stable multimiR sponge against miR-140-5p/26a-5p/153-3p was transduced into 

hiPSCs using retroviral vectors or a scramble sponge. Cells were then either treated with 

UNC0638 (400nm) or vehicle control and differentiated to day 30 neurons. Given that these 

miRNAs have already been shown to repress REST, protein expression was analysed in both 

stable and scramble sponges at day 0. Relative to control, scramble sponges showed a 

significant drop in protein levels (0.41±0.096 Vs. 0.94±0.045, p=0.0007), however stable 

sponge samples showed no significant changes compared to control (Figure 5.6A). 

Next, to assess whether the restoration of REST translates to changes in brain specific miRNAs, 

both miR-124-3p and miR-9-5p expression was analysed in day 30 neurons. In line with 

previous results in this chapter, both miRNAs were significantly elevated in scramble sponge 

samples following continuous treatment with UNC0638 (Figure 5.6B). Importantly however, 

multimiR sponge samples showed a marked decrease in expression relative to scramble 

samples for both miR-9-5p (3.30±1.33 Vs. 6.92±1.52, p=0.0014) and miR-124-3p (3.47±1.09 

Vs. 6.11±0.75, p=0.0006). These results indicate stable sponges not only significantly reduce 

the inhibition of REST protein, but also the premature expression of REST regulated/brain 

specific miRNAs. 

Finally, to identify if this reduction in brain specific miRNAs restores the developmental timing 

of neurons, two mature markers were assessed in treated samples at day 40 of 

differentiation. NEFM is a medium neurofilament protein associated with terminal neuronal 

differentiation and exit from the cell cycle (Mao et al., 2011). SYN (also known as synapsin) is 

a neuron specific phosphoprotein, which is only expressed in mature late-stage neurons (Kim 

et al., 2019). Following treatment with UNC0638, the scramble sponges showed increases 

relative to control in both NEFM protein levels (1.047±0.066 Vs. 0.74±0.14, p=0.0011) and 

SYN protein levels (0.86±0.083 Vs. 0.56±0.12, p=0.008) (Figure 5.6C,D). In contrast multimiR 

sponge samples showed significantly lower protein levels compared to scramble samples, for  
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Figure 5.6 EHMT1 controls an epigenetic window that dictates neurodevelopmental timing 

A) Western blot analysis of REST protein expression in hiPSC s treated with 400nM UNC0638, and samples 
infected with lentiviral multimiR-sponge against miR-140-5p/26a-5p/153-3p or scramble sequence, as relative 
to vehicle control. B) Mature miRNA expression analysis of miR-9-5p and miR-124-3p by qRT-PCR in hiPSC derived 
neurons at day 30 following treatment with UNC0638 and samples infected with lentiviral multimiR-sponge 
against miR-140-5p/26a-5p/153-3p or scramble sequence, as relative to vehicle control. n = 6 independent 
experiments. C-D Western blot analysis in hiPSC derived neurons (day 40) treated with 400nM UNC0638, and 
samples infected with lentiviral multimiR-sponge against miR-140-5p/26a-5p/153-3p or scramble sequence, as 
relative to vehicle control. C) Mature neuronal marker NEFM protein levels and D) mature neuronal marker SYN, 
at day 40. Data were presented as Mean±SEM and analysed by One-way ANOVA with post hoc comparisons 
using Tukey’s multiple comparisons test comparing to control samples. *P < 0.05, **P < 0.01, ***P < 0.001. 
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both NEFM (0.82±0.14 Vs. 1.047±0.066, p=0.013) and SYN (0.59±0.16 Vs. 0.86±0.083, 

p=0.008). Taken together this data demonstrates that through its action on miRNAs, EHMT1 

controls the timing of neurodevelopment, and disruption results in abnormal neuronal and 

brain development.  

Based on these findings I propose a model for the regulation of neurodevelopmental timing 

by the epigenetic regulator, EHMT1 (Figure 5.7A, B). Loss of EHMT1 leads to a premature 

downregulation in REST through the de-repression of EHMT1 regulated miRNAs (miR-140-

5p/26a-5p/153-3p). This in turn induces a temporal shift, prematurely increasing levels of 

brain specific miRNAs and in turn leading to the precocious differentiation and maturation of 

neurons. 

 

 



 

 

Figure 5.7 EHMT1 mediation of neuronal differentiation timing 
A) Diagram depicting the shift in normal REST protein reduction in response to a loss of EHMT1, accompanied by a premature increase in REST regulated miRNAs (miR-9-5p, 
miR-124-3p), culminating in premature neuronal maturation. B) Premature reduction in REST protein is caused by elevated levels of a cooperative subset of miRNAs (miR-26a-
5p, miR-153-3p, miR-140-5p) directly regulated by EHMT1. 
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5.4 Discussion 

This chapter describes the role of EHMT1 on regulating epigenetic windows which determine 

the timing and progression of neuronal development. Analysis of brain specific miRNAs, miR-

124-3p and miR-9-5p, indicated a clear shift in expression, with peak differences seen around 

day 30 of differentiation. Significant increases in expression were not seen for either miRNA 

in the first 20 days, which is in-line with previous work from Chapter 4.3.1 that showed no 

increase in either mIR-124-3p or miR-9-5p at the pluripotent stage. As mentioned previously, 

despite the loss of REST protein, certain gene targets retain REST complex co-repressors 

potentially maintaining initial repression (Ballas et al., 2005). My results are strongly 

supported by other studies, which have demonstrated knockdown of REST leads to its 

absence from the promotor of MIR9, however this is not sufficient to induce transcriptional 

activation (Laneve et al., 2010). Furthermore, other factors beyond the REST complex are 

involved in the regulation of miR-9-5p and miR-124-3p. For example, miR-9-5p has been to 

shown to form a feedback-loop with the nuclear receptor TLX directly repressing the miRNA 

(Zhao et al., 2009). Similarly, miR-124-3p forms a feedback loop with the membrane protein, 

ephrin-B1, which acts to repress miR-124-3p via signalling (Arvanitis et al., 2010). Adding 

complexity to this regulation, miR-124-3p has also been shown to be differentially regulated 

at the post-translational level, both in the brain and by RNA binding proteins during 

erythropoiesis (Maiorano and Mallamaci, 2010, Wang et al., 2017). Therefore, my results 

indicate that although REST most likely acts as the master regulator of mIR-124-3p and miR-

9-5p expression, other factors appear to maintain repression until neural induction. 

Beyond day 20 of differentiation, both miRNAs remain significantly elevated until day 60, 

during which time expression of both increases. Beyond this point miR-124-3p levels were 

comparable to control, and miR-9-5p levels began to drop. This expression pattern mirrors 

that seen in-vivo, where miR-124-3p and miR-9-5p are the most abundant brain miRNAs, their 

expression begins at the same time and increases throughout neural development, and 

expression of miR-9-5p is decreased postnatally (De Pietri Tonelli et al., 2008, Xue et al., 2016). 

Collectively the data indicates a shift in the expression of these miRNAs in response to the 

loss of REST. Expression of various miR-124-3p and miR-9-5p targets were found to be 

significantly downregulated in response to the precocious elevation of the miRNAs. Several 

of these genes are cell cycle regulators, including CCND2 and CDK6. During neural 
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development, CDK6 has been shown to regulate the proliferation of NPCs and control the 

number of newborn neurons (Beukelaers et al., 2011). Likewise, expression of CCND2 in 

asymmetrically dividing NPCs promotes either self-renewal or terminal differentiation 

(Tsunekawa et al., 2012). The downregulation of these cell cycling regulators is reflected in 

the role of miR-124-3p, where inhibition of the miRNA results in delayed cell cycle exit of NPCs 

(Cheng et al., 2009). 

Alongside cell-cycle regulators, dysregulated targets also included genes involved in cell 

adhesion, namely ITGB1, LAMC1 and FREM2. Both LAMC1 and ITGB1 have been shown to be 

post-transcriptionally regulated by miR-124-3p during neurogenesis, typically in post-mitotic 

neurons (Cao et al., 2007). Both ITGB1 and LAMC1 are highly expressed in neural progenitors 

where they are essential for neuronal migration through interactions with the ligand RELN 

(Schmid and Anton, 2003, Dulabon et al., 2000). Indeed overexpression of miR-124-3p lead to 

structural abnormalities in the cortex of effected animals (Cao et al., 2007). The 

downregulation of these cell adhesion molecules suggests reduced cell motility in response 

to elevated miR-124-3p, although further studies ideally in-vivo would be required to discern 

the extent of this disruption. 

Regulators of early neuronal development, ONECUT2, PRRX1 and SIX4 were also shown to be 

repressed in response to miRNA elevation. Expression of ONECUT2 is vital for accessibility of 

neuronal genes and inducing gene expression (van der Raadt et al., 2019). However, levels of 

ONECUT2 decrease as cells progress to neuronal fate in direct response to increasing levels of 

miR-9-5p (Pöstyéni et al., 2021). Knockdown mutations of ONECUT genes show a significant 

reduction in the number of neurons, however this may have a reduced implication in-vivo due 

to the redundant nature of the ONECUT family (Sapkota et al., 2014, Kabayiza et al., 2017). 

Despite this, the decreased expression of ONECUT2 is most likely indicative of a 

developmental shift toward a mature state. Similarly, PRRX1 plays a significant role in NPC 

stemness and is required for commitment to neuronal differentiation (Shimozaki et al., 2013). 

However, overexpression of PRRX1 induced a greater number of NPC like cells at the expense 

of neurons. Again, the loss of PRRX1 suggests a premature maturation beyond the point of 

NPCs to mature neurons. Finally, SIX4 is a homeobox gene essential for the maintenance of 

NPCs and preventing premature differentiation. Knockdown studies have demonstrated that 

a loss of SIX4 at the progenitor stage leads to the premature differentiation to terminally 
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dividing cells (Chen et al., 2021b). Together this suggests the downregulation of these early 

neuronal regulators leads to an acceleration through the progenitor stages of neuronal 

differentiation. 

One of the well reported actions of miR-124-3p during neuronal differentiation is the 

induction of alternative brain specific splicing due to the direct reduction of PTBP1. Analysis 

of three reported genes, CDC42, RUFY3 and MAP4, demonstrated a clear shift, with significant 

upregulation of the neuronally spliced isoforms. These findings replicate previous studies, 

which demonstrated upregulation of miR-124-3p during neuronal differentiation directly 

repressed PTBP1 expression, causing the isoform switch (Makeyev et al., 2007). Reduced 

levels of PTBP1 were found to prevent exon skipping in the homolog PTBP2 which would 

typically lead to nonsense mediated decay. Moreover, this PTBP1 repression was shown to 

be essential for the efficient differentiation of neurons (Makeyev et al., 2007). Importantly, 

these differentially spliced variants appear to have significant impacts on neurogenesis. For 

example, despite differing by only 9 amino acids, the two variants of the CDC42 gene show 

uniquely distinct functions in neurogenesis. Whilst the general or ubiquitously expressed 

variant (CDC42u) drives the formation of progenitor cells, the brain specific variant, typically 

limited to mature neurons is essential for the transition to a terminally differentiated state 

(Endo et al., 2020). Furthermore, analysis of human neurogenesis has indicated a gradual 

transition of CDC42 isoforms rather than a sharp switch is instrumental for proper structural 

and functional polarization of neurons (Yap et al., 2016). Therefore, not only do these results 

indicate the premature upregulation of miR-124-3p has global cellular implications, but also 

a dysregulation of proper neurogenesis due to an expeditiousness of developmental timing. 

In addition to changes in spliced variants, analysis also revealed downregulation of target 

genes including REST and its associated protein CTDSPL (CTD Small Phosphatase Like). This 

further emphasizes the disruption of the REST-miRNA feedback loop previously observed. 

Since REST targets both miR-124-3p and miR-9, I investigated if the elevated levels of these 

miRNAs were caused by the downregulation of REST by using mimics against EHMT1-

regulated miRNAs. 

The results supported this hypothesis. Upregulation of miR-26a and miR-140, both under 

EHMT1 control, led to the increase in miR-124-3p and miR-9, suggesting these EHMT1-

regulated miRNAs act upstream of REST. Interestingly, while previous studies have shown 
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EHMT1/2 directly represses miR-124-3p in cancer (Siouda et al., 2020), my findings suggest 

that the miR-124-3p increase here is a consequence of decreased REST, rather than direct 

EHMT1 action. ChIP studies could be useful in the future to confirm the presence of H3K9me2 

marks on the MIR124 gene during differentiation. 

Previous results suggest that as differentiation progresses, the loss of REST derepresses miR-

9-5p expression, which in turn actively downregulates REST further (Laneve et al., 2010). 

Given the overexpression of miR-124-3p and miR-9-5p is sufficient to transdifferentiate cells 

to a neuronal state by targeting REST (Lee et al., 2018), I questioned whether the elevation of 

these miRNAs marked a ratchet like state change, preventing de-differentiation. As such, cells 

were treated with UNC0638 inhibitor until day 20 before the chemical was removed until day 

30. Results indicated that despite the removal of the EHMT inhibitor, levels of miR-124-3p 

and miR-9-5p remained elevated. Likewise, levels of REST protein remained significantly 

lower at day 30, in-spite of UNC0638 withdrawal. Together this suggests a dynamic shift in 

REST regulation from upstream EHMT1 regulated miRNAs, to downstream destabilisation of 

the REST-miRNA feedback loop. In this manner, elevation of miR-124-3p and miR-9-5p act as 

a transcriptional ratchet, ensuring neuronal fate commitment and preventing de-

differentiation of neuronal cells. This sequential progression toward differentiation is 

supported by studies which demonstrate despite being sufficient to induce neuronal 

differentiation, overexpression of miR-124-3p and miR-9-5p is only partially responsible for 

the inhibition of REST (Drouin‐Ouellet et al., 2017). This would suggest for proper and total 

neuronal differentiation, the correct regulation and timing of multiple transcriptional stages 

is required. 

This work strengthens the evidence for a time-dependent role of miR-124-3p and miR-9-5p in 

neuronal differentiation, initiated by EHMT1 regulation. Supporting this concept, previous 

research has shown that while overexpressing miR-9-5p alone cannot trigger neuronal 

differentiation, it significantly accelerates this process in neuronal progenitor cells that are 

already primed for differentiation (Zhao et al., 2009). Conversely, inhibiting miR-124-3p has 

been linked to delayed neurogenesis or even blocked neuronal differentiation, highlighting 

its importance in the precise timing of neuronal development (Cheng et al., 2009). 

Having demonstrated that a loss of EHMT1 induces a temporal shift in neurodevelopment 

and precocious elevation of miR-124-3p and miR-9, I wanted to understand if this had an 
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implication on neuronal maturation. Indeed, previous studies have demonstrated that 

synthetically inhibiting REST levels, whilst simultaneously elevating miR-124-3p and miR-9-5p 

drastically accelerates neuronal maturation (Lee et al., 2018). Both miRNAs act to progress 

maturation, by repressing a range of genes. By targeting the stemness gene FOXG1, miR-9-5p 

acts to transit cells away from the progenitor state (Garaffo et al., 2015). Likewise, miR-124-

3p inhibits the SOX9 gene, responsible for maintaining a stem like state in neuronal progenitor 

cells (Cheng et al., 2009). Meanwhile, miR-124-3p also promotes neuronal differentiation and 

axonal branching by targeting the homeobox gene, LHX2 (Sanuki et al., 2011). 

To gain insight into the speed of maturation, I investigated the expression of the progenitor 

marker PAX6 and the neuronal marker MAP2 in EHMT1 deficient cells. If a shift in acceleration 

was present, earlier increases in neuronal progenitors would be expected, accompanied by 

subsequent premature increases in neuronal cells. Analysis revealed this was the case, with 

significant elevation of PAX6 by day 20, accompanied by a greater number of PAX6 positive 

cells, indicating an increase in the number of progenitor cells. Despite this, levels of PAX6 

were not significantly elevated at day 10, which was surprising as PAX6 levels increase very 

early during neuronal differentiation. One possible explanation is that PAX6 is not a target of 

REST and hence not initially impacted by the loss of REST. Expression of MAP2 was elevated 

at day 20 and to an even greater extent by day 30. Accompanied by the increased number of 

MAP2 positive cells in both UNC0638 treated and EHMT1 haplodeficient cells, this strongly 

suggests an increase in the number of neuronally committed cells in direct response to the 

loss of EHMT1. Comparing the results from PAX6 and MAP2 analysis, it is possible that cells 

are transitioning very quickly from the progenitor to neuronal cell types, as indicated by the 

more pronounced increase in MAP2. Future work should further investigate the transition of 

EHMT1 depleted cells through the neuronal pathway and single cell sequencing tools will be 

particularly advantageous in defining the unique subpopulations of cells. 

To further probe the temporal effects of EHMT1 depletion on neuronal maturation, I assessed 

expression of neuronal markers NCAM1 and ASCL1. Despite being known to be regulated by 

REST (Kreisler et al., 2010), NCAM1 showed no discernible increases compared to control at 

day 15. However significant increases were seen at day 30, in line with peak miRNA 

differences. Interestingly elevation of NCAM1 has been shown in cells where miR-124-3p and 

miR-9-5p are overexpressed, indicating a shift toward a neuronal state (Lu et al., 2021). 
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Moreover it has long been known exogenous addition of soluble NCAM1 has been shown to 

actively promote differentiation of progenitor cells (Shin et al., 2002a), again supporting an 

acceleration of neural differentiation in EHMT1 deficient cells. 

In contrast, ASCL1 was elevated as early as day 15 and showed even greater increases at day 

30. ASCL1 is a highly influential proneural gene, capable of converting astrocytes to induced 

neurons (Rao et al., 2021). The transcription factor has been found to be vital for neuronal 

specification and activating a plethora of neuronal subtype markers, including 

neurodevelopmental factors such as OLIG1, OLIG2 and SOX2 (Aydin et al., 2019, Vue et al., 

2020). Overexpression of ASCL1 is sufficient to generate transdifferentiated neurons, 

however these cells initially display slower maturation kinetics (Chanda et al., 2014). 

However, the efficacy of ASCL1 reprogramming is significantly enhanced with ectopic 

overexpression of miR-124-3p and miR-9-5p (Yoo et al., 2011). My results indicate the 

increased expression of ASCL1 is indicative of a transcriptional shift towards neuronal 

subtypes as seen in previous chapters. To assess if neuronal fate was increased in EHMT1 

deficient cells, protein levels of the neuronal marker β-tubulin III (TUBB3) were analysed in 

EHMT1 depleted cells. TUBB3 expression is restricted to neurons and levels peak during early 

postnatal periods (Radwitz et al., 2022). Even at day 40, levels of TUBB3 remained elevated, 

suggesting a significant enrichment of neuronal cells as compared to control samples. 

Importantly this effect was observed in both UNC0638 treated cells, but also in EHMT1+/- cells, 

suggesting the increase is directly due to mis-regulation by EHMT1 loss. This finding is in-line 

with similar studies, which demonstrate a lack of REST, or upstream miRNAs result in elevated 

expression levels of TUBB3 (Sauer et al., 2021). However, decreased levels of TUBB3 during 

neurodevelopment have been found to boost regulate synaptogenesis and long-term 

potentiation (Radwitz et al., 2022). As such, elevated levels of TUBB3 in response to a loss of 

EHMT1 may lead to issues regarding synaptogenesis in Kleefstra syndrome patients. Further 

work would be required to prolong differentiation of these cells and analyse the effects at 

later stages. 

To understand if this increased maturation was sustained at later stages of differentiation, 

expression levels of the mature neuronal marker SNAP25 were analysed in various EHMT1 

depleted models at day 50 of differentiation. Results showed SNAP25 levels were elevated in 

UNC0638 treated, EHMT1+/- and Kleefstra syndrome cells, demonstrating a clear EHMT1 
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specific effect. SNAP25 is highly regulated by REST, containing two RE1 sites within its 

sequence (Cheong et al., 2005). Furthermore, as with other targets, overexpression of miR-

124-3p and miR-9-5p leads to significant elevation of SNAP25 expression (Lu et al., 2021). 

Results indicate SNAP25 is consistently elevated in the absence of EHMT1, most likely as a 

direct result of REST loss. Moreover, it indicates the increase in neuronal maturation is 

sustained, rather than a transient effect at the progenitor stages. 

Based on previous experiments in Chapter 5.3.3-5.3.5, loss of EHMT1 appeared to induce a 

shift in neuronal maturation that was fixed beyond day 20. Moreover, the ectopic expression 

of EHMT1 regulated miRNAs was sufficient to induce upregulation of brain specific miRNAs 

underpinning this precocious maturation. Therefore, in an attempt to uncouple these 

elevated miRNAs and restore the normal timing of neurodevelopment, I generated stable 

multimiR sponges against either EHMT1-miRNAs (miR-140-5p/miR-153-3p/miR-26a-5p) or a 

scramble sequence, using a retroviral system. Results of EHMT1 depleted hiPSCs replicated 

previous findings that inhibition of these miRNAs is sufficient to rescue REST expression. 

Rescue of REST protein levels was almost indistinguishable from control, most likely due to 

the stable and continuous expression of the multimiR-sponge. These hiPSCs were 

differentiated to day 30 and the expression of miR-9-5p and miR-124-3p was analysed. As 

expected, given the rescue of REST protein, miR-124-3p and miR-9-5p levels were significantly 

decreased in multimiR-sponge samples compared to scramble control. This finding supports 

previous results of mimic experiments that demonstrated EHMT1-miRNAs were responsible 

for the elevation of brain specific miRNAs.  

Inhibition of brain-specific miRNAs in adult neurons has shown not to be sufficient to reverse 

differentiation (Lu et al., 2021). However, miR-124-3p inhibition during early neural 

development can prevent neuronal differentiation altogether (Cheng et al., 2009). With this 

in mind, I aimed to determine if the rescue of brain specific miRNAs at day 30 translated to a 

restoration of the neurodevelopmental timeline. To do this I analysed the protein expression 

of two markers of mature neurons, NEFM and SYN at differentiation day 40, in control, 

scramble and multimiR sponge samples following continual treatment with UNC0638. Results 

of both NEFM and SYN protein analysis in scramble sponge samples showed significant 

elevation relative to control. NEFM is highly expressed in mature neurons and is directly 

involved in dendrite outgrowth and axon organisation (Yuan et al., 2017). Likewise, SYN is 
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highly expressed in mature neurons, where it plays a distinct role in the regulation of adult 

neurogenesis (Barbieri et al., 2018). Transformation studies, utilising overexpression of miR-

124-3p and miR-9-5p also display strong increases in SYN expression, as seen in my results 

(Yoo et al., 2011). As such the increase in scramble cells indicates precocious maturation seen 

in early neuronal cells is sustained, as indicated by earlier SNAP25 results in EHMT1+/- and 

patient cells. 

Importantly, multimiR-sponge samples demonstrated significant reduction in both NEFM and 

SYN protein, back to levels comparable with control. Inhibition of the EHMT1 miRNAs from 

the hiPSC stage was able to restore the timing of maturation comparable to healthy cells. 

Collectively this work demonstrates that intervention at the hiPSC stage, either by stable 

miRNA repression or by EHMT1 overexpression as shown in Chapter 4.3.2, could prevent 

premature maturation. This suggests EHMT1 controls an epigenetic window in which its 

effects can be reversed, acting like a ratchet to progress neural development and timing. 

These findings are strongly supported by a very recent study that has demonstrated a similar 

link, in which EHMT1 was transiently inhibited from day 12 to 20 of neuronal differentiation 

(Ciceri et al., 2024). In contrast to my findings no change was seen in PAX6 expression at day 

20, most likely due the transient inhibition of EHMT1. However significant increases were 

seen in the neurofilament heavy (NEFH) protein, a heteropolymer of the NEFM, at day 35. 

Moreover, early postnatal supply of EHMT1 in Ehmt1+/- mice has been shown to drastically 

improve but not fully reverse KS phenotypes (Yamada et al., 2021). Together with my results, 

these findings strongly suggest an epigenetic window prior to day 20 dictates the temporal 

regulation of neuronal differentiation, whereby disruptions during this time lead to 

accelerated maturation toward a neuronal phenotype. 

The association between precocious differentiation and neurodevelopmental disorders are 

not unique to Kleefstra syndrome. Kabuki syndrome is a rare congenital disorder 

characterised by intellectual disability, caused by mutations in the methyltransferases KMT2D 

(Ng et al., 2010). Studies analysing the effects of KMT2D loss of neuronal differentiation 

similarly demonstrated an accelerated rate of neuronal maturation (Carosso et al., 2019). 

Results of this work revealed premature increases in MAP2, TUBB3 and ASCL1 as seen in my 

results, along with various other proneural genes. Similarly, Wiedemann-Steiner syndrome is 

disorder caused by mutations of the methyltransferase KMT2A, characterised by intellectual 



5. The effect of EHMT1 loss on neuronal development and maturation 

119 
 

disabilities and brain malformations (Nardello et al., 2021). The loss of KMT2A has been 

shown to lead to premature decrease in neuronal progenitors, accompanied by increases in 

differentiated neurons (Cederquist et al., 2020). Furthermore, analysis of KMT2A deficient 

zebrafish embryos revealed although proliferation remained unaffected, neurons showed 

precocious differentiation as early as 16 hours post-fertilisation (Huang et al., 2015). 

Mutations in the histone methyltransferase, EZH2, have also been shown to directly cause 

premature neuronal differentiation. Following an initial increase, PAX6 levels are significantly 

decreased and developmental timing is drastically advanced, with increased numbers of 

initial neurons, but reduced brain size overall (Pereira et al., 2010). These findings 

demonstrate premature neuronal differentiation and reduced proliferation are distinct 

convergence points for a number of neurodevelopmental disorders. 

5.5 Conclusion 

This chapter demonstrated the significant disruption of brain specific miRNAs following the 

EHMT1 induced loss of REST. The precocious elevation of both miR-124-3p and miR-9-5p 

induced accelerated neuronal maturation to a terminally differentiated neuronal state. This 

precocious maturation was shown to be as a direct cause of EHMT1 loss and seen in inhibitor 

treatment, as well as CRISPR edited and patient cell lines. Importantly, these effects by EHMT1 

loss were reversible in the early stages of neuronal development but fixed beyond day 20 of 

differentiation. Thus, EHMT1 controls an important epigenetic window in neurodevelopment, 

ensuring the timely progression of neuronal differentiation in the healthy brain.  



6 Epigenetic crosstalk during neuronal differentiation 

6.1 Introduction 

Epigenetic modifiers create complex networks, independent of DNA sequence which act to 

regulate the transcriptome throughout development. Within these networks, histone 

modifiers do not act independently from one another, and as our understanding of 

epigenetics grows, there is significant evidence for epigenetic co-occupancy and crosstalk. 

Importantly this epigenetic crosstalk appears to play significant roles in the regulation of 

neurodevelopment. 

One of the most long standing examples is that of bivalent genes, which display opposing 

repressive and activating marks, H3K27me3 and H3K4me3 respectively (Bernstein et al., 

2006). Such bivalent genes are often developmental and frequently found in stem cells 

leading many to hypothesise such marks enable fine-tuning of development and timing 

(Nagarajan and Johnsen, 2016). This is supported by the fact that the loss of H3K27me3 marks 

on these genes do not automatically translate to increased expression (Banaszynski et al., 

2013). Bivalent genes have also been found in neural progenitor cells, where paused genes 

were most often those activated in neurons (Liu et al., 2017a). Once more, loss of H3K27me3 

marks did not immediately lead to an increase in gene expression. Moreover, bivalent 

domains have also been shown to be instrumental to cerebellum development, primarily 

around H3K27me3, with disruption leading to accelerated neuronal maturation (Matlik et al., 

2023). These results suggest bivalent genes play a significant role in the regulation and timing 

of proper brain development. 

Co-occupancy of histone marks is not limited to opposing mechanisms and cooperative 

epigenetic modifications are often seen on the same transcripts or histone tails. For example, 

the repressive marks H3K9me2 (encoded by EHMT2) and H3K27me3 (encoded by EZH2) share 

a number of common targets. Simultaneous inhibition of both EZH2 and EHMT2 was found 

to be significantly more effective at inducing gene expression than individual inhibition (Curry 

et al., 2015). Importantly, a number of genes were not expressed following individual 

inhibition, inferencing dual targeting develops a level of expression patterning for fine-tuned 

expression. Similar results have also been seen in multiple myeloma samples, where EHMT2 
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and EZH2 collectively target genes involved in the regulation of proliferation (Ishiguro et al., 

2021). 

Beyond their close proximity, recent research suggests a more intertwined role for H3K9me2 

and H3K27me3 writers. Studies have shown that the EZH2 containing complex PRC2 and its 

mark H3K27me3, cooperate with the H3K9me2 mark to ensure the stability and function of 

heterochromatin protein 1 alpha (HP1α) (Boros et al., 2014). Whilst H3K9me2 marks are 

required for the recruitment of HP1α to the chromatin, which in turn recruits the PRC2 

complex to deposit H3K27me3 repressive marks. This relationship was further demonstrated 

in neural progenitor cells, where it was demonstrated H3K9me2/3 recruits HP1 to neuronal 

specific genes to recruit H3K27me3 and protect against demethylases (Naruse et al., 2020). 

Interestingly, loss of HP1 led to the loss of H3K27me3 at various neuronal specific genes and 

resulted in significant increased expression. Such work demonstrates the unique crosstalk 

between the H3K9me2/3 and H3K27me3 marks in neurodevelopment. 

In addition to histone mark interaction, crosstalk has also been demonstrated between 

EHMT1/2 and the PRC2 complex. Interplay between the two modifiers found that they not 

only physically interact, but that this binding had functional implications on target genes 

(Mozzetta et al., 2014). Interestingly, not only does EHMT2 recruit the PRC2 complex via EZH2, 

but this recruitment is specifically required for H3K27me3 activity at specific genomic loci. 

Moreover, the catalytic activity of EHMT2 was also shown to be vital for this functional 

recruitment. This unique binding activity was not global, but instead restricted to a subset of 

primarily neuronal determinant genes.  

In contrast global changes have been identified across the zygote genome. Despite primarily 

methylating H3K9me2 residues, EHMT1 was found to be instrumental for the establishment 

of H3K27me2 within the male pronucleus (Meng et al., 2020). Interestingly, this function 

appears to be specific to the EHMT1 protein rather than the more prolific EHMT2 

methyltransferase. Furthermore, the establishment of H3K27me2 was a prerequisite for the 

EZH2 mediated establishment of de-novo H3K27me3 marks. Despite these clear interactions 

between EHMT1 and EZH2 at various levels epigenetic control, their specific role in mediating 

neuronal differentiation and its time course remains unclear. 
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6.2 Chapter Aims 

This chapter will investigate the epigenetic crosstalk between EHMT1 and EZH2, in relation to 

its role in neurodevelopment. Co-binding of epigenetic factors will be assessed, alongside 

specific genomic targets. To further assess the exact binding mechanics, various EHMT1 

mutant models will be generated and their impact on joint function analysed.  
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6.3 Results 

6.3.1 Analysis of epigenetic co-binding 

Transcription factor motif analysis in Chapter 3, identified significant enrichment for members 

of the REST complex in upregulated genes. Additionally, enrichment for the 

methyltransferase, EZH2 responsible for the methylation mark H3K27me3, was also 

identified. To better understand the global changes to global histone states induced by the 

loss of EHMT1, epigenomic enrichment analysis was performed on the upregulated genes of 

the EHMT1+/- day 30 RNA sequencing data set. Analysis revealed 14 methylation states were 

enriched, all of which were for the EZH2 methylation mark, H3K27me3 (Figure 6.1A). These 

results suggest significant enrichment of H3K27me3 targeted genes in EHMT1 depleted 

neurons. The top three enriched sets were H3K27me3 H1 BMP4 derived trophoblast cultured 

cells (-Log=4.92), H3K27me3 Brain Hippocampus Middle (-Log=4.9) and H3K27me3 

Neurosphere Cultured Cells Cortex Derived (-Log=4.57). Two of these top three targets are 

brain/neural specific, further implicating a disruption of H3K27me3 methylation in brain 

development. Indeed, of the remaining 11 enriched states, 2 are related to brain 

environment, H3K27me3 Brain Germinal Matrix (-Log=1.99) and H3K27me3 Brain Substantia 

Nigra (-Log=1.53). Interestingly the remaining methylation states, although all H3K27me3, 

appear to be from differing cell backgrounds, primarily pluripotent and haematopoietic. No 

enrichment was seen for H3K9me2 as it was not assessed across the 111 reference 

epigenomes (Kundaje et al., 2015). 

Next, given that it has been reported that REST recruits both EHMT1/2 and EZH2 for genetic 

repression, Coimmunoprecipitation (Co-IP) was performed in hiPSCs to determine if the 

proteins colocalise and bind. Results of the pulldown analysis indicated a direct interaction 

between the EZH2 and EHMT1 proteins (Figure 6.1B). Likewise, analysis demonstrated a 

similar physical interaction for the REST protein (Figure 6.1C). These results demonstrate 

EZH2 is capable of forming a complex with both EHMT1 and REST, as has previously been 

reported. Furthermore, this suggests a number of neuronal targets potentially contain both 

H3K9me2 and H3K27me3 marks, deposited by EHMT1 and EZH2 respectively. 
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Figure 6.1 Co-binding analysis of epigenetic factors 
A) Methylation state enrichment analysis based on human ChIP-seq datasets. B-C Co-immunoprecipitation of 
EZH2 in hiPSCs by monoclonal antibody B) probed with EHMT1 antibody and C) probed with REST antibody. Ab 
heavy chain is present on the western blot and indicated by lower arrow. 
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6.3.2 Analysis of EZH2 in EHMT1 deficient cells 

From methylation enrichment results I reasoned H3K27me3 appears to be significantly 

dysregulated in EHMT1 deficient neurons and therefore wanted to assess whether this was 

caused by a disruption in EZH2. To do this I analysed EHMT1 protein levels by western blot at 

the previously identified timepoints of differentiation day 0 (hiPSCs) and day 30 following 

treatment with UNC0638 (400nM).  

 

Figure 6.2 Analysis of EZH2 expression in EHMT1 depleted cells during neuronal differentiation 
A) Western blot analysis of EZH2 protein expression in hiPSCs (Day 0) treated with 400nM UNC0638. B) Western 
blot analysis of EZH2 protein expression in neurons (Day 30) treated with 400nM UNC0638. C) Expression analysis 
of EZH2 by qRT-PCR during various days of neuronal differentiation (Day 0-50), with each timepoint relative to 
vehicle only control. Data were presented as Mean±SEM and analysed by student’s t-test. *P < 0.05. n=3 
independent experiments. 
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Analysis indicated no change in EZH2 protein levels at day 0 despite inhibition of EHMT1 

(Figure 6.2A). In contrast, levels at day 30 were significantly lower than control, with a 50% 

reduction (1.32±0.21 Vs. 2.69±0.23, p=0.032) (Figure 6.2B). 

In an attempt to understand if this change in EZH2 protein was reflected in the transcriptional 

expression, qRT-PCR analysis was performed on cells treated with UNC0638 (400nM) and 

differentiated until day 50 (Figure 6.2C). As seen with protein levels, expression of EZH2 

remained unchanged at day 0, with levels highly comparable to control. Likewise at day 20 

there was no significant change in expression. Although modestly decreased at day 30, the 

change in expression was not significant (0.82±0.13, p=0.057). This is contrast to the results 

of the western blot, which indicated a significant reduction at day 30, however a similar 

response was seen with REST in chapter 3 which demonstrated significant reductions in 

protein but not transcription. These results suggest a global loss of EZH2 in EHMT1 depleted 

cells beyond day 30 of neuronal differentiation. 

6.3.3 Epigenetic crosstalk of EHMT1 and EZH2 

Although a global loss of EZH2 was not identified in hiPSCs, given the colocalization of EHMT1, 

EZH2 and REST, paired with the discovery that REST is lost following EHMT1 inhibition, I 

wanted to probe this connection further. Previous studies have identified the paralog EHMT2 

forms a ternary complex with the EZH2 containing PRC2 complex and REST, at the promoter 

of neuronal genes (Mozzetta et al., 2014). I therefore performed ChIP-qPCR on the neuronal 

genes VSTM2L and ROBO3 in EHMT1 heterozygous mutant cells (EHMT1+/-). Both VSTM2L and 

ROBO3 showed significant enrichment for H3K9me2 in control samples, with mean peak fold 

changes of 20.85±3.02 and 14.81±1.35 as compared to IgG respectively (Figure 6.3Ai, Bi). 

Similarly, both VSTM2L and ROBO3 also showed significant enrichment for H3K27me3 in 

control samples, with mean peak fold changes of 19.28±1.66 and 18.30±2.72 compared to 

IgG respectively (Figure 6.3Aii, Bii). Importantly, in EHMT1+/- samples, mean peak H3K9me2 

fold change for VSTM2L and ROBO3 drops to 4.03±0.43 and 2.11±0.79 respectively. Even 

more interestingly however, large drops are also seen in H3K27me3 marks, with mean peak 

fold change for VSTM2L and ROBO3 decreasing to 4.72±0.62 and 2.48±1.45 respectively. 

These results strongly indicate that both EHMT1 and EZH2 target common neuronal genes. 

Moreover, the loss of EHMT1 is sufficient to also induce significant loss of the EZH2 mark, 

H3K27me3 on these coregulated genes. 
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Figure 6.3 ChIP-qPCR analysis of neuronal genes in EHMT1 depleted cells 
ChIP-qPCR analysis of A) VSTM2L in EHMT1 heterozygous mutant hiPSCs for i) H3K9me2 marks and ii) H3K27me3 
marks. B) ROBO3 in EHMT1 heterozygous mutant hiPSCs for i) H3K9me2 marks and ii) H3K27me3 marks. C) ChIP-
qPCR to analyse H3K9me2 marks on the REST promoter in control hiPSCs. Data were presented as Mean±SEM. 
n=3 independent experiments. 
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As REST was also shown to be in a ternary complex with both EHMT1 and EZH2, the REST gene 

itself was analysed for potential methylation by H3K9me2. No enrichment was seen for 

H3K9me2 marks on REST, indicating the gene was not directly regulated by EHMT1 (Figure 

6.3C). 

Given that both these genes are targeted by REST, it would be natural to assume the loss of 

H3K27me3 could be explained by the failure of REST to recruit EZH2. However, EHMT2 and 

EZH2 are also reported to target REST independent genes involved in early differentiation 

(Zylicz et al., 2015). In order to analyse the interaction of EHMT1 and EZH2 independently of 

REST, ChIP-qPCR was again performed on the developmental genes OTX2 and SALL2 in EHMT1 

heterozygous mutant cells (EHMT1+/-). Neither OTX2 or SALL2 contain RE1 sites and are not 

regulated by the REST complex. As such interactions between EHMT1 and EZH2 on these 

genes are not mediated by the REST complex. 

Both OTX2 and SALL2 were strongly enriched for H3K9me2 methylation in control samples, 

with mean peak fold enrichment of 152.27±15.26 and 19.36±6.79 as compared to IgG 

respectively (Figure 6.3Ai, Bi). Again, as seen previously with neuronal genes, both OTX2 and 

SALL2 displayed enrichment for H3K27me3 methylation also, with mean peak increases of 

27.23±9.54 and 8.61±3.01 respectively (Figure 6.3Aii, Bii). These results demonstrate EHMT1 

and EZH2 are able to colocalise on developmental genes independently of the REST complex. 

As seen previously, EHMT1+/- samples displayed significant reductions in H3K9me2 

enrichment for both OTX2 and SALL2, with mean peak fold enrichment of 24.85±13.69 and 

2.18±0.37 respectively. Likewise, enrichment of H3K27me3 was simultaneously also reduced, 

with mean peak fold enrichment of 6.94±0.77 and 2.45±2.71 respectively. This further 

implicates a cooperative function for EHMT1 and EZH2, indicating either the presence or 

catalytic function of EHMT1 is required for H3K27me3 methylation at specific genes. 

Importantly conducting these experiments in the EHMT1 heterozygous lines demonstrate it 

is the function of EHMT1 and not only its paralog EHMT2 that is capable of epigenetic crosstalk 

with factors such as EZH2 and REST.  
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Figure 6.4 ChIP-qPCR analysis of developmental genes in EHMT1 depleted cells 
ChIP-qPCR analysis of A) OTX2 in EHMT1 heterozygous mutant hiPSCs for i) H3K9me2 marks and ii) H3K27me3 
marks. B) SALL2 in EHMT1 heterozygous mutant hiPSCs for i) H3K9me2 marks and ii) H3K27me3 marks. Data 
were presented as Mean±SEM. n=3 independent experiments. 

6.3.4 EHMT1 mutants and EZH2 function 

Previous studies probing epigenetic crosstalk between EHMT2 and EZH2 have suggested that 

not only are the two proteins capable of physical binding, but also that this interaction is 

instrumental for their function at specific genomic targets (Mozzetta et al., 2014). To test if 

EHMT1 and EZH2 could similarly bind directly and at what region of the protein, I generated 
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various EHMT1 mutants. The EHMT1 protein is comprised of a N-terminus, Ankyrin repeat 

region, pre-SET and SET domain, and C-terminus (Figure 6.5A). To probe the binding potential 

of each of these I generated a HA-tagged EZH2 protein, along with flag tagged full length 

EHMT1 (FL) and various mutants with missing regions of the protein. To assess the binding 

capacity, HA-tagged EZH2 was co-transfected with the various EHMT1 mutants or eGFP as a 

negative control before Co-IP was performed (Figure 6.5B). Results of the Co-IP indicated 

strong binding between the full length EHMT1 (EHMT1-FL) and EZH2 (Figure 6.5C), 

demonstrating the two proteins do indeed directly bind to one another. In addition to the 

full-length EHMT1, the SET (AB) and the ankyrin repeat (A) deletion mutants also 

demonstrated binding with EZH2, however no binding was seen with the N-terminal deletion 

(BC). These results strongly suggest EHMT1 binds EZH2 via its N-terminal region. 

 

Figure 6.5 Generation and testing of EHMT1 mutants 
A) Schematic showing the structure of the EHMT1 protein and the associated mutants. Region A contains the C-
terminus, region B the ankyrin repeats and C the pre-Set and Set domains. Exons 14 and 20 are marked on the 
schematic. B) The hypothesised binding between EHMT1 and EZH2, mutants contain either a flag tag (red) or 
HA-tag (green). C) Western blot against a flag tag antibody following immunoprecipitation with HA-tag. eGFP 
was used as a negative control. 
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I reasoned that if EHMT1 could directly bind to EZH2, it may also recruit the protein to specific 

genomic regions and regulate its methylating function, H3K27me3. To test this theory a GAL4 

reporter system was used to localise the various EHMT1 mutant proteins to the promoter of 

a reporter gene. The recruitment of EHMT1 and EZH2, and their methylation marks H3K9me2 

and H3K27me3 at the reporter were then assessed by ChIP-qPCR to assess the impact of the 

various mutants (Figure 6.6A). To further understand the EHMT1 recruitment dynamics a 

catalytically inactive mutant (EHMT1ΔCat), with a point mutation in the SET domain was also 

included. This is a structurally intact protein but lacks the ability to deposit H3K9me2 

methylation. Additionally, KMT5A, a methyltransferase responsible for the methylation of 

H4K20 and with no co-reactivity with EHMT1, was utilised as a negative control. 

Analysis by ChIP-qPCR indicated all GAL4 fusion proteins were successfully recruited to the 

promoter of the reporter gene (Figure 6.6B). Subsequently H3K9me2 analysis revealed only 

EHMT1-FL showed significant enrichment, with a 7.52-fold increase (% Input 0.67±0.13, 

p<0.0001) compared to KMT5A control (% Input 0.089±0.015) (Figure 6.6C). EHMT1-AB (% 

Input 0.11±0.024), EHMT1-BC (% Input 0.14±0.033) and EHMT1ΔCat (% Input 0.19±0.036) all 

appeared incapable of depositing H3K9me2 despite binding to the reporter promoter. 

The binding of EZH2 was then assessed by ChIP-qPCR for all samples. In this instance EHMT1-

FL (% Input 0.23±0.071, P<0.0001), EHMT1-AB (% Input 0.19±0.058, p<0.0001) and 

EHMT1ΔCat (% Input 0.21±0.061, p<0.0001), all showed significant enrichment for EZH2 

binding as compared to KMT5A control (% Input 0.0078±0.0015) (Figure 6.6D). However, 

EHMT1-BC (% Input 0.016±0.0047), the only fusion protein lacking the N-terminus region 

showed no enrichment for EZH2. This supports the previous results which indicate EHMT1 

binds via its N-terminal region to EZH2. 

Finally, enrichment for the EZH2 methylation mark, H3K27me3 was assessed. As expected, 

EHMT1-FL showed significant enrichment (% Input 0.69±0.17, p<0.0001) as compared to 

KMT5A control (% Input 0.089±0.011) (Figure 6.6E). Likewise, EHMT1ΔCat also showed 

significant enrichment (% Input 0.58±0.10, p<0.0001) for H3K27me3 as compared to KMT5A, 

indicating the catalytic activity of EHMT1 was not required for H3K27me3 methylation. 

Conversely, neither EHMT1-AB or EHMT1-BC were able to induce H3K27me3 methylation at 

the reporter gene. In the case of the AB mutant this is most likely due to a lack of EZH2 binding 
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and recruitment. However, for the BC mutant it appears the SET domain, but not its catalytic 

activity is required for H3K27me3 methylation. 

Collectively these results indicate EHMT1 binds via its N-terminus to EZH2 and is required for 

its recruitment to specific genomic regions. The SET domain of EHMT1, but not its catalytic 

activity is also required for H3K27me3 methylation at these genes. This suggests the structural 

presence of the EHMT1 SET domain is integral to this process. 

  

 



 

Figure 6.6 EHMT1 mediated recruitment of EZH2 
Samples were transfected with a GAL4 UAS reporter and varying GAL4 fused mutants. A) Overview of the GAL4 reporter system. Samples were subsequently 
immunoprecipitated and ChIP-qPCR analysis was performed at the reporter promoter for B) Gal4 C) H3K9me2 D) EZH2 E) H3K27me3. Data were presented as Mean±SEM. 
and analysed by One-way ANOVA with post hoc comparisons using Tukey’s multiple comparisons test comparing to KMT5A control samples. *P < 0.05, **P < 0.01, ***P < 
0.001. n=4 independent experiments. 
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6.4 Discussion 

Here I focused on deciphering the interplay between EHMT1 and other epigenetic factors, 

particularly how this interaction is disrupted when EHMT1 levels are depleted. Results of my 

bioinformatic analysis on EHMT1+/- neurons revealed significant enrichment for the REST 

motif around upregulated genes (Figure 3.5A). Within this analysis, the histone 

methyltransferase EZH2 also showed significant enrichment.  

To better understand the implications of EHMT1 loss on various other histone modifications 

across the genome, enrichment analysis was performed using the epigenomes roadmap 

model. Histone modifications in the EHMT1+/- RNA seq dataset revealed huge enrichment for 

the H3K27me3 methylation mark on upregulated genes, indicating a dysregulation of its 

catalytic protein, EZH2. Importantly, a majority of these enriched epigene datasets were from 

neuronal cells or tissues, again reinforcing a genetic shift toward a neuronal subtype.  

Previous work has shown that EHMT1/2, EZH2 and REST form a ternary complex (Mozzetta 

et al., 2014). Results of co-immunoprecipitation analysis in iPSCs revealed EZH2 was indeed 

capable of binding to both the EHMT1 and REST protein, indicating a closely associated role 

for the three proteins. Interestingly REST is well known to recruit the EZH2 containing PRC2 

complex to co-regulate a number of neuronal genes. Despite this, most REST targets appear 

to be regulated independently of the PRC2 complex (McGann et al., 2014). Indeed, REST 

knockdown studies in mESCs show that although global levels of EZH2 and H3K27me3 remain 

unchanged, REST-PRC2 appears to regulate a subset of genes including, BRUNOL6, BEST2 and 

PRRXL1 (Dietrich et al., 2012). This study also highlighted this recruitment is potentially 

context dependent, with PRC2-EZH2 preferentially recruited to RE1 sites in CPG islands. These 

results were supported by other studies which also demonstrated REST-PRC2 co-bound 

preferentially on CGP rich sequences (Arnold et al., 2013). Previous work has also shown that 

the REST protein binds to EHMT2 via its C-terminal domain (Roopra et al., 2004). Moreover, 

results indicated EHMT2 function was essential for efficient repression of neuronal REST 

target genes. Studies inhibiting both REST and EHMT2 indicate that the two proteins work to 

induce a reversible plastic state in neuronal development (Crews et al., 2023). 

Following the histone modification analysis, I wanted to further probe the role of EZH2 in 

neuronal development. The deregulation of so many H3K27me3 marked and EZH2 targeted 
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genes in EHMT1+/- early neurons strongly suggested a global loss of EZH2 regulation. 

Hypothesising that this may be due to a significant loss of EZH2 protein, western blot analysis 

was performed on EHMT1 depleted neurons and stem cells. As proposed, EHMT1 depleted 

cells showed a significant reduction in EZH2 protein at the early neuronal stage, but no change 

was seen in stem cells. This drop in protein was accompanied by a significant decrease in 

transcription at later stages, indicating a systemic loss of EZH2 expression during 

differentiation. This differs from earlier results that demonstrated a loss of REST from the 

stem cell stage and throughout neuronal differentiation. This finding strongly aligns with REST 

knock out studies which demonstrated a loss of REST leads to no significant change in global 

H3K27me3 levels at the stem cell stage but saw significant reductions at the NPC stage (Arnold 

et al., 2013). This work also demonstrated that REST is also associated with a transient 

H3K27me3 peak in neuronal progenitors. This finding is in line with a recent study that 

demonstrated EZH2 and EHMT1 induce a temporal epigenetic roadblock, holding progenitor 

cells in a poised state that is gradually released as differentiation progresses (Ciceri et al., 

2024). 

A likely explanation for this premature loss of EZH2 is the significant increases in brain specific 

miRNAs. Recent studies have presented substantial evidence that EZH2 expression is directly 

regulated by miRNAs during neuronal differentiation. Overexpression of miR-124-3p was 

shown to activate a fraction of neuronal specific EZH2 targets, whilst expression of a mutant 

EZH2 lacking miR-124-3p binding sites resulted in a shift from neuronal to astrocyte specific 

cells (Neo et al., 2014). Similarly, overexpression of miR-124-3p and miR-9-5p in fibroblasts 

leads to neuronal trans-differentiation, accompanied by a significant reduction in EZH2 

protein (Lee et al., 2018). Not only did miR-124-3p directly inhibit EZH2, but the combined 

effects of the miRNAs also inhibited the deubiquitinating enzyme USP14 which normally 

stabilises EZH2. Finally, analysis of mature hippocampal neurons revealed increased miR-124-

3p expression during neuronal maturation directly targets EZH2 and downregulates the 

protein (Guajardo et al., 2020). Importantly this work also demonstrated that EZH2 remains 

elevated in early progenitor cells, indicating this loss aligns with a maturation of neuronal 

cells. Beyond neuronal cells, reduced miR-124-3p expression has also been shown to lead to 

elevated EZH2 and in turn increased proliferation in prostate, bile and gastric cancer (Song et 

al., 2023, Ma et al., 2018, Xie et al., 2014). Based on my previous findings that EHMT1 
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mediated loss of REST culminates in the premature and sustained increase of miR-124-3p and 

miR-9-5p, it is highly likely this leads to the observed loss of EZH2. This indicates a second 

irreversible epigenetic ratchet in normal brain development that is disrupted following the 

loss of EHMT1. However, further work is required to confirm this hypothesis, with 

experiments focusing on miR-sponges against miR-124-3p or the generation of 3’UTR 

deficient EZH2 mutants required. 

Although no change was seen in total EZH2 protein levels at the stem cell stage, I wanted to 

probe the possible disruption of EHMT1-EZH2 co-bound target genes. Previous work has 

demonstrated that the EHMT1 paralog, EHMT2, co-binds with the PRC2 complex to regulate 

a number of early neuronal targets in stem cells (Mozzetta et al., 2014). Therefore, I aimed to 

assess if such targets were impacted following the loss of EHMT1 at the pluripotent stage. A 

ChIP-qPCR analysis targeting VSTM2L and ROBO3, markers of early neuronal development, 

showed these genes co-localized with repressive histone marks H3K9me2 and H3K27me3 

deposited by EHMT1 and EZH2, respectively. Crucially, analysis of EHMT1+/- cells indicated a 

loss of not only H3K9me2 methylation, but also H3K27me3 at these genes, despite no change 

in global H3K27me3. This data implies the loss of EHMT1 in turn leads to the loss of H3K27me3 

in a gene specific manner. 

One plausible explanation for this loss of H3K27me3 is the concurrent loss of REST already 

established at the pluripotent stage. As neither EHMT1/2 or EZH2 are capable of 

independently binding to DNA, they are reliant on other factors to recruit them to specific 

regions. As discussed previously, REST is capable of recruiting both EHMT1/2 (Roopra et al., 

2004) and EZH2 (Dietrich et al., 2012) to DNA regions, potentially mediating silencing in a cell 

specific manner. Therefore, the loss of REST may result in the inability of EZH2 to bind and 

hence the almost total loss of H3K27me3 at VSTM2L and ROBO3 promoters. Indeed the REST 

complex has been shown to actively recruit both EHMT2 and EZH2 to silence active HIV virus 

in microglia (Ye et al., 2022). It has also been suggested that the dual activity of both EHMT2 

and EZH2 are required to establish HIV-1 latency (Nguyen et al., 2017), thus highlighting the 

functional importance of this dual binding. 

Additionally, EHMT1/2 is known to undergo auto methylation, which was found to be 

fundamental for its binding to factors such as CDYL and HP1 (Sampath et al., 2007, Chin et al., 

2007). It is therefore plausible that EHMT1 regulates its binding to other factors, including 



6 Epigenetic crosstalk during neuronal differentiation 

137 
 

REST and EZH2, via its auto methylation of itself and EHMT2. Furthermore, EZH2 has been 

found to directly methylate EHMT2, increasing its ability to recruit repressive complexes 

(Pham et al., 2020). Surprisingly, one recent publication suggested EHMT1/2 directly 

repressed the REST protein in direct contrast to my findings. Importantly analysis of the REST 

promoter indicated that it was devoid of H3K9me2 marks, indicating a lack of EHMT1/2 

regulation. 

Although the loss of REST seems a logical explanation for the gene specific reduction in 

H3K27me3 levels, both EHMT1 and EZH2 have also been reported to co-bind to other non-

REST target genes (Zylicz et al., 2015). Two REST independent genes, OTX2 and SALL2, were 

selected to assess if they were similarly dual targeted. The correct expression of SALL2 is vital 

for proper neurodevelopment (Böhm et al., 2008), while the loss of SALL proteins leads to the 

premature differentiation of pluripotent cells (Pantier et al., 2021). Conversely, OTX2 is an 

essential developmental regulator, acting to repress neuronal differentiation (Bai et al., 

2012). As with the REST dependent targets, both OTX2 and SALL2 were enriched for H3K9me2 

and H3K27me3 methylation at their promoter. Interestingly, as before EHMT1+/- cells showed 

both a loss of H3K9me2 and H3K27me3 methylation specific to the two genes. This finding 

strongly suggests the site-specific loss of H3K27me3 is not simply due to a loss of REST as a 

binding factor. Moreover, it implies the co-binding of EHMT1 and EZH2 is not specific to REST 

and other transcription factors are likely able to recruit the HMTs.  

One factor that is routinely found to co-bind to EZH2 and often referred as a recruitment 

factor is JARID2 (Sreeshma and Devi, 2023, Pasini et al., 2010, Kaneko et al., 2014). 

Importantly, knockout of JARID2 significantly impacts the ability of pluripotent cells to 

undergo multilineage differentiation (Li et al., 2010, Landeira et al., 2010). Likewise JARID2 

has also been shown to bind and recruit EHMT1/2 to genes such as CCND1, which it 

subsequently methylates (Shirato et al., 2009). Additionally JARID2 also displays significant 

target overlap with EHMT1/2 binding sites (Mozzetta et al., 2014), further implicating it as a 

potential HMT co-binding partner. 

Recently, studies have also demonstrated the nuclear receptor PALI1 (also known as LCOR) 

may also be a strong candidate as a common partner between the two HMTs. Research 

suggests that PALI1 has evolved as a conserved mimic to the JARID2 protein, allosterically 

activating the PRC2 complex through EED binding (Zhang et al., 2021a). Importantly this work 
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demonstrated PALI1 acts as a bridge between both EHMT1/2 and EZH2, suggesting this dual 

binding is required to maintain PALI1 stability. Another more recent study has demonstrated 

that PALI1-EZH2 is actively recruited by EHMT2 to methylate H3K27 at a subset of specific 

genes (Fong et al., 2022). Astonishingly it was demonstrated that knockdown of EHMT2 lead 

to a global loss of H3K9me2, accompanied by the specific loss of H3K27me3 at specific genes. 

This aligns directly with my own results which indicate a similar response following the loss of 

EHMT1. Moreover, the PALI1 co-binding of the two HMTs was shown to induce 

dedifferentiation of cells, again further demonstrating the role of epigenetic crosstalk in 

developmental regulation.  

In addition to JARID2 and PALI1, the chromatin binding protein CDYL has also been implicated 

in joint EHMT/EZH2 binding. Research into the role of CDYL has demonstrated the 

chromodomain protein is required for the proper deposition of histone marks during cell 

replication (Liu et al., 2017b). The CDYL protein jointly recruits both EHMT1/2 and EZH2 

simultaneously to induce H3K9me2 and H3K27me3 marks. Interestingly, work has also shown 

that CDYL relies on H3K9me2 marks for its association with chromatin and implicates the 

combined effects of EHMT2 and EZH2 as prerequisites for CDYL binding (Escamilla-Del-Arenal 

et al., 2013). Adding complexity to this regulation, CDYL has also been found to bind to the 

REST complex, where it recruits EZH2 and G9a to regulate BDNF expression during neuronal 

development (Qi et al., 2014). More recently, CDYL was also shown to simultaneously recruit 

both EHMT2 and EZH2 to MIR124 genes in breast cancer cells, depositing both H3K9me2 and 

H3K27me3 marks (Siouda et al., 2020). This work suggested that although CDYL is capable of 

binding to EZH2 weakly, primary binding between the two proteins was via EHMT2. Again, 

this would align with my results, where a loss of EHMT1 would concurrently lead to a 

reduction in both H3K9me2 and H3K27me3 at target genes. Collectively these findings 

suggest EHMT1 and EZH2 co-regulate a subset of developmentally enriched target genes via 

various nuclear binding factors. Several studies implicate binding of these factors and EZH2 is 

facilitated by EHMT1/2 as an intermediate. Further work is required to determine both the 

specific factors involved and categorising the specific genes targeted. 

While extensive research has documented a physical interaction between EHMT2 and EZH2, 

similar studies investigating its paralog, EHMT1, are currently lacking. Given that the sequence 

for EHMT1 and EHMT2 are over 75% identical, I wanted to understand if EHMT1 and EZH2 
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physically bind in the same fashion. To this end I generated various EHMT1 truncated mutants 

fused to a Flag tag, in addition to an HA fused EZH2 protein. The EHMT1 protein consists of 

roughly three main domains, the N-terminus containing a cysteine rich region, an ankyrin 

repeat responsible for reading H3K9 marks and a catalytic SET domain that generates de-novo 

H3K9me1/2 marks (Collins and Cheng, 2010). Both EHMT1 and EHMT2 form a heterodimer, 

in which they both bind via their respective SET domains (Tachibana et al., 2005). Mutant 

plasmids absent for each of these three regions was generated to understand both if and how 

EHMT1 may bind to EZH2. Results of a pulldown assay showed for the first time that EHMT1 

does in fact bind to the EZH2 protein. Comparatively, the mutant lines showed slightly lower 

pulldown signal as compared to the full-length protein, most likely owing to the altered 

structure of the protein. Only the mutant lacking the cysteine rich N-terminus was unable to 

recover HA tagged EZH2 protein, indicating the two proteins bind via the N-terminus of 

EHMT1. These results replicate the previous finding of EHMT2 and EZH2, which was also 

found to bind at the N-terminus of EHMT2 (Mozzetta et al., 2014). In contrast binding to 

factors such as PALI1 was shown to occur at the ankyrin repeat region of EHMT2 (Fong et al., 

2022) whilst factors such as SNAI1 bind at the C-terminal region of EHMT2 (Dong et al., 2012). 

These results indicate various mechanisms of protein binding by EHMT1 and EHMT2, though 

this appears consistent between paralogs. Additionally, shortened splice variants of human 

EHMT2 exist with a reduced N-terminal region (Brown et al., 2001). Levels of this splice variant 

have been shown to increase during neuronal differentiation (Fiszbein et al., 2016). Future 

work may benefit from exploring the EZH2 binding capacity of this splice variant and whether 

splicing is altered in EHMT1+/- cells. 

Results have already demonstrated that a loss of EHMT1 impairs both H3K9me2 and 

H3K27me3 methylation at specific genes. Moreover, EHMT1 is able to directly bind via its N-

terminus region to the EZH2 protein. Therefore, I wanted to further understand if EHMT1 

activity is required for H3K27me3 methylation by EZH2. To this end I generated GAL4 fused 

EHMT1 mutants for the SET deficient and N-terminal deficient mutants. Additionally, a 

catalytically inactive mutant was generated with a point mutation, which retained the SET 

domain of EHMT1 but lacked its methylating capability. As expected only the full length 

EHMT1 protein was capable of depositing H3K9me2 methylation marks on the luciferase 

reporter. In contrast all proteins with the exception of N-terminal deficient mutant were 
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capable of recruiting EZH2 protein to the promoter. This further supports binding of EHMT1 

and EZH2 via the N-terminus region. Finally, both the full length EHMT1 and catalytic mutants 

were able to induce H3K27me3 methylation of the promoter. As expected, the N-terminal 

deficient mutant showed a loss of H3K27me3, explained by the absence of EZH2 recruitment. 

Studies have demonstrated that the paralog EZH1 can compensate for the loss of EZH2, 

particularly at bivalent promoters (Mochizuki-Kashio et al., 2015). However, my results 

indicate, at least in a reporter system, that the EHMT1 mediated activity of EZH2 acts 

independently of EZH1 function. Interestingly, the SET deficient mutant also failed to induce 

H3K27me3 methylation, despite the successful recruitment of EZH2 protein. This suggests the 

structural function of the SET domain but not its catalytic activity is required for EHMT1 

mediated H3K27me3 methylation. One possible explanation is that EHMT1 forms a 

heterodimer with EHMT2 via its SET domain. EHMT2 is capable of monomethylating H3K27 

and disruption of this process has been shown to impede further H3K27 methylation (Wu et 

al., 2011). 

This finding is supported by other studies which indicate the structural presence of EHMT1/2, 

but not their methylating activity is required for the recruitment of DNA methyltransferases 

(Collins and Cheng, 2010). However, another study indicated that a catalytically inactive 

EHMT2 protein was unable to recruit either EZH2 or induce H3K27me3 methylation (Mozzetta 

et al., 2014). This work suggests the catalytic activity of EHMT2 is somehow essential for the 

establishment of H3K27me3 marks at specific gene targets.  

In contrast to this a recent study investigating the role of EHMT1 in the human zygote, 

demonstrated EHMT1, but not EHMT2 was indispensable for the establishment of de-novo 

H3K27me2 and in turn H3K27me3 methylation (Meng et al., 2020). It has been suggested the 

establishment of H3K27me2 marks are a prerequisite for H3K27me3 methylation, acting as 

both a substrate and protecting the lysine residue from antagonistic acetylation (Margueron 

and Reinberg, 2011). It is therefore possible EHMT1, independent of EHMT2, contributes to 

H3K27me2 methylation and in turn EZH2 mediated establishment of H3K27me3 at specific 

developmental genes. Importantly as seen in my work, this research demonstrated the SET 

domain was not required for EZH2 binding, whilst the structural presence of the SET domain 

but not its catalytic activity was required for H3K27me2/3 methylation. Hence as indicated in 

my findings the structural presence of the SET domain appears crucial for the establishment 
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of H3K27me3 methylation at specific targets. Future work would benefit from investigating 

the levels of H3K27me2 in addition to H3K27me3 at these genes regulated by both EHMT1 

and EZH2.  

Results of this chapter have demonstrated a number of developmental genes key to 

neurodevelopment are dually targeted by EHMT1 and EZH2, depositing H3K9me2 and 

H3K27me3 marks respectively. The abundance of chromatin marks in pluripotent cells has 

more recently been shown as a key mechanism in fine-tuning the transcriptional expression 

of genes during development and neuronal commitment. Traditionally this has most 

commonly been demonstrated within bivalent genes, marked simultaneously by both 

repressive H3K27me3 and activating H3K4me3 methylation marks (Voigt et al., 2012). The 

most recent data suggests bivalent genes are protected from irreversible silencing by DNA 

methylation, but maintained in a reversible silenced state (Kumar et al., 2021). 

It has also been shown that trivalent states exist, in which bivalent genes are additionally 

marked with H3K9me3 methylation (Alder et al., 2010). Interestingly, trivalent marked genes 

have been shown to predict the neuronal trans-differentiation capacity of cells, with an 

absence of these trimethylated genes resulting in the inability to generate induced neurons 

(Wapinski et al., 2013). It was suggested this trivalent signature allows for a quick transition 

from a repressed to an active state. Both OTX2 and SALL2 highlighted in this work have been 

shown to be bivalent genes, displaying both H3K27me3 and H3K4me3 marks (Bunt et al., 

2013, Huang et al., 2022b). Results of my work indicate these genes may also represent a 

trivalent state, marked by H3K4me3, H3K27me3 and H3K9me2 methylation. In this manner, 

EHMT1 appears to act alongside EZH2 at key developmental genes, recruiting the PRC2 

complex in a cell state specific manner and stabilising the repressed state of these target 

genes. 

 

6.5 Conclusion 

Work in this chapter demonstrated that EHMT1 and EZH2 are capable of physically binding. 

EHMT1 deficient cells show a significant premature reduction in in global levels of EZH2 in 

early neurons compared to controls. Interestingly although no change is seen in global EZH2 

levels at the pluripotent stage several specific developmental genes demonstrated both a 
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simultaneous loss of H3K9me2 and H3K27me3. This effect was seen in both REST regulated 

and non-REST regulated genes. Subsequent reporter experiments demonstrated EHMT1 

binds via its N-terminus to the EZH2 protein. Moreover, the SET domain of EHMT1 but not its 

catalytic activity was required for the deposition of H3K27me3 in a reporter system. These 

results indicate EHMT1 and EZH2 are responsible for the dual regulation of various 

developmental genes during differentiation and lineage commitment. Whilst the loss of 

EHMT1 leads to the premature de-repression of EZH2 globally, further committing to 

premature neuronal differentiation. 

 



7 General Discussion 

7.1 Summary of Findings 

7.1.1 Chapter 3 Computational analysis of gene expression in cells lacking EHMT1 

The main aim of this work was to identify key transcriptional changes in EHMT1 deficient 

neuronal cells and the implications on cell type and development. To do this various 

bioinformatic analysis was conducted on publicly available RNA sequencing data from 

neurons with a heterozygous mutation. The chapter summarises the analysis of this data. 

Key Findings: 

• Depletion of EHMT1 lead to a significant genetic shift toward a neuronal cell type, with 

a particular enrichment for brain specific neuronal cells 

• Dysregulated genes showed significant overlap with various neurodevelopmental 

disorders 

• Transcriptional changes are primarily driven by a loss of the REST protein 

• The loss of REST protein was confirmed in pluripotent cells and persisted throughout 

neuronal differentiation 

 

7.1.2 Chapter 4 Analysis of miRNAs in EHMT1 deficient cell models 

Previous studies have suggested miRNAs play a key role in regulating REST protein levels. This 

chapter aimed to identify dysregulated miRNAs in response to the loss of EHMT1, performed 

using novel bioinformatic predictive pipelines. A novel multimiR sponge was then generated 

to probe the simultaneous activity of miRNAs on REST expression. 

Key Findings: 

• The novel predictive algorithm correctly predicted 14 upregulated miRNAs in EHMT1 

deficient neurons with an accuracy of 78% 

• A significant number of miRNAs were known to be regulated by the REST complex 

• Four EHMT1 regulated miRNAs (miR-142-3p, miR-153-3p, miR-26a-5p, miR-140-5p) 

predicted to target REST upstream of the protein were identified as upregulated in 

pluripotent cells 
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• A novel multimiR-sponge was generated, capable of repressing up to three miRNAs 

simultaneously to probe the effect of multiple miRNAs in concert 

• Multiple miRNAs, centred around miR-153-3p acted collaboratively to repress REST in 

EHMT1 deficient cells, with multimiR-sponge treatment reversing this premature loss 

 

7.1.3 Chapter 5The effect of EHMT1 loss on neuronal development and maturation 

Previous studies have demonstrated miR-124-3p and miR-9-5p as the primary drivers of 

neuronal differentiation. This chapter describes the effect of EHMT1 loss on these brain 

specific miRNAs and the subsequent implications on neuronal maturation and timing. 

Key Findings: 

• EHMT1 depleted cells showed a significant premature increase in the expression of 

both miR-124 and miR-9-5p, demonstrating a temporal shift 

• This shift was fixed by day 20 and could not be reversed with the reintroduction of 

H3K9me2 methylation 

• Increased expression of these brain specific miRNAs at earlier timepoints culminated 

in increased neuronal maturation 

• Treatment with multimiR-sponges at day 0 reversed the premature increases in brain 

specific miRNAs, as well as the accelerated rate of neuronal maturation 

 

7.1.4 Chapter 6 Epigenetic crosstalk during neuronal differentiation 

Alongside REST depletion, a loss of the epigenetic regulator EZH2 was also predicted in EHMT1 

deficient neurons following bioinformatic analysis. Previous studies demonstrated an 

epigenetic crosstalk existed between both EHMT1 and EZH2. This chapter describes the 

dysregulation of EZH2 at the neuronal and pluripotent stages. 

Key findings: 

• The EZH2 protein was shown to associate with both EHMT1 and EZH2 in control 

pluripotent cells 
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• The predicted loss of EZH2 was confirmed in neurons, with a significant global loss of 

protein seen in neuronal cells but not pluripotent cells 

• Despite the lack of EZH2 loss in pluripotent cells, its methylation mark H3K27me3 was 

absent in a subset of developmentally significant genes, along with H3K9me2 

• The combined loss of H3K9me2 and H3K27me3 occurred in both REST regulated and 

non-REST regulated genes 

• Mutant plasmid experiments revealed the direct binding between EHMT1 and EZH2 is 

possible and occurs via the N-terminus of EHMT1 

• GAL4 reporter work indicated the EHMT1 N-terminus is required for EZH2 

recruitment, and the SET domain but not its catalytic activity is required for H3K27me3 

methylation at specific gene targets
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7.2 Context and points of discussion 

7.2.1 Computational modelling of epigenetic disorders 

Increasing numbers of genome wide association studies (GWAS) have revealed a clear 

association between epigenetic regulators and neurodevelopmental disorders that share 

similar clinical symptoms. While a strong link has been established, the precise functions and 

underlying mechanisms by which epigenetic regulators influence neurodevelopment remain 

largely unknown. In part this been convoluted by the complex networks consisting of 

epigenetic modifiers, protein coding genes and non-coding RNAs such as microRNAs. The 

development of induced pluripotent stem cells and CRISPR editing, combined with complex 

computational modelling, have provided the opportunity to contextualise these multilayered 

interactions throughout neurodevelopment. The computational modelling demonstrated in 

Chapter 3 and 4, presented a rapid and robust approach to identify the key genetic and 

phenotypic changes in a rare disease from high content omics data. 

This is by no means the first study to combine these multiple modalities to probe neural 

conditions with similar backgrounds. Similar studies have used computational analysis of high 

content RNA sequencing and ChIP-sequencing data to demonstrate specific factors driving 

system level changes, such as de-differentiation in Alzheimer’s disease (Caldwell et al., 2020). 

However, to date no such approach has been taken for the study of EHMT1 and Kleefstra 

syndrome (KS). Following the discovery that mutations in the EHMT1 gene are the causative 

factor behind KS (Kleefstra et al., 2006a), research surrounding KS has primarily focussed on 

the functional implications of the disorder. Work in heterozygous EHMT1 mouse models, 

attempted to understand the effect on learning, memory, and cranial abnormalities 

(Benevento et al., 2017, Balemans et al., 2013). On the other hand, studies using cell models 

have explored how imbalances in the proportions of different neuronal cell types can underlie 

the disease pathobiology (Frega et al., 2019). Attention has also been placed on the molecular 

convergence between KS and similar disorders (Frega et al., 2020, Koemans et al., 2017), 

though the driving molecular mechanisms behind the disorder remained unclear. The work in 

Chapter 3 leveraged computational approaches to show the loss of EHMT1 caused a dynamic 

transcriptional shift toward a neuronal subtype and an acceleration through progenitor 

stages. Importantly, motif analysis revealed that a lack of REST, as implicated by the collective 

de-repression of its targets, was the main cause for this precocious maturation. 
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Similarly, the development of novel miRNA prediction pipelines guided by transcriptomic data 

in Chapter 4, enabled the rapid and accurate identification of dysregulated miRNAs in 

EHTM1+/- cells. This transcriptomic approach importantly enables the consideration of many-

many relationships of miRNAs that exist in disease states (Hashimoto et al., 2013). The 

approach reported here has been successfully reported in similar studies identifying novel 

biomarkers for Autism Spectrum Disorder (Shen et al., 2016). Indeed, the novel prediction 

pipelines developed in this work would be well suited to predicting and contextualising 

differentially expressed miRNAs in other rare diseases, alongside identifying potential novel 

biomarkers common to these disorders. Importantly, the proximity score provides for the first 

time the ability to consider the co-operation of neighbouring bound miRNAs as recently 

reported (Diener et al., 2023). Though previous studies have highlighted differences in 

EHMT1+/- miRNA expression previously using whole genome miRNA sequencing (Chen et al., 

2014), the work failed to highlight the functional significance of these enriched miRNAs. The 

work presented here not only identified the key transcriptional driver in Kleefstra Syndrome 

but was also able to link the collective action of various miRNAs in a temporal manner. 

Collectively, the computational methods developed and utilised in this work should provide a 

reliable technique for the investigation of various rare disease and neurodevelopmental 

disorders. Motif, enrichment, and miRNA prediction analysis can be performed concurrently 

on bulk RNA sequencing data from hiPSC derived neurons. One limitation of such analysis is 

the heterogeneity seen in disorders such as Autism or 22q deletion syndrome, leading to 

variable results between datasets. However, the increasing availability of public sequencing 

datasets paired with the rapid analysis enabled by the pipelines, will allow for the relatively 

high throughput screening of various datasets. Such repeat analysis should help to reveal key 

driving nodes in the network. While the computational modelling described in this work does 

not provide the same level of accuracy as compared to miRNA-sequencing or functional 

electrophysiological analysis, the contextual multisystem approach enables rapid 

contextualisation of the results. Such methods could be exploited to provide large scale 

screening studies, importantly helping to identify novel common pharmaceutical targets for 

further screening and analysis. The work presented here lay the groundwork for a unique and 

valuable approach to investigating the functionality of hPSC disease models, paving the way 

for the discovery of novel therapies. 



7 General Discussion 

148 
 

7.2.2 Combinatorial microRNA analysis 

Recent developments in the understanding of miRNA binding kinetics have demonstrated 

that rather than acting independently from one another, multiple miRNAs can simultaneously 

work to target a single gene transcript. This was first demonstrated when two miRNAs were 

able to repress the same synthetic mRNA transcript (Doench and Sharp, 2004). Subsequent 

work in 2010 through multiple mutation experiments, demonstrated 28 miRNAs were 

capable of targeting CDKN1A, with 5 miRNAs driving this action (Wu et al., 2010). 

Interestingly, research in 2017 revealed that even non-functional miRNAs could still amplify 

the silencing effects of other locally bound miRNAs (Flamand et al., 2017). Results presented 

in Chapter 4 highlighted this mechanism, for the first time indicating that multiple miRNAs 

acted collaboratively and simultaneously to repress the activity of the REST protein. This work 

builds on previous studies that demonstrate the link between several of these individual 

miRNAs and REST (Sauer et al., 2021, Gebhardt et al., 2014). Though studies have 

demonstrated the ability of miRNAs to repress EHMT1, particularly in cancer (Xiao et al., 

2022), this work clearly indicates EHMT1 is directly capable of regulating multiple miRNAs in 

stem cells. This suggests a broader role for EHMT1, potentially influencing a much wider range 

of genes by affecting these various miRNAs. 

A primary aim of Chapter 4 was to develop a novel system for the simultaneous regulation of 

multiple miRNAs. MiRNA sponges are not a novel technology, and various other molecular 

tools exist for manipulation of miRNAs, including tough decoys, antimiRs and locked nucleic 

acids (Bernardo et al., 2018, Krutzfeldt et al., 2005). A significant challenge associated with 

these high-throughput miRNA target exploration tools lies in their inability to guarantee 

uniform introduction of each miRNA construct at the same copy number into every cell. The 

multimiR-sponge described in this Chapter overcomes this issue by delivering up to three 

miRNA constructs in a single plasmid. Moreover, the ability to visualise and select for treated 

cells enables a pure population of inhibited cells, refining background noise when studying 

these complex interactions. Following the completion and testing of the multimiR-sponge, an 

almost identical method for generating ‘multi-targeted sponges’ was published (Jie et al., 

2022). The study yielded equally positive results in reporter assays, however the system 

targets only two miRNAs and relies on lengthy subcloning to developed multiple repeats of 

the miRNA insert. Conversely the multimiR-sponge system offers a quicker ratio ligation 
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approach for introducing anywhere from 2 to 46 microRNA binding sites. Importantly by 

varying these ratios prior to subcloning the multimiR-sponge, the inhibition can be fine-tuned 

on a single miRNA basis. 

The multimiR-sponge system emerges as a powerful tool for swiftly investigating the 

combined effects of multiple miRNAs within a cell type. This versatile platform utilizes 

plasmids driven by the CMV promoter for transient inhibition or lentiviral vectors for stable 

miRNA knockdown. The system's ease of use makes it ideal for exploring the collective 

influence of multiple miRNAs in various neurodevelopmental disorders or across different 

stages of human brain development. Notably, this approach captures the combinatorial 

effects of miRNAs on their targets, a challenge for traditional computational methods and 

molecular assays. While historically used in biological research, miRNA sponges may also hold 

significant therapeutic potential, particularly in scenarios where manipulating multiple 

miRNAs is crucial. 

 

7.2.3 Accelerated neuronal maturation 

The overarching finding of Chapters 3, 4 and 5 were the precocious and accelerated 

maturation of neuronal differentiation. The work demonstrates that EHMT1 is crucial for 

regulating the proper timing and sequential development of neurons within the human brain. 

The loss of EHMT1 led to immediate reduction in the master neuronal regulator REST, which 

in turn lead to the upregulation of the neuronal drivers miR-124-3p and miR-9-5p, which most 

likely drive the subsequent repression of EZH2. Each stage appears to act as an epigenetic 

ratchet, initially reversibly at the pluripotent stage, but quickly enacting an irreversible 

progression toward neuronal determination. In this manner, EHMT1 repression acts to 

prolong the initial plastic neural progenitor state of the cells, which appears as an essential 

step in the highly protracted process of human neurodevelopment (Petanjek et al., 2019). 

Indeed, very recent studies have indicated EHMT1 specifically acts as an epigenetic barrier 

that must be overcome for neuronal differentiation to occur, whilst premature ablation 

drastically accelerates maturation (Ciceri et al., 2024). Strikingly, the increased expression of 

brain specific miR-124-3p and miR-9-5p appear to mark an intrinsic system transition to 

irreversible neurogenesis. This idea of an epigenetic ratchet has also been posited in other 
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developmental settings, including the polarization and specification of macrophages within 

the innate immune system (Daniel et al., 2018). Here the mechanism is suggested to ensure 

long-term directionality to a process that would otherwise be transient.  

Within human brain development physiological maturation occurs in a fine-tuned sequential 

manner, and perturbation of these stages leads to significant implications on neural structure 

and networks (Wallois et al., 2020). Accelerated maturation is thought to be a key contributor 

to a number of neurodevelopmental disorders, potentially explaining the strong phenotypic 

convergence. For example, BRAF patient derived iPSC neurons display rapid onset of neuronal 

maturation and a depleted progenitor pool (Yeh et al., 2018). Similarly, PCDH12 mutations 

associated with severe neurodevelopmental disorders, result in premature maturation as well 

as disruption of neuronal migration in organoid models (Rakotomamonjy et al., 2023). This 

precocious maturation is not only specific to rare genetic diseases, accelerated neuronal 

maturation has also been reported in iPSC generated cerebral organoids from patients with 

Schizophrenia (Sawada et al., 2020). The fact that this study was conducted in monozygotic 

twins discordant for psychosis, strongly indicates a significant epigenetic role in the regulation 

of neurodevelopmental timing and its connection to disease occurrence. So too in Kleefstra 

syndrome the symptoms of reduced brain size and microencephaly (Stewart and Kleefstra, 

2007) point toward the possibility of a depleted neuronal progenitor pool, indicative of 

premature maturation. The premature exit from the cell cycle and transcriptional shift toward 

a mature state as indicated in Chapter 3, along with the premature increases in maturation 

markers in Chapter 5 certainly support this hypothesis. This study reveals that the absence of 

EHMT1 triggers premature differentiation of neural cells and unique features specific to 

certain neuronal types. These findings suggest a common disease mechanism underlying 

Kleefstra syndrome and potentially other neurological conditions. 

 

7.2.4 Epigenetic priming 

One of the most interesting findings from this project was epigenetic crosstalk that occurred 

between EHMT1 and EZH2. The discovery that EHMT1 and EZH2 co-regulated what appear to 

be primarily neurodevelopmental regulators in stem cells, suggests the two epigenetic 

modifiers are specifically gatekeeping the key regulators of neural induction. This idea was 
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further supported when considering that several of these targets are bivalent genes, implying 

they are held in a poised state (Kumar et al., 2021). Indeed, the default fate of embryonic 

stem cells appears to be neural tissue (Levine and Brivanlou, 2007), implying ESCs are 

genetically primed for neuronal differentiation. Certainly, in the absence of extrinsic 

morphogens, ESCs readily form primitive neuronal stem cells (Tropepe et al., 2001). 

Formative studies by Mozzetta et al for the first time demonstrated that EHMT2 and EZH2 

could jointly target a specific subset of key developmental regulators (Mozzetta et al., 2014). 

Findings in Chapter 6 demonstrate that rather than being an addendum to the activity of 

EHMT2, EHMT1 plays its own independent role both in the regulation of EZH2 and its 

recruitment to specific genetic targets. In this manner, many of these gene targets appear 

epigenetically primed, that is containing both activation and repressive mark, but without 

changes in transcription. This feature appears to be uniquely enriched within brain 

development when compared to other lineages (Xu et al., 2009). Epigenetic priming has been 

suggested as one possible model for neurodevelopmental disorders, whereby disruption in 

this epigenetic priming predisposes pluripotent cells to perturbation of neuronal 

differentiation and timing (Ernst and Jefri, 2021). Hence, the EHMT1 mediated crosstalk with, 

EZH2 and REST observed in pluripotent cells appear to directly prime the neuronal genome 

for response to external stimuli during development. 

 

7.2.5 Patient impact 

Beyond the scientific findings, the results of this work have potential implications for patients 

with Kleefstra Syndrome. Although approximately 50% of patients are diagnosed before the 

age of 3 years old, almost 10% receive their diagnosis at 18 years or older (Kleefstra-

Syndrome-UK, 2018). The identification of common circulating microRNAs, acting as 

biomarkers, may allow for accurate and rapid diagnosis for patients in the future. With a more 

distant view, the combined results of other studies that KS symptoms can be rescued 

postnatally and my identification of key dysregulated miRNAs, offer the potential for unique 

anti-miR therapies. Such approaches would offer the first disorder specific treatments for 

people with KS. 
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7.3 Study Limitations 

7.3.1 hPSC derived neuronal maturation 

A significant portion of the results in this project focus on the accelerated neuronal 

maturation of EHMT1 depleted iPSCs. However, it is important to understand that 

pragmatically speaking, these iPSC derived neurons remain immature and may be prone to 

more significant changes than those seen in-vivo. Very recent publications have utilised small 

molecules targeting epigenetic regulators to produce more mature PSC derived neurons 

(Hergenreder et al., 2024), however these still fall short of the levels of maturation seen in 

human brains. Given the primary focus of this work has been surrounding the early stages of 

neurodevelopment, the immature nature of the PSC derived neurons is less of a concern. 

Despite this, for the study of EHMT1 loss at later stages of neural development this is should 

be an important consideration. 

 

7.3.2 Use of patient and isogenic cell lines 

For the EHMT1 mutant cell lines within this study a combination of patient derived human 

iPSCs and CRISPR edited iPSCs were employed. The iPSCs derived from Kleefstra syndrome 

have the advantage of more directly recapitulating both the genetic and phenotypic 

landscape of the disease, due to the lack of both the causative gene, EHMT1, and other genes 

within the microdeletion. This also presents the disadvantage of increased genetic variability, 

making it more difficult to isolate the effects of specific genetic variations. This was perhaps 

best demonstrated by the increased levels of miR-142-3p observed in the KS2 patient line, 

but not in the KS1 line. It has been argued that for the detailed understanding of disease 

etiology, they is a requirement for large cohorts of patient-derived iPSCs (Doss and Sachinidis, 

2019). Given the very low incidence rate of Kleefstra Syndrome the large-scale generation of 

patient iPSC libraries is impractical. However, the EHMT1 mutation is highly penetrant 

(Alsaqati et al., 2022), meaning this is also likely unnecessary. The use of the CRISPR edited 

cell line, which contains a SNP in the EHMT1 gene, also helped to isolate the effects of the 

gene specific effects. It is though important to remember the use of this CRISPR edited cell 

line may lead to the loss of specific phenotypes and a lack of clinical relevance should always 
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be considered. Obviously both iPSC lines have the distinct advantage of scalability, enabling 

the production of millions of neuronal cells that would otherwise not be possible. 

Furthermore, both patient derived cells lines were sourced from female only patients, despite 

females and males displaying equal incidence rates (Kleefstra et al., 2006b). This is certainly a 

limitation when considering the genetic differences between males and females and the 

known implications for neurodevelopmental disorders. One classic example is that of fragile 

X syndrome, where despite comparable incidence rates, males primarily display more severe 

symptoms. This is due to compensation of a healthy X chromosome in female patients (Hunter 

et al., 2014). Although male and female KS patients appear equally affected, unique genetic, 

mechanistic and phenotypic differences may exist. Most importantly the EHMT1 methylation 

mark, H3K9me2, is well known to be involved in X-linked inactivation (Keniry et al., 2016), 

potentially positing a significant role for EHMT1 in sex linked differences. This is partially 

answered by the EHMT1+/- CRISPR line, which is a male cell line. However future work should 

aim to include patient derived cell lines from both males and females. 

 

7.3.3 Use of UNC0638 inhibitor 

For many of the results presented here, the UNC0638 chemical inhibitor was used to induce 

a loss of EHMT1 function and in turn H3K9me2 methylation levels. However, the UNC inhibitor 

is well known to target both the EHMT1 and EHMT2 proteins equally (Vedadi et al., 2011), 

making it hard to distinguish whether results are directly or primarily caused by the loss of 

EHMT1 alone. Where possible results were confirmed in CRISPR edited cell lines or patient 

derived iPSCs, both of which contain only a mutation for the EHMT1 gene. One examples of 

discrepancies include the robust upregulation of miR-142-3p observed following UNC 

treatment, which was not observed in one of the patient derived lines. However, the UNC 

inhibitor remains a powerful tool for transiently and temporarily inhibiting the EHMT 

proteins. One potential solution for future work may be to utilise methodologies such as 

CRISPR Cas13 or dCas9, to transiently and effectively repress EHMT1 specifically. 
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7.3.4 Implications of multiple miRNAs 

Given the significant number of miRNAs shown to be dysregulated at the neuronal stage, it is 

hard to determine whether there could be indirect effects on other signalling pathways that 

also contribute to the observed phenotypes. In particular the effects of miR-124-3p and miR-

9-5p as key drivers of premature neuronal maturation could be jointly impacted by numerous 

other miRNAs. One solution to this problem would be to use multimiR-sponges against the 

two miRNAs to ascertain the specific role of these miRNAs in the disorder phenotype. 

Likewise, predictive miRNA models were based on RNA sequencing data from EHMT1+/- 

neurons and subsequent targets validated in both neurons and pluripotent cells. Generating 

models based on RNA sequencing data from EHMT1+/- pluripotent cells may help to identify 

further dysregulated miRNAs specific to the embryonic timepoint. 

 

7.3.5 MultimiR-sponges 

The multimiR-sponges developed in Chapter 4 overall appeared to be highly effective, with 

the consistent repression of individual and multiple miRNAs. However, the system presents 

some innate limitations. Where expression levels of miRNAs are very high, repression may 

require significant and possibly unachievable concentrations of the sponge. Moreover, the 

greater number of repeated binding sites required to repress a given miRNA, the more likely 

there are to be copy errors when the sponge is transcribed. Additionally, identifying the 

efficacy of these multimiR-sponges can be difficult. Reporter results may not always reflect 

the true nature of the sponge in a cell model, where the messy inclusion of circular RNA and 

non-coding RNA can competitively bind to the sponge. The varying discrepancies between 

repression of transcript levels and protein levels also make target validation complex and 

potentially costly. Delivery of the sponges is also challenging during neuronal differentiations, 

where cells remain tightly bound and transfection rates remain very low. Finally, the inclusion 

of multiple miRNA inhibitors in a single cassette, drastically increases the potential for off-

target inhibition that may indirectly affect cellular function and results. Similar results may be 

seen with miRNA families such as miR-26-5p highlighted in this work, which can differ by as 

little as a single base pair. Despite these considerations the multimiR-sponge remains an 

effective tool for simultaneous miRNA manipulation. 
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7.3.6 Bioinformatic data set 

For the bioinformatic results discussed in Chapter 3 only a single RNA sequencing dataset was 

used due to availability. This presents a number of limitations such as reduced statistical 

power, potentially leading to an inability to identify subtle changes in gene expression. 

Interestingly, the results of bulk RNA sequencing data, such as the one used in this study, 

appear highly reproducible with minimal systemic changes (Jeon et al., 2023). Performing 

differential meta-analyses of RNA-seq from multiple independent studies would also allow 

for more robust results, potentially reducing genetic variability and identifying core 

mechanistic and genetic nodes within the KS disorder (Rau et al., 2014). Such approaches 

have also been shown to identify uniquely differentially expressed genes, not identified in the 

original datasets (Alimadadi et al., 2020). As more datasets undoubtably become available 

further comparative analysis will help to further consolidate key nodes within the KS disorder. 
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7.4 Future Directions 

7.4.1 Comparison of different KS mutations 

Kleefstra syndrome was originally categorised by a microdeletion in the 9q34 region 

impacting a loss of EHMT1. As the understanding of neurodevelopmental disorders has 

increased, mutations in four other epigenetic regulators, MBD5, MLL3, SMARCB1 and NR1I3 

have been shown to cause a comparable NDD termed Kleefstra 2. Based on the highly similar 

phenotypes and the functional interaction seen between these various epigenetic modifiers, 

there is a strong basis for further work on identifying the common mechanisms between 

these mutations. The same iPSC derived modelling and computational approach could be 

used to identify system level pathways and genetic nodes common to the various mutations. 

Such work would also provide the opportunity to identify novel biomarkers, common to the 

subset of Kleefstra disorders. Furthermore, in addition to EHMT1 microdeletions, specific 

microduplications have also been associated with subtle forms of NDDs (Bonati et al., 2019). 

It would therefore be interesting to investigate the effect of increased EHMT1 dosage on 

neurodevelopment and the potential causative role in NDD occurrence. 

 

7.4.2 Identification of EHMT1-EZH2 regulated genes 

This work has successfully identified several key genes jointly regulated by EHMT1 and EZH2, 

that are dependent on the action of EHTM1. However, there is significant overlap between 

EHMT1 and EZH2 gene targets, implying a greater number of these co-regulated targets exist. 

Therefore, further work using techniques such as ChIP-sequencing and CRISPR, is required to 

identify all co-regulated targets and understand their role in neurodevelopment. Additionally, 

further work is required to understand the exact mechanisms behind the EHMT1 dependent 

methylation of H3K27me3. Various possibilities exist including the direct methylation of 

accessory proteins required for proper H3K27me3 deposition, or the prerequisite H3K27me2 

methylation by EHMT1. Beyond H3K27 methylation, the study of other methylation marks 

such as H3K4me3 will be vital in understanding the activation state of these genes, particularly 

in a temporal manner. Again ChIP-sequencing data would allow for a better understanding of 

the global changes in methylation marks, as well as the specific EHMT1-EZH2 coregulated 

subsets. 
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7.4.3 Neuronal maturation and subtype specification 

Results in this project strongly suggest an accelerated neuronal maturation in response to the 

loss of EHMT1. Results in Chapter 5 suggest a precocious elevation of first progenitor and 

subsequently maturation markers. Other studies researching NDDs, and accelerated neurons 

have demonstrated a shift from direct to indirect neurogenesis and a depletion of neural 

progenitors (Rakotomamonjy et al., 2023). A time course single cell sequencing analysis of 

EHMT1 depleted cells would demonstrate the developmental trajectory taken by these cells, 

determining which transcriptional route they take to mature neurons. There is also the 

potential for a dynamic shift in the percentage of progenitor to neuronal cells. 

Immunofluorescent experiments would help to determine the populations of progenitor to 

mature neurons and help identify displacements at given timepoints. Proliferation assays, 

such as BrdU pulse-chase experiments would also help determine if these cells are displaying 

an early exit from the cell cycle. 

The primary focus of this work was on the earlier stages of neuronal development, however 

it has been suggested that the loss of EHMT1 seen in KS neurons leads to an imbalance in the 

number of excitatory and inhibitory neurons (Frega et al., 2019). The current differentiation 

protocol in this study favours the generation of excitatory glutamatergic cortical neurons, 

with only a small portion becoming GABAergic neurons. This composition doesn't accurately 

reflect the developing human cortex, where GABAergic neurons constitute nearly 20% 

(Ouellet and de Villers-Sidani, 2014). Future studies should address this limitation to fully 

understand EHMT1's role in neuronal subtype specification. One approach would be to 

differentiate cells with one copy of EHMT1 (EHMT1+/-) into mature glutamatergic and 

GABAergic neurons. Additionally, co-culturing these differentiated neurons would enable 

investigation of how EHMT1 loss affects their interactions. Furthermore, the use of Multi 

Electrode Array (MEA) analysis could provide valuable insights into the electrophysiological 

consequences of EHMT1 loss on neuronal function. 
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7.5 Conclusions 

The work in this project has demonstrated a significant impact of EHMT1 on the timing and 

progression of neuronal development. Loss of EHMT1 leads to a premature downregulation 

of the master neuronal regulator REST, through the de-repression of several miRNAs. These 

EHMT1 regulated miRNAs act simultaneously and in a cooperative fashion to target and 

inhibit the REST protein. Premature loss of REST was sufficient to induce precocious 

differentiation toward a neuronal phenotype, primarily driven by the brain specific miRNAs, 

miR-124-3p and miR-9-5p. Novel computational models developed were key to identifying 

the dysregulated miRNAs within EHMT1 deficient cells, whilst newly developed multimiR-

sponges enabled for the concurrent manipulation of these miRNAs. Significant epigenetic 

crosstalk was also identified between EHMT1 and EZH2 for the first time, demonstrating 

EHMT1 was crucial for the recruitment of EZH2 function at a subset of neurodevelopmental 

genes. 
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