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maintenance of cellular identity is in a large part due to the epigenetic modifications of 

chromatin.  

 

 

 

Figure 1.1.- Epigenetic landscape defining different cell types. Pluripotent stem 
cells begin with the same patterns of gene expression. As they develop, interaction 
between genes and the internal or external environment model the differentiation 
pathways. Different paths lead to distinct patterns of transcription and ultimately 
different cell types. (Figure adapted from Waddington, 1942). 
 

 

During cellular differentiation, distinct epigenetic variations of the genome serve to 

remodel the chromatin and subsequently act, in part, to direct and determine cellular 

identity and function (Wutz, 2013). DNA is wrapped around an octamer of histones 

which make up the nucleosome, the smallest unit of the chromatin, and by further 

compaction form the chromosome (see Figure 1.2) (An et al., 2017). Epigenetic 

modifications consist of chemical alterations to the chromatin that affect gene 

expression without changing the primary DNA sequence (Bender and Weber, 2013). 

All of these alterations can also be inherited across cell division, imparting an 
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polymerase can be altered and consequently their transcriptional expression can be 

regulated (An et al., 2017). Chromatin remodelling can result in euchromatin, where 

the chromatin is relaxed, loose, and the gene is activated, or heterochromatin where 

it is supercoiled, tight, and the gene is silenced (Allis and Jenuwein, 2016). There are 

various different types of epigenetic processes which can control chromatin 

compaction/accessibility. These form a multi-layered network of gene regulatory 

mechanisms that give rise to specific and diverse cell types (Molina-Serrano et al., 

2013). Furthermore, many epigenetic molecular mechanisms have been found to be 

associated with a wide variety of roles in the central nervous system (CNS) with 

consequences for such diverse areas as neural plasticity, addiction, acquired 

behaviours and neurodegeneration, among others (Sweatt, 2013). Regulatory 

epigenetic modifications occur at different levels from DNA modifications to histone 

modifications, chromatin remodelling, spatial positioning of the chromatin and post-

transcriptional regulations (see Figure 1.3) (Pruvost and Moyon, 2021). Some 

examples of epigenetic modifications include: large organized chromatin lysine 

modifications (LOCKs) and lamina associated domains (LADs), adenosine 

triphosphate (ATP)-dependent remodelling complexes (ADCRs), non-coding RNAs 

(ncRNA), histone modifications (methylation, acetylation and citrullination) and DNA 

methylation (Goldberg et al., 2007; van Steensel and Belmont, 2017). 
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Figure 1.3.- Epigenetic modifications at distinct levels. Epigenetic modifications 
can regulate gene expression and ultimately its translation by modifying DNA and 
histones, remodelling chromatin, changing spatial positioning of the chromatin and 
post-transcriptionally inhibiting the translation of mRNA. Green represents positive 
regulation while red represents negative regulation.  
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LOCKs and LADs are epigenetic regulators which attach the chromatin to the nuclear 

lamina, changing its spatial positioning. This creates inactive gene clusters as the 

proximity of these genes to the nuclear lamina prevents their accessibility and 

therefore their transcription (Lochs et al., 2019). ADCRs use energy from ATP 

hydrolysis to remodel nucleosomes, changing their position, conformation and 

composition. This can both activate or repress transcription depending upon the 

accessibility of the DNA (Narlikar et al., 2013). ncRNAs are RNAs that do not encode 

a functional protein but mediate gene silencing by interacting with RNA, DNA and 

proteins leading to chromatin modifications (Wei et al., 2017). ncRNAs are divided into 

two categories based on size: short (less than 200 nucleotides) which includes 

microRNAs (miRNAs), piwi-interacting RNAs (piRNAs) and small interfering RNAs 

(siRNAs) and long ncRNAs (lncRNAs) which are typically more than 200 nucleotides 

in length (Frías-Lasserre and Villagra, 2017). Histone proteins can be modified post-

translationally by acetylation, methylation, citrullination, proline isomerization, 

phosphorylation, poly-ADP-rybosylation, ubiquitination and sumoylation which serves 

to activate or repress genes (Tollervey and Lunyak, 2012). These covalent 

modifications can occur in the amino terminal tail of histone proteins and these 

dynamic marks have been associated with both activation and repression of genes 

(Bannister and Kouzarides, 2011; T. Zhang et al., 2015). However, the major 

epigenetic changes commonly studied in chromatin remodelling, apart from histone 

modifications, are the alterations to the DNA itself. In particular, these involve the 

methylation and oxidation-based demethylation of the carbon-5 position of a cytosine 

in DNA. The mechanisms of DNA methylation and demethylation will now be 

considered in the following sections. 

 

 

1.2 DNA Methylation 
 

 

DNA methylation is one of the most studied epigenetic modifications. A well-known 

and stable epigenetic mark is the addition of a methyl group to the 5th carbon of a 

cytosine in DNA which forms 5-methylcytosine (5-mC) (Bender and Weber, 2013). In 

somatic cells, these 5-mC marks are found almost solely in the context of CpG 

dinucleotides, typically covering sites of transcriptional initiation and/or gene regulation 
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(Lister et al., 2009). CpG islands are regions in the genome where there are higher 

GC-rich patterns than average. Most, if not all of them, are sites of transcription 

initiation regulating gene activity and additionally they are also capable of influencing 

chromatin structure (Deaton and Bird, 2011). The presence of the methyl group in 

CpG islands represses gene expression by remodelling the chromatin to a 

heterochromatin state, by preventing the binding of transcription factors to the DNA or 

by promoting the binding of specific transcriptional repressors (Allis and Jenuwein, 

2016; Klose and Bird, 2006). There are also 5-mC marks at non-CpG sites (CpH 

dinucleotides, where H represents any base other than G). Again, this is methylation 

of the cytosine followed by adenine, cytosine or thymine (CpA, CpC and CpT, 

respectively). These are mainly limited to specific cell types such as oocytes, 

pluripotent stem cells, glial cells and neurons (H. Guo et al., 2014; Laurent et al., 2010; 

Lister et al., 2013). Similar to CpG methylation, 5-mC marks at CpH sites have also 

been associated with gene regulation. However these CpH methylation marks only 

comprise 0.02% of total methyl-cytosine in somatic cells (Jang et al., 2017). Out of all 

the CpH sites, CpA seems to be the most commonly methylated (Ziller et al., 2011). 

Notably, in neurons, CpA methylation considerably increases in post-mitotic 

development but in contrast there is no variation in CpG methylation. This leads to 

almost equivalent amounts of methylated CpA sites as methylated CpG sites at later 

timepoints of life (Gallegos et al., 2018). This methylation profile seems to be unique 

to mature neurons, compared to other cell types, suggesting that maybe CpA 

methylation is more linked to transcription of some neural-specific genes (Stroud et 

al., 2017). 

Methylated DNA is a vital element in the epigenetic regulation of embryonic 

development (Bestor et al., 2015; H. Guo et al., 2014). Through development, patterns 

of DNA methylation oscillate as the cells become specified, thereby promoting 

increased asymmetry between cells and ultimately contributing to the array of different 

specified cell types seen in the developed organism (see Figure 1.4) (Geiman and 

Muegge, 2010). In adult tissues, the DNA methylation status is still linked to tissue-

specific gene expression regulation, dynamically changing and playing an 

environmental-dependent role in cellular-specific function post-development (Liu et al., 

2016). For example, mature neurons are known to have significant CpG methylation 

changes in response to different stimuli (Jang et al., 2017). DNA methylation continues 

changing throughout life and seems to be a part of the deterioration of physiological 
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processes during aging (Salameh et al., 2020). Both general aging, and age-related 

pathologies are characterized by genome-wide hypomethylation (a decrease in 

normal epigenetic methylation) in non-CpG islands and promoter-specific 

hypermethylation (an increase in normal epigenetic methylation) in CpG islands 

(Johnson et al., 2012). The age-associated hypermethylated regions are usually near 

genes that regulate developmental processes while the hypomethylated regions are 

frequently near genes from disparate pathways (Wilkinson et al., 2021). 
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(Bell et al., 2019). All of this emphasises the importance of methylation to establish 

and maintain a functional, healthy cell. 

There are different epigenetic players that are involved in the process of DNA 

methylation and they are categorised as writers, readers and erasers (see Figure 1.5) 

(Biswas and Rao, 2018; Brandt et al., 2019). Writers are the enzymes that make the 

chemical modifications (methylation) to the DNA molecules. Readers are the proteins 

that identify and respond to the methyl modification, leading to alterations of the 

chromatin structure. Finally, erasers are the enzymes that remove the chemical marks 

(the methyl group) (Gillette and Hill, 2015; Torres and Fujimori, 2015). 

 

 

 

Figure 1.5.- Writers, readers and erasers in the process of DNA methylation. 
Writers are the DNA methyltransferase enzymes that make the chemical modifications 
(methylation) to the DNA molecules. Readers are the methyl-CpG binding proteins 
that identify and respond to the methyl modification, leading to alterations of the 
chromatin structure. Finally, erasers are the methylcytosine dioxygenase enzymes 
that remove the chemical marks (the methyl group). Below are the enzymes involved 
in each category. 
 

 

For the first category, the family of DNA-methyl transferases (DNMTs) enzymes act 

as writers and are responsible for transferring a methyl group from S-adenosyl-L-

methionine (SAM) to cytosine residues generating 5-mC (Zampieri et al., 2015). There 

are 3 enzymes in the family in charge of maintenance and de novo addition of a methyl 
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group to DNA. DNMT1 is responsible for the maintenance of methylation having a 

preference to methylate hemimethylated DNA (Castillo-Aguilera et al., 2017). 

DNMT3a and DNMT3b both methylate unmethylated DNA establishing DNA 

methylation patterns during embryogenesis (Rajabi et al., 2016). Two additional 

enzymes, DNMT2 and DNMT3L, are also included in the family. DNMT2 has been 

shown to methylate small transfer RNAs while DNMT3L lacks a catalytic domain and 

operates as a coactivator of DNMT3a and DNMT3b facilitating methylation (Zhang 

and Xu, 2017). The DNMTs play fundamental roles in cellular processes such as 

regulation of gene expression, silencing of transposable elements, chromosome 

stability and control of differentiation (Horii and Hatada, 2016; Scourzic et al., 2015). 

However, how the activities and/or specificities of these enzymatic functions are 

controlled remain poorly understood (Heinz et al., 2015). 

 

 

1.3 DNA Demethylation 
 

 

By contrast to the DNMTs discussed above, the recently rediscovered Ten-Eleven 

Translocation enzymes (TET) family have been shown to be erasers, demethylating 

DNA (Mahe and Salbert, 2015; Hill et al., 2014). Whilst generally adding a methyl 

group to the DNA (with exceptions) represses gene expression, removing it activates 

gene transcription (see Figure 1.6) (Kong et al., 2016).  
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Figure 1.6.- Gene activation through DNA demethylation going from 
heterochromatin to eurochromatin. DNA is methylated by DNA methyltransferases 
(DNMTs) resulting in the tightly compacted heterochromatin state in which gene 
transcription is silenced. Conversely, the Ten-Eleven Translocation (TET) family of 
proteins demethylate the DNA. This allows chromatin remodelling to a looser and more 
relaxed euchromatin state, typically resulting in the activation of gene expression.  
 

 

In 2009, TETs were first recognised as having the potential to alter 5-mC because of 

their homology to the trypanosome J-binding proteins, which oxidise thymine to 

hydroxymethyluracil (Iyer et al., 2009; Tahiliani et al., 2009). It is now known that in an 

oxidation-driven reaction, TETs convert 5-methylcytosine (5-mC) to 5-

hydroxymethylcytosine (5-hmC) (see Figure 1.7) (Rasmussen and Helin, 2016).  
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Figure 1.7.- Ten-eleven translocation (TET)-mediated DNA demethylation. DNA 
methylation results in the incorporation of a methyl group at position 5 on cytosine 
residues by DNA methyltransferase (DNMTs). The Ten-Eleven Translocation (TET) 
family of proteins oxidise 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-
hmC) starting the DNA demethylation mechanism. TET enzymes are 2-oxoglutarate 
(2-OG), oxygen and iron (Fe[II])-dependent dioxygenases, requiring all three for 
activity. 
 

 

5-hmC can initiate one of two pathways to remove the methyl group: an active or 

passive way (see Figure 1.8). Active DNA demethylation occurs in a replication-

independent manner and generates further oxidative intermediates; 5-formylcytosine 

(5-fC) and 5-carboxylcytosine (5-caC) via TET-mediated oxidation (Zhang and Zhu, 

2012). Ultimately, this leads to the excision of 5-fC and 5-caC by mismatch-specific 

thymidine DNA glycosylase (TDG) through the activation-induced cytidine deaminase 

(AID), part of the apolipoprotein B mRNA-editing enzyme family (APOBEC), which 

initiates base-excision repair (BER) activity and the restoration of unmethylated 

cytosine (Scourzic et al., 2015; Wu and Zhang, 2017). Alternatively, passive DNA 

demethylation results in the loss of 5-mC from any of the intermediates through rounds 

of replication, dilution through cell divisions, and lack of methylation maintenance 

(Kohli and Zhang, 2013). It is noteworthy that the 5-mC mark in itself could also be 

passively demethylated without TETs involvement, due to replicative dilution where 

there is impaired DNA methylation maintenance (Sen et al., 2021; Von Meyenn et al., 

2016). Amongst all the 5-mC oxidant products, 5-hmC is the most stable and abundant 

epigenetic mark and can be found in gene bodies (especially exons), promoter regions 
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and transcription start sites (TSS) (D. Li et al., 2015). It is also believed to have cell 

specific functions (Lin et al., 2017). 

 

 

 

Figure 1.8.- The cycle of DNA methylation/demethylation. Initially unmodified 
cytosine (C) is methylated by DNA methyltransferases (DNMTs) to 5-methylcytosine 
(5-mC). Then 5-mC is oxidized by Ten-Eleven Translocation (TET) enzymes 
generating 5-hydroxymethylcytosine (5-hmC). Through active DNA demethylation the 
5-hmC can be catalysed back to unmodified cytosine. This occurs firstly, by continued 
oxidation via TETs to form the other intermediates: 5-formylcytosine (5-fC) and 5-
carboxylcytosine (5-caC) and then eliminating them with Thymine DNA Glycosylase 
(TDG) combined with base excision repair (BER). Another option to convert 5-hmC 
back to unmodified cytosine is through passive DNA demethylation. All three 
intermediates, 5-hmC, 5-fC or 5-caC, can lose the oxidised methyl group through 
replication dilution and lack of methylation maintenance. (Figure adapted from Wu and 
Zhang, 2017). 
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Figure 1.10.- Cellular glutamate levels vary during synaptic activity. 
Neurotransmission starts when the neurotransmitter glutamate (in red) is released by 
the pre-synaptic neurons into the synaptic cleft. Glutamate then proceeds to bind to 
glutamate receptors in the post-synaptic neuron making it more likely to fire an action 
potential. Excess glutamate is then taken up by the pre-synaptic neuron or 
neighbouring astrocytes to avoid neurotoxicity. Glutamate in the astrocytes is then 
restored to the pre-synaptic neuron via the glutamate-glutamine cycle. Furthermore, 
glutamate regulates the TCA metabolite 2-OG in stimulated metabolic activity to 
generate ATP. Thus, alterations of cellular glutamate levels also lead to changes in 2-
OG levels. 
 

 

1.5.3  Non-Catalytic Activities of TET Proteins 
 

 

While most studies on TETs have focussed on their enzymatic role in demethylation 

they have also been recently shown to have non-catalytic activities (Lian et al., 2016). 

TET proteins have been suggested to play transcriptional co-activator/repressor roles 

generating complexes with other epigenetic modifiers, some transcriptional regulators 
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and scaffolding proteins in a non-catalytic manner in tumours and neurodevelopment 

(Lian et al., 2016). TET1 has been found to interact with: hypoxia inducible factors 

(HIFs) to upregulate hypoxia-responsive genes, the SIN3A co-repressor complex to 

repress transcription of TET1-targeted genes and two unknown proteins to impair 

neurodifferentiation and memory formation (Gao et al., 2016; Kaas et al., 2013; Tsai 

et al., 2014; Williams, Christensen, Pedersen, et al., 2011). TET2 has been found to 

interact with histone deacetylase 2 (Hdac2) to resolve inflammation and the O-glcNAC 

transferase (OGT) to promote histone O-GlcNAcylation (Q. Chen et al., 2013; Q. 

Zhang et al., 2015). Lastly, TET3 has been found to interact with i) an unknown protein 

to partially rescue neural development after TET3 depletion, ii) some hormone 

receptors which then bind to the chromatin and iii) similar to TET2, OGT (Deplus et 

al., 2013; Guan et al., 2017; Xu et al., 2012). All of these interactions are independent 

of TET enzymatic activity.  

 

 

1.5.4 Tissue-Specific Expression of TETs 
 

 

While TETs have similar structures and probably similar enzymatic or non-enzymatic 

activities, they appear to be differentially regulated and presumably have different 

functional roles. Consistent with this, the three TET enzymes exhibit different 

expression patterns at mRNA and protein levels, both during development and in 

mature tissues, displaying distinct phenotypes upon genetic ablation (Long et al., 

2013). The patterns of hydroxymethylation, directed by the individual TETs, are also 

known not to be equivalent (Putiri et al., 2014). Hence the relative levels of the different 

TET enzymes within any given cell may act in part to direct its differentiation pathway 

and physiological functions (Cimmino et al., 2011). TETs also appear to be 

dynamically regulated since their levels fluctuate during different stages of cellular life 

from the oocytes/embryo to adult tissues (Rasmussen and Helin, 2016). It is also 

important to note that all of the TET proteins are essential for a normal adult 

phenotype, since the loss of 5-hmC and individual TET expression gives rise to various 

cancers making it an epigenetic hallmark of cancer (Shi et al., 2016).  

In the case of TET1, it is highly and preferentially expressed in ESCs, binding with its 

CXXC domain to CpG-rich DNA (specially gene promoters and exons) (D. Li et al., 
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2015). It has been shown to act to help maintain pluripotency and ensure normal and 

precise regulation of embryogenesis before being gradually downregulated during 

differentiation (Rasmussen and Helin, 2016; T. Wang et al., 2013). It has also been 

linked to T and B-cell differentiation, inflammation, neural activity, DNA repair and 

genomic imprinting to a lesser degree (Burleson et al., 2019; Kuhns et al., 2019; 

Moyon et al., 2021; Sun et al., 2019; Tsagaratou et al., 2017; Yamaguchi et al., 2013).  

TET2 is also highly expressed in undifferentiated ESCs and is involved in pluripotency 

maintenance and regulation of embryonic development, yet it shows broader tissue-

specific expression than TET1 in adults (Sohni et al., 2015). Genetic ablation of 

TET1/2 acts to downregulate pluripotency-related genes such as ESRRB, PRDM14 

and DPPA3 (Ficz et al., 2011). TET2 has been associated as well with the immune 

system, haematopoiesis, DNA repair and neural activity (Feng et al., 2019; Mi et al., 

2015).  

Interestingly, TET3 plays a significant role in the regulation of neuronal differentiation, 

as this was impaired in TET3-ablated ESCs while (and in contrast to TET1 and TET2) 

their self-renewal and maintenance were unaffected (T. Li et al., 2015; Yu et al., 2015). 

TET3 also seems to play a role in gametogenesis and embryogenesis catalysing 5-

hmC at the male pronuclear stage and DNA repair during ischaemic stroke (Gu et al., 

2011; Morris-Blanco et al., 2019). TET3 is also highly expressed in neurons and the 

brain, specifically in the cortex, cerebellum and hippocampus, all areas of the brain 

involved in learning and/or memory (Shi et al., 2017).  

Most phenotypes based on TET function have been studied through deletion of 

individual and/or combinations of TET enzymes. However, it is important to note that 

individual TETs have also been shown to compensate each other, possibly reflecting 

partial redundancy (Fang et al., 2022; Fu et al., 2013; Wu et al., 2018). Therefore, it is 

important to take this into account when identifying potential phenotypes. Furthermore, 

each of the TETs have been linked to neural functions related to learning and memory. 

Nonetheless, due to its high expression in the brain (where it shows the highest level 

of all TET enzymes) and importance in neural differentiation and maintenance, TET3 

could be the most significant enzyme of the TETs in neural functions such as learning 

and memory. This is discussed more fully in the section on neuroplasticity below. 
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enriched at TSSs of some neuronally-expressed genes (S.-G. Jin et al., 2016). TET3 

short is a shorter version of TET3 long which lacks the CXXC domain and is more 

abundant within both excitatory and inhibitory forebrain neurons of the adult mouse 

brain (Dick and Chen, 2021). Thus, there appears to be a developmental switch from 

TET3 long to TET3 short during brain development. TET3 short has also been 

demonstrated to be highly expressed in the retina and interacts with H3K36 methyl 

transferase (a protein that has also been associated with neural development) in a 

non-catalytic manner (Perera et al., 2015; Zaghi et al., 2019). However, TET3 short 

has been shown to have catalytic activity, which has been even demonstrated to be 

substantially more effective than that of TET3 long (S.-G. Jin et al., 2016). Additionally, 

TET3 short has been found to interact with the CXXC4 protein, IDAX (another CXXC-

type zinc finger domain-containing protein), which could potentially direct its binding 

(Liu et al., 2013). Lastly, both TET3 long and TET3 short have been found to be poorly 

expressed in ESCs while their expression increases during neural differentiation (S.-

G. Jin et al., 2016; Liu et al., 2013). All TET3 isoforms are transcribed from different 

promoter regions, which suggests that their expression is regulated independently (S.-

G. Jin et al., 2016).  

 

 

 

Figure 1.11.- The three isoforms of TET3. TET3 full length (TET3 long) plays a role 
in neuronal differentiation and has a CXXC DNA-binding domain. TET3 short has been 
linked to neurodevelopment and the retina. TET3 ovarian (TET3o) is only found in 
oocytes and zygotes, potentially demethylating the DNA of the paternal genome. Both 
the shorter and the ovarian isoforms do not contain the CXXC domain. (Figure adapted 
from Melamed et al., 2018). 
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As previously discussed, one neuronal function closely linked to both 5-hmC and TET 

proteins is the modification of neuroepigenetics and behavioural adaptation for 

learning and memory (Tahiliani et al., 2009). TET3 in particular has been linked to 

various learning and memory functions. Fear extinction is a behavioural study to 

assess the decline in conditional fear responses where there is a fear-eliciting cue but 

no aversive event (Myers and Davis, 2006). This experiment is usually used to 

investigate learning and memory and thus synaptic plasticity (Luchkina and 

Bolshakov, 2019). Fear extinction has been proven to be dependent on TET3 catalytic 

activity to oxidise 5-mC to 5-hmC in the prefrontal cortex, as TET3 knock down was 

followed by a loss of 5-hmC accumulation and impairment of fear extinction (Fan et 

al., 2022; Li et al., 2014). TET3 has also been shown to be the only TET to increase 

its expression levels in hippocampal neurons during memory formation; which was 

then correlated to an increase in 5-hmC global levels in the dorsal hippocampus 

(Kremer et al., 2018; Liu et al., 2018). Conditional TET3-ablation in mature forebrain 

neurons of mice appeared to be causing anxiety-like behaviour and regulating 

cognitive function, but this was found to be without alterations to 5-hmC global levels 

(Antunes et al., 2021). The lack of modification of 5-hmC levels could be due to a non-

catalytic activity or because TET1 and TET2, enzymes which also produce 5-hmC, 

are still present oxidising DNA methylation. There could have also been a sequence 

specific demethylation change, but this was not apparent in changes at the global 

level. Lastly, through DNA demethylation, TET3 was linked to regulating meta-

plasticity, i.e. modulating synaptic plasticity by activity-dependent changes in neural 

functions (Yu et al., 2015). Notably, in that same study, TET3 expression was found 

to be bi-directionally regulated by synaptic activity. Thus, ablation of TET3 increased 

excitatory glutamatergic synaptic transmission while overexpression of TET3 

decreased it. Therefore, the investigation of the role and regulation of TET3 in 

neuroplasticity is likely to be of great significance.  

 

 

1.7 Epigenetics and Neuroplasticity 
 

 

Reference has been made above to possible correlations between epigenetic 

mechanisms and neuronal function. This will now be considered in more detail in the 
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Wong, 2018). Furthermore, the synaptic alterations obtained through learning which 

require the involvement of glutamate, such as long-term potentiation (LTP), regulation 

of dendritic spine density, and synaptic reorganization, are crucial for brain plasticity 

(Reznikov et al., 2011). Thus, synaptic activity modulated through learning, seems to 

have an effect on the neuroplasticity of the brain. 

As previously discussed, learning and memory have also been associated with 

epigenetic modifications within neurons. These modifications have been shown to 

generate, regulate and maintain changes of synaptic plasticity and memory formation 

(Lipsky, 2013). Also, they regulate axonal growth and connectivity of neurons, the 

neuronal network being modified following neuroplastic activity (Feng et al., 2007; 

Wahane et al., 2019). Additionally, it is known that the epigenetic neural landscape is 

dynamic and changes in response to external stimuli, such as synaptic activity 

(Crepaldi and Riccio, 2009). Increased synaptic activity, e.g. persistent transmission 

at glutamatergic synapses, has been shown to be a driver of epigenetic changes 

(Cortés-Mendoza et al., 2013). Specifically, these modulations have been 

demonstrated both in neurons of the hippocampus and of the prefrontal cortex, regions 

of the brain linked with memory and cognition, respectively (Sultan and Day, 2011; 

Yuen et al., 2017). Thus, there appears to be an association between epigenetics, 

synaptic activity and neuroplasticity, yet the underlying mechanisms of how these are 

connected is still unknown. Nevertheless, an increasing amount of data are emerging 

indicating the involvement of all three TET enzymes with neuronal functions known to 

involve neuroplasticity (Table 1.1). 
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Enzyme Function Region of the Brain Reference 

TET1 Control learning-dependent turtle 
BDNF gene promoter accessibility Cerebellum 

(Ambigapathy et 
al., 2015) 

Regulates synaptic plasticity and 
memory extinction 

Hippocampus and 
Cortex 

(Rudenko et al., 
2013) 

Neurogenesis accompanied by 
spatial learning and short-term 
memory 

Hippocampus 
(Zhang et al., 

2013) 

Spatial memory, memory 
consolidation and long-term storage Hippocampus 

(Kumar et al., 
2015) 

TET2 Enhanced learning and memory in 
aging mice Hippocampus 

(Gontier et al., 
2018) 

Functions as a negative regulator of 
long-term memory Hippocampus 

(Zengeler et al., 
2019) 

Cognitive function Hippocampus (Li et al., 2020) 

TET3 Fear extinction  Hippocampus (Fan et al., 
2022) 

Regulates behavioural adaptation Infralimbic Prefrontal 
Cortex 

(Li et al., 2014) 

Regulates meta-plasticity of neurons Hippocampus (Yu et al., 2015) 

Memory Consolidation Dorsal Hippocampus (Liu et al., 2018) 

Cognitive function Hippocampus (Antunes et al., 
2021) 

 

Table 1.1.- Neuroplasticity functions that have been associated with TET 
enzymes. TET enzymes have been known to be critical for different cellular functions. 
This table shows different neuronal plasticity functions, such as learning and memory, 
that each individual TET has been linked to (Table adapted from Antunes et al., 2019). 
 

 

In addition to roles for TETs in neuroplasticity, epigenetic processes are increasingly 

being found to associate with a broad range of neurodegenerative conditions. For 

example, 5-hmC patterns acquired throughout development have been shown to be 

key for normal neurodevelopment and neuronal function in the adult brain; whereas 

dysregulation of these 5-hmC marks lead to neurodevelopmental disorders or 

neurodegenerative diseases (see Table 1.2) (Cheng et al., 2015). Mouse CNS regions 

such as cortex, hypothalamus, hippocampus, cerebellum, olfactory bulb, retina, spinal 

cord and brainstem have a range of 0.4-0.7% of cytosine with 5-hmC marks compared 

to lower levels of 0.2% for other tissues (Globisch et al., 2010; Münzel et al., 2010). 

Most notably 5-hmC levels are more abundant in the cortex and hippocampus, regions 

of the brain associated with learning and memory (Mellén et al., 2017; Szwagierczak 
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et al., 2010). 5-hmC has also been dynamically associated with brain plasticity, 

learning and memory in different animal models (Tognini et al., 2015). Thus, a range 

of neural functions, consequent upon neuroplastic changes, appear to be regulated 

through DNA demethylation, while the detailed mechanisms involved are still 

unknown. 
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1.8 Neurorestorative Treatment 
 

 

Post-mortem studies of the brains of aged people have established several 

characteristic neuropathological hallmarks of neurodegenerative diseases. These 

include the presence of amyloid plaques, cerebral amyloid angiopathy, neurofibrillary 

tangles, Lewy bodies, glial responses, inclusions of TAR DNA-binding protein 43 

(TDP-43), synaptic dystrophy, the loss of brain volume, synaptic loss and the loss of 

neurons (Serrano-Pozo et al., 2011; Wyss-Coray, 2016). Synaptic alteration and 

consecutively significant neuronal death are key players in neurodegeneration 

(Ahmed et al., 2016; Bae and Kim, 2017; Gorman, 2008). Therefore an approach of 

neurorestorative and neuroprotective treatments which aim to increase endogenous 

brain repair mechanisms and ameliorate neurological function could potentially offer 

encouraging opportunities (Venkat et al., 2018; Xiong et al., 2010). Examples of these 

treatments are cell-based and pharmacological therapies which can stimulate crucial 

restorative processes to neuronal function (Chopp and Li, 2011).  

In cell-based therapies, cell or tissue grafts are used to treat a variety of diseases 

(Lindvall and Kokaia, 2010). Novel stem cell therapy in particular has been thought to 

be a potential treatment for various diseases (Sakthiswary and Raymond, 2012), due 

to the ability of these cells to differentiate into multiple cellular lineages (Dantuma et 

al., 2010). In the case of neurological diseases, this therapy offers great promise. Stem 

cells can be used to replace lost cells while at the same time providing environmental 

enrichment to promote restoration of the affected area. Specifically, with cellular 

replacement, the synaptic network may be reproduced, reconfigured or stabilized to 

mimic the function of that lost in disease (Lunn et al., 2011).  

Although this provides the basis for potentially powerful therapies, this approach 

continues to be hampered by the lack of suitable cell types. Advances in cell therapy 

are often restricted by the inability to produce homogenous cell populations by the 

poor yield of neuronal cells (both in number and phenotype), the scarcity of 

oligodendroglial cells to provide necessary myelination and the overriding astroglial-

differentiation both in vitro and in the post-transplantation setting (Azari, 2014). 

Furthermore, uncontrolled proliferation and tumorigenicity can also occur within the 

host upon transplantation (Azari, 2014). Therefore, to develop an effective treatment 

it is necessary to better understand the precise mechanisms which underlie neuronal 
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Chapter 2: Materials and Methods 
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Figure 2.2.- Primer specificity assessment. (A) The melt curve for each primer set 
was verified to confirm the presence of a single peak and hence a single amplicon. (B) 
Primer sets were further verified to produce a single gene product by gel 
electrophoresis after QPCR amplification. Primer pairs producing multiple bands were 
discarded from future studies and redesigned, such as lanes 6 and 7. 
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A 

 

 

B 

Promoter 
Fragment Construct PCR Reaction Mix 

PCR 
Amplification 
Conditions 

Putative 
TET3 

TET3 
Downstream 

200 ng mouse genomic DNA 1) 95°C 2 min  
1.25 µl 10 µM forward primer 2) 95°C 20 sec 

Promoter 
Fragment Construct Fwd Primer 5'-3' Rev Primer 5'-3' Fragment 

Size (kb) 

Putative 
TET3 
Downstream 
Promoter 
Region 

TET3 
Downstream 

GGAAGCTCGAG
GGCGAAGGATAT
GGTCTTCA 

GGAAGAGATCT
GCCAGAGGCTA
CTGCTGAGT 

1.94 

Deletion 1 
GGAAGCTCGAG
GCCTGGCTGCTG
GGCAGGTC 

GGAAGAGATCT
GCCAGAGGCTA
CTGCTGAGT 

1.55 

Deletion 2 
GGAAGCTCGAG
GGCGAAGGATAT
GGTCTTCA 

GGAAGAGATCT
ACACACACAAA
CACGCAGGGG 

0.94 

Deletion 3 
GGAAGCTCGAG
GGCGAAGGATAT
GGTCTTCA 

GGAAGAGATCT
CTCCCTTCCAG
GCCCAGCGC 

0.61 

Putative 
TET3 
Upstream 
Promoter 
Region 

TET3 
Upstream 

CCTTCCTCGAGG
TTAACCCTCCCT
ACCCACC 

GCTTCAGATCT
ATGAGGAGAAG
GCTACGCT 

2.37 

Deletion 1 
CCTTCCTCGAGG
TTAACCCTCCCT
ACCCACC 

GCTTCAGATCT
CCTTAGAGGAG
GTAACATAGGA 

2.2 

Deletion 2 
CCTTCCTCGAGG
TTAACCCTCCCT
ACCCACC 

GCTTCAGATCT
CTCGCTCATTT
GGAGTGGAC 

1.97 

Deletion 3 
CCTTCCTCGAGG
TTAACCCTCCCT
ACCCACC 

GCTTCAGATCT
GGTCGCTGGCT
ACCCTG 

1.65 

Deletion 2.1 
CCTTCCTCGAGA
CAGAGAAGGGT
GACCCGCG 

GCTTCAGATCT
CTCGCTCATTT
GGAGTGGAC 

1.87 

Deletion 2.2 
CCTTCCTCGAGG
CCGCCGCCGCT
CCGGCTC 

GCTTCAGATCT
CTCGCTCATTT
GGAGTGGAC 

1.79 

Deletion 2.3 
CCTTCCTCGAGG
CTGCACCGCAGC
CCCCGCC 

GCTTCAGATCT
CTCGCTCATTT
GGAGTGGAC 

1.74 
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Downstream 
Promoter 
Region 

1.25 µl 10 µM reverse primer      65°C 20 sec  

0.5 µl 10 mM dNTPs 
(Promega) 

     72°C 2.5 min   

10 µl 5X Hercules II reaction 
buffer (Agilent) 

    (30 cycles)  

0.4 µl DMSO  3) 72°C 3 min 

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 

Made up to a 50 µl volume with 
nuclease-free water 

Deletion 1 

100 ng TET3 Downstream 
construct 

1) 95°C 2 min  

1.25 µl 10 µM forward primer 2) 94°C 20 sec 

1.25 µl 10 µM reverse primer      55°C 20 sec  

12.5 µl 2X REDTaq (Agilent)      72°C 2 min  

Made up to a 25 µl volume with 
nuclease-free water 

    (30 cycles)  
3) 72°C 3 min 

Deletion 2 

100 ng TET3 Downstream 
construct 

1) 95°C 2 min  

1.25 µl 10 µM forward primer 2) 94°C 20 sec 

1.25 µl 10 µM reverse primer      55°C 20 sec  

12.5 µl 2X REDTaq (Agilent)      72°C 2 min 

Made up to a 25 µl volume with 
nuclease-free water 

    (30 cycles)  
3) 72°C 3 min 

Deletion 3 

100 ng TET3 Downstream 
construct 

1) 95°C 2 min  

1.25 µl 10 µM forward primer 2) 94°C 20 sec 

1.25 µl 10 µM reverse primer      55°C 20 sec  

12.5 µl 2X REDTaq (Agilent)      72°C 2 min   

Made up to a 25 µl volume with 
nuclease-free water 

    (30 cycles)  
3) 72°C 3 min 

Putative 
TET3 
Upstream 
Promoter 
Region 

TET3 
Upstream 

200 ng TET3 BAC clone 1) 95°C 2 min  

2.5 µl 10 µM forward primer 2) 95°C 20 sec 

2.5 µl 10 µM reverse primer      52°C 30 sec  

2.5 µl 10 mM dNTPs 
(Promega) 

     72°C 3 min  

10 µl 5X Hercules II reaction 
buffer (Agilent) 

    (30 cycles)  

10 µl betaine  3) 72°C 3 min 

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 
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Made up to a 50 µl volume with 
nuclease-free water 

Deletion 1 

100 ng TET3 Upstream 
construct 

1) 95°C 2 min  

2.5 µl 10 µM forward primer 2) 95°C 20 sec 

2.5 µl 10 µM reverse primer      52°C 30 sec  

10 µl 5X Hercules II reaction 
buffer (Agilent) 

     72°C 3 min  

10 µl betaine      (30 cycles)  

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 

3) 72°C 3 min 

Made up to a 50 µl volume with 
nuclease-free water 

Deletion 2 

100 ng TET3 Upstream 
construct 

1) 95°C 2 min  

2.5 µl 10 µM forward primer 2) 95°C 20 sec 

2.5 µl 10 µM reverse primer      52°C 30 sec  

10 µl 5X Hercules II reaction 
buffer (Agilent) 

     72°C 2.5 min 

10 µl betaine      (30 cycles)  

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 

3) 72°C 3 min 

Made up to a 50 µl volume with 
nuclease-free water 

Deletion 3 

100 ng TET3 Upstream 
construct 

1) 95°C 2 min  

2.5 µl 10 µM forward primer 2) 95°C 20 sec 

2.5 µl 10 µM reverse primer      52°C 30 sec  

10 µl 5X Hercules II reaction 
buffer (Agilent) 

     72°C 2 min 

10 µl betaine      (30 cycles)  

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 

3) 72°C 3 min 

Made up to a 50 µl volume with 
nuclease-free water 

Deletion 2.1 

100 ng TET3 Upstream 
Deletion 2 construct 

1) 95°C 2 min  

2.5 µl 10 µM forward primer 2) 95°C 20 sec 

2.5 µl 10 µM reverse primer      52°C 30 sec  
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10 µl 5X Hercules II reaction 
buffer (Agilent) 

     72°C 2.5 min 

10 µl betaine      (30 cycles)  

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 

3) 72°C 3 min 

Made up to a 50 µl volume with 
nuclease-free water 

Deletion 2.2 

100 ng TET3 Upstream 
Deletion 2 construct 

1) 95°C 2 min  

2.5 µl 10 µM forward primer 2) 95°C 20 sec 

2.5 µl 10 µM reverse primer      52°C 30 sec  

10 µl 5X Hercules II reaction 
buffer (Agilent) 

     72°C 2.5 min 

10 µl betaine      (30 cycles)  

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 

3) 72°C 3 min 

Made up to a 50 µl volume with 
nuclease-free water 

Deletion 2.3 

100 ng TET3 Upstream 
Deletion 2 construct 

1) 95°C 2 min  

2.5 µl 10 µM forward primer 2) 95°C 20 sec 

2.5 µl 10 µM reverse primer      52°C 30 sec  

10 µl 5X Hercules II reaction 
buffer (Agilent) 

     72°C 2.5 min 

10 µl betaine      (30 cycles)  

1 µl Hercules II Fusion DNA 
polymerase (Agilent) 

3) 72°C 3 min 

Made up to a 50 µl volume with 
nuclease-free water 

 

Table 2.11.- Cloning primers and PCR conditions. (A) Cloning primers were 
designed to amplify defined promoter fragments and add restriction sites (underlined) 
to allow ligation of the insert into the correct orientation into reporter constructs. 
Restriction sites used: Xhol (New England Biolabs, R0146) for forward primers and 
BglII (New England Biolabs, R0144) for reverse primers. (B) PCR reaction and 
amplification conditions for TET3 promoter cloning. 
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Chapter 3: Results 1; The Presence of 
TET3 Enzyme and its Demethylation 
Product 5-hmC in Brain and Neuronal 
Cells 
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3.1 Introduction 
 

 

Emerging evidence suggests that TET3 and 5-hmC are involved in neurodevelopment 

and neuroplasticity, making TET3-mediated demethylation a strong candidate for 

having a role in neuroepigenetic processes. As a starting point for testing this 

hypothesis, the distribution of TET3 (including its known isoforms) and 5-hmC needs 

to be determined in the brain. This is now addressed in the following results section. 

Complete ablation of TET3 results in perinatal death (Gu et al., 2011) whereas double 

knock-out of TET 1/2 results in a relatively mild embryonic phenotype (Dawlaty et al., 

2013). This increases the need for in vitro studies of the role of TET3 in neurons. 

Therefore, in addition to establishing the distribution of TET3 and 5-hmC in the post-

natal brain, this section will also investigate their presence in the N2a neuroblastoma 

cell line. This is considered both in undifferentiated N2a cells and following induction 

to more differentiated states, detailed below. 
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3.3 Results 

 

 

3.3.1 There are higher global levels of 5-hmC in the mouse brain compared to 

other tissues 

 

 

5-hmC patterns have been shown to be tissue-specific, exhibiting high levels in brain 

tissues (Nestor et al., 2012; Ruzov et al., 2011). Initially, to corroborate and 

complement these previous findings, immuno dot-blot analyses were performed 

comparing global levels of 5-hmC in the brain with those in other tissues. Genomic 

DNA isolated from the brain and other tissues of 7-week old female mice was 

assessed for levels of 5-hmC. Brain tissues had significantly higher levels of 5-hmC 

compared to all other tissues tested (see Figure 3.1). Lung, kidney and heart showed 

medium levels of 5-hmC (between 2.0 to 4.3-fold lower than in the brain), while the 

lowest levels of 5-hmC were found in the spleen, small intestine and liver. In the case 

of the small intestine, this was 19.5-fold lower than in the brain.  
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the cortex, with the lowest levels in the cerebellum of all the brain regions studied. 

They also found high levels in the CA1 and CA3 regions of the hippocampus. These 

are areas of the brain important for hippocampal memory-dependent processes 

(Hunsaker et al., 2008). Only moderately high levels of 5-hmC were seen here (see 

Figure 3.2) but in this current study, the whole hippocampus proper was used rather 

than micro-dissected regions. 

 

 

 

Figure 3.2.- 5-hmC levels differ throughout the mouse brain. (A) Global levels of 
5-hmC in isolated DNA from the cerebellum, cortex, hippocampus and olfactory bulb 
of 7-week old C57BL/6 female mice were determined by immuno dot-blot analyses 
and (B) quantification of dot-blot were then normalised to total DNA. (n=1). 
 

 

To study the expression of 5-hmC within these (and other) brain regions in more detail, 

indirect immunohistochemistry was performed using HRP-conjugated secondary 

antibodies. The increase of the 5-hmC mark has been demonstrated to correlate with 

neuronal differentiation, suggesting an important role in the developing brain (Chen, 

Nur P Damayanti, et al., 2014; MacArthur and Dawlaty, 2021). For this reason, both 

adult mouse brain and brains from 6-day mouse pups were used for analysis. 

Additionally, areas where active neurogenesis is known to continue in the adult mouse 

brain (hippocampus and olfactory bulb) were chosen for study (see Figure 3.3). The 

rostral migratory stream (RMS) is the pathway that neuronal precursors take from the 

subventricular zone to the olfactory bulb. This pathway provides a continual flow of 
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neuronal progenitors to the olfactory bulb and in mice, persists into adulthood (Curtis 

et al., 2009). Figure 3.3, A shows the distal part of the RMS in the olfactory bulb of an 

adult mouse brain. Immature neurons continue their differentiation once they leave the 

RMS upon entering the olfactory bulb (Altman, 1969; Belluzzi et al., 2003). The stream 

itself appears unlabelled whereas the surrounding developing neurons within the 

granule cell layer, representing more differentiated cells within the olfactory bulb 

express high levels of 5-hmC. By contrast, neuronal expression could not be detected 

in the adult mouse cerebellum, although isolated glia cells in the white matter appear 

to express 5-hmC (see Figure 3.3, B). The immuno dot-blot analyses presented in 

Figure 3.2 showed significant levels of 5-hmC within the hippocampi of 7-week mice. 

The immunohistochemical studies confirmed this was also true for 6-day mouse pups 

brains and further demonstrated that high levels of 5-hmC were restricted to CA1, CA3 

(again consistent with the findings of Kumar et al., 2015) and additionally within the 

dentate gyrus (see Figure 3.3, C). The dentate gyrus is a major site of neurogenesis 

in the mouse brain as well as (together with CA1 and CA3) having important roles in 

memory mechanisms (Piatti et al., 2013). Finally, expression of 5-hmC was 

investigated in the neuronal progenitors of the RMS. While some 5-hmC positive cells 

could be detected, it was largely absent from the majority of migratory cells (see Figure 

3.3, D), as was seen in Figure 3.3, A where the stream terminates in the olfactory bulb. 

Thus, rather than simply being correlated with a specific stage of neuronal 

differentiation, activity or function (such as memory mechanisms) of the individual 

neurons may also be a determinant in the levels of 5-hmC expressed.  
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Figure 3.3.- Immunohistochemistry staining of 5-hmC expression in the adult 
and neonatal mouse brain regions. (A) Olfactory bulb. Unlabelled cells represent 
the termination of the rostral migratory stream (RMS) whereas the granule cell layer 
surrounding it show clear 5-hmC labelling (black arrows). (B) Cerebellum. Expression 
of 5-hmC cannot be detected in the granular (G) or molecular (M) layers of the 
cerebellum although some isolated glial cells in the white matter (WM) are labelled 
(black arrows). (C) Hippocampus. High levels of 5-hmC can be seen in the dentate 
gyrus (DG), CA1 and CA3 (hippocampal subfields), all areas associated with 
hippocampal-dependent memory. (D) Rostral migratory stream (red arrows). While 
some labelling of migratory cells can be seen, the great majority do not appear to 
express high levels of 5-hmC. 
 

 

3.3.3 TET1/2/3 mRNA expression varies across tissue types 

 

 

5-hmC is now increasingly recognized as an important epigenetic mark which 

regulates transcriptional gene expression and hence cellular phenotype. It is therefore 

crucial to understand the tissue-specific expression patterns of all the TET proteins 
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3.3.5 5-hmC levels in mouse neuroblastoma cell line (N2a)  

 

 

The N2a cell line is derived from mouse neural crest and can be easily expanded and 

maintained (Klebe and Ruddle, 1969). N2a were isolated from a neuroblastoma, a 

tumour that arose from immature neuroblasts (Påhlman et al., 2004). They have a 

neuronal and amoeboid stem cell morphology, but can also be induced to differentiate 

into more mature neurons within a few days using retinoic acid (RA) (Ferrari et al., 

2020; Namsi et al., 2018). N2a cells are typically used to study neuronal differentiation, 

axonal growth and signalling pathways (Tremblay et al., 2010). Thus, this cellular 

model is suitable to elucidate the functions and regulations of TET3 in neurons both 

in their early stages of differentiation and after their differentiation into more mature 

neurons.  

The presence of the 5-hmC mark in undifferentiated N2a cells was initially determined 

by immuno dot-blot analyses of genomic DNAs isolated from N2a cells cultured in 

increasing concentrations of ascorbic acid (vitamin C). Vitamin C is known to enhance 

5-hmC levels by promoting the activities of TET enzymes (Peng et al., 2018). The 

results show that N2a cells present quantifiable levels of 5-hmC which can be boosted 

through vitamin C in a dose-dependent fashion (see Figure 3.6). This is consistent 

with 5-hmC levels being dynamically regulated by TET enzymes in N2a cells (Jiang et 

al., 2017). 
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Figure 3.6.- 5-hmC levels are dynamically regulated by TET enzymes in N2a 
cells. (A) Global levels of 5-hmC of N2a cells treated with different concentrations of 
vitamin C for 24 hours were determined by immuno dot-blot analyses and (B) 
quantifications of dot-blot were then normalised to total DNA. (n=1). 
 

 

3.3.6 All TET enzymes are expressed at the mRNA level in N2a cells 

 

 

To begin to determine which TET enzyme(s) may be predominantly responsible for 

oxidizing 5-mC to 5-hmC in N2a cells, the mRNA expression levels of TET 1/2/3 were 

determined by quantitative PCR (see Figure 3.7). mRNA expression of all three TET 

enzymes was readily detected in N2a cells. TET2 mRNA expression was significantly 

higher compared to that of TET1 and TET3 (approximately 3.8 and 2.0-fold greater 

[p=.003 and p=.02] respectively). Single-cell RNA-seq data from a previous study has 

shown an abundance of TET2 and TET3 mRNA in mouse and human cortex with 

relatively lower levels of TET1 mRNA, indicating that TET2 is highly expressed in at 

least some areas of the brain (Dick and Chen, 2021). However, expression levels of 

TET enzymes could reflect their non-catalytic activities and not necessarily the 

oxidation of 5-hmC (Ito et al., 2019). Quantification of TET enzyme protein expression 
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approximately 50% silencing efficiency in TET3-silenced N2a cells. Subsequently, 

analysing the dot-blot, N2as in which TET3 had been silenced appeared to have a 

trend towards decreased global levels (2.0-fold) of 5-hmC compared to control cells 

(see Figure 3.9). This is consistent with previous observations that TET3 exhibits 

demethylation activity within neurons and the brain. As might be expected, TET3 did 

not completely ablate 5-hmC levels, potentially because TET3 is not the only TET 

enzyme converting 5-mC into 5-hmC in N2a cells and also due to the fact that 5-hmC 

is a stable mark which might persist over the timescale of the experiment (72 hours). 

 

 

 

Figure 3.8.- TET3 was successfully silenced in N2a cells. The relative mRNA 
expression of TET3 in N2a cells in which TET3 was silenced for 72 hours and in 
negative control siRNA-transfected N2a cells was determined by Q-PCR, normalised 
to the relative expression of CANX. Quantified data are expressed as mean ± SEM, 
relative to negative control siRNA samples. (n=3). Analysed by an unpaired t-test. ** 
p<0.01.  
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Figure 3.9.- TET3 is responsible for significant 5-hmC production in N2a cells. 
(A) Global levels of 5-hmC in N2a cells in which TET3 was silenced for 72 hours and 
in negative control siRNA-transfected N2a cells were determined by immune dot-blot 
analyses and (B) quantifications of dot-blot were then normalised using methylene 
blue. Quantified data are expressed as mean ± SEM, relative to negative control 
siRNA samples. (n=2).  
 

 

To further demonstrate that TET3 is involved in 5-mC oxidation in N2a cells, an 

antibody-based hydroxymethylated DNA immunoprecipitation followed by sequencing 

of the specific DNA fragments which were enriched with 5-hmC (hmeDIP-seq) was 

performed on control N2a cells and cells in which TET3 had been silenced. 

Bioinformatic analyses of the genomic sequences which were differentially enriched 

in the two cell populations showed that TET3-silencing resulted in significantly fewer 

5-hmC marks (hypohydroxymethylated) on various regulatory elements such as 

enhancers, long non-coding RNA, small non-coding RNA, super-enhancers and 

mRNA compared to control cells (see Figure 3.10). Therefore, TET3 seems to be 

involved in the dynamic generation of 5-hmC in N2a cells at regulatory DNA fragments 

and may play a role in the epigenetic regulation of some N2a functions. 
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which detect all TET3 transcript isoforms. To determine whether both the full-length 

and shorter isoforms are expressed in N2a cells, primers were designed to detect the 

relative expression levels of TET3 long and short separately (see Figure 3.11). The 

third isoform, TET3o, was not considered as it is not found in neurons. 

 

 

 

Figure 3.11.- Design of primers to detect TET3 variants and their presence in 
N2a cells. Schematic of the location of the designed primer pairs to produce TET3 
transcripts TET3 long in red and TET3 short in blue and the designed primer pair to 
produce all transcripts TET3 pan in black. Non-coding regions are represented with a 
dotted line while coding exons are represented with a straight line. 
 

 

These primers were then used to detect the relative levels of TET3 long and TET3 

short mRNAs in N2a cells by quantitative PCR, and these levels were compared to 

the total levels of TET3 isoforms (detected by the TET3 pan primers) (see Figure 3.12). 

Both isoforms were found to be expressed in N2a cells. However, TET3 long mRNA 

was found to be 1.5-fold more abundant than TET3 short. Furthermore, the combined 

levels of TET3 long and short isoforms approximately equal the pan levels detected, 

suggesting no significant expression of any other isoform. 
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3.3.14 Expression of TET3 mRNA isoforms in differentiating N2a cells 

 

 

The functions of the different TET3 isoforms have not been fully characterised in 

neuronal differentiation, and little is known about their specific functions or regulation. 

Consequently, the relative expression levels of the TET3 mRNA isoforms were 

determined by quantitative PCR in differentiating N2as treated with RA and reduced 

serum for 72 hours (see Figure 3.21). TET3 short transcript isoform expression was 

significantly upregulated by 3.2-fold (p<.001) in the differentiated cells, compared with 

control N2a cells. Perhaps surprisingly, TET3 long transcript isoform was significantly 

downregulated by 1.9-fold (p=.002) in the N2as treated with RA and reduced serum 

compared to that of the vehicle control (DMSO-treated) N2a cells.  
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3.4 Discussion 
 

 

3.4.1 5-hmC and TET3 levels in the brain 

 

 

Between 0.4% and 0.7% of all cytosine residues are converted into 5-hmC in the brain, 

while the amount of 5-hmC in other tissues has been found to be at a maximum of 

0.1% (Globisch et al., 2010). LC-MS findings have shown that DNA isolated from the 

central nervous system of mice displayed the highest levels of 5-hmC compared to 

kidney, heart and lung which demonstrated medium amounts of 5-hmC and spleen 

and liver which showed even lower amounts (Globisch et al., 2010). The brain has 

also been shown to have the highest 5-hmC content among mammalian somatic 

tissues (Wu and Zhang, 2015). The results obtained in section 3.3.1 corroborate 

previous findings, where higher global levels of 5-hmC are found in the brain compared 

to the other tissues. This implies that 5-hmC may have a crucial role in neurological 

processes.  

Furthermore, within the brain different patterns of 5-hmC levels are found depending 

on the area (Lin et al., 2017). In mice, particularly the hippocampus and the cortex 

appear to have the highest levels of 5-hmC (Kumar et al., 2015; Lin et al., 2017). When 

comparing global levels of 5-hmC in the cerebellum, olfactory bulb, hippocampus and 

cortex (and in agreement with previous findings), the cortex was found to be the brain 

region with the greatest 5-hmC marks (see Section 3.3.2).  

5-hmC has been associated with synaptic plasticity which is a neurological process 

that can occur in adult cortical circuits in an activity-dependent manner to promote 

learning and memory (Bayraktar et al., 2020; Mansvelder et al., 2019). High levels of 

5-hmC were also found in specialized regions of the brain where adult neurogenesis 

takes place - the olfactory bulb and the hippocampus. Adult neurogenesis has been 

linked to brain plasticity and underlying long-term memory (Tong et al., 2014). This is 

consistent with previous suggestions that 5-hmC could be playing a role in the activity 

or function of mature neurons, particularly in regions of the brain associated with 

neurogenesis and neuroplasticity (Stoyanova et al., 2021). While alterations of 5-mC 

marks result in abnormal neurodevelopment and human disease, 5-hmC has been 

reported to be independently associated with neurological and neurodegenerative 
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functions. For example, TET1 has shown involvement in neuroplasticity and 

neurogenesis whereas TET2 has been linked to specifically neuronal differentiation 

(Santiago et al., 2014). Again, comparisons between all TET proteins at a protein level 

in this study were hampered due to the lack of suitable TET3 antibodies. 

 

 

3.4.2 In vitro model system: Characterisation of N2a cells 

 

 

For further investigations of TET3, an in vitro model system was chosen, as TET3 

ablation in animal models resulted in perinatal death (Gu et al., 2011). N2a cells were 

chosen due to their capacity to be induced into more mature neurons and as they are 

often used in studies regarding neuronal differentiation, axonal growth and signalling 

pathways (Ferrari et al., 2020; Namsi et al., 2018; Tremblay et al., 2010). RA treatment 

together with serum deprivation has been shown to differentiate N2a cells (Namsi et 

al., 2018). When choosing the optimal protocol to differentiate N2a cells into more 

mature neurons, neurite outgrowth was assessed, as in previous reports, as well as 

by expression of neuronal markers (Namsi et al., 2018; Rieger et al., 1986). As in 

previous studies, differentiated N2a cells were generated with RA treatment and 

serum deprivation, visible by neurite outgrowth and increased expression of neuronal 

markers (see Section 3.3.11). Notably, N2a cells have the ability to develop multiple 

neurites even if they are not differentiated into fully functional neurons (Onesto et al., 

2020).  

Undifferentiated N2a cells displayed detectable levels of 5-hmC, which seem 

dynamically regulated by TET enzymes as evidenced by the increased levels 

observed after adding vitamin C, which acts as a cofactor for TET enzymes (see 

Figure 3.6). Previous findings have shown vitamin C to promote active demethylation 

by TET enzymes (Blaschke et al., 2013). 5-hmC levels have been demonstrated to 

increase during neuronal differentiation, particularly in gene bodies of activated 

neuronal function-related genes (Hahn et al., 2013). This was corroborated in section 

3.3.12 where an increase in 5-hmC global levels was observed during N2a cell 

differentiation. This potentially shows that the activity or expression of TET enzymes 

are being upregulated during neuron differentiation. 
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the expression of early and/or late neural markers. Moreover, in section 3.3.15, N2a 

cells lost their ability to differentiate after transfection, as determined by the expression 

of TUBB3. This impeded the possibility of further assessing TET3 long and short in 

neuronal differentiation. The loss of differentiation could be due to lipofectamine 

toxicity (Wang et al., 2018). This could be amended in the future by producing stable 

knockout or knockdown cell lines using a viral approach. For example, retroviral 

transduction has been performed successfully during N2a differentiation (Mao et al., 

2000). Lentiviral vectors expressing shRNA, as well as those expressing 

CRISPR/Cas9 components, have been also used in N2a cells (Mehrabian et al., 2014; 

Sotelo et al., 2014). 

 

 

3.4.3 TET3 isoforms are differentially expressed during N2a cell differentiation 

 

 

In section 3.3.14 it was shown that during the differentiation induction of N2a cells 

using RA and serum reduction treatment, TET3 short was upregulated 3.2-fold 

whereas TET3 long was downregulated 1.8-fold. This indicates unique roles for TET3 

long and short in neuronal differentiation. Perhaps the functional activity of the short 

form is important to drive differentiation while the activity of the longer form might act 

to promote proliferation/prevent differentiation. In previous studies, the longer isoform 

has been associated with neuronal differentiation, being upregulated in mouse ESCs 

(Hong and Do, 2019; S.-G. Jin et al., 2016; Lan et al., 2021). However, it should be 

considered that TET3 isoforms could be expressed in a stage-specific manner and are 

needed only for differentiation towards a particular type of neuron. N2a cells are 

neuroblasts (immature cells of neuronal lineage) which have been differentiated in 

various previous studies discussed above. However, protocols to generate a specific 

type of N2a neuron are still at an early stage of investigation (Mathew and Keerikkattil, 

2022).  

The opposing direction of change of mRNA levels of TET3 long and short isoforms in 

N2a differentiated cells could explain why total TET3 expression found in figure 3.21 

had only a slight (but statistically significant) upward trend, as both long and short-

expression changes balance each other out. Lastly, in figure 3.20, RA and serum-
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starved cells had increased 5-hmC levels compared to control cells, which correlates 

with previous findings of 5-hmC increasing during differentiation (Hahn et al., 2013). 

Even though the expression of TET3 long is significantly downregulated, this particular 

TET3 isoform has been shown to be a relatively inefficient catalyser of 5-mC oxidation 

(S.-G. Jin et al., 2016; Ko et al., 2013). Thus, potentially the longer isoform does not 

have a significant effect on the global levels of 5-hmC. 

 

 

3.4.4 Conclusion 

 

 

The suitability of N2a cells as an in vitro neuronal cell model to explore the function of 

TET3 and TET3-generated 5-hmC was assessed. N2as have dynamic 5-hmC marks, 

which are TET3-mediated. Additionally, they express both the TET3 long and short 

variants. Furthermore, TET3 expression increases in differentiating N2a cells. Notably, 

during N2a differentiation TET3 isoforms were differentially expressed. This suggests 

that they could potentially have different roles and mechanisms of transcriptional 

regulation. 
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Chapter 4: Results 2; Regulation of 
TET3 in Neurons 
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4.1 Introduction 
 

 

TET3 mRNA expression levels seem to be important for neuronal phenotype, both in 

neurodevelopment and neuronal function such as neuroplasticity (Zhang et al., 2016; 

Santiago et al., 2019; Fan et al., 2022). TET-mediated active demethylation, as 

previously stated, has been linked to learning and memory (Stoyanova et al., 2021). 

Thus, understanding TET3 transcriptional regulation is important, but to date little is 

known. 

In the previous chapter the two isoforms of TET3 were found to be potentially regulated 

independently. Therefore, studies were carried out to begin to understand and 

determine the molecular mechanisms which underlie the transcriptional regulation of 

TET3 in neuronal cells (N2a cells) and the differential expression of the long and short 

isoforms. 

TET3 has been shown to be inducible through neuronal activity and at the same time 

be associated with brain plasticity (Yu et al., 2015). Additionally, TET3 has been 

involved in active demethylation leading to neurite outgrowth and connectivity, which 

are neuroplasticity (Nawrotek et al., 2021). Thus, the induction of neuronal firing was 

used as a regulatory process to study TET3 transcription. 
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4.3 Results 
 

 

4.3.1 TET3 may be regulated through neuroactivity-dependent depolarisation 

in undifferentiated N2a cells 

 

 

TET3 expression has been shown to be dynamically regulated in the brain, specifically 

in the hippocampus, upon neural stimulation (neuronal firing) such as learning (Kremer 

et al., 2018). Synaptic activity appears to be playing a crucial role in the regulation of 

TET3 expression in the brain. However, there is no knowledge of how this is 

orchestrated at a molecular level and if it is specific to one or both TET3 isoforms.  

KCl depolarisation has been used before as a model of synaptic activation, to study 

DNA methylation. In cortical neurons, DNMT1 and DNMT3 expression were found to 

be downregulated via KCl-induced depolarisation (Sharma et al., 2008). In 

hippocampal neurons, the KCl activity-induced depolarisation changes to the DNA 

methylation were found to be likely calcium entry-mediated (Hannon et al., 2015). 

Further, in mature neurons, TET3-mediated 5-hmC accumulation was regulated using 

KCl (Luo et al., 2021). To comprehend the mechanisms which might underlie the 

regulation of TETs by neuronal activity, the effect of KCl upon TET3 expression in N2a 

cells was assessed. Even though the selected protocol for differentiation of N2as into 

more mature neurons in section 3.3.11 yielded the best-looking cells, it was still harsh 

and led to a great degree of apoptosis. Therefore, using it as a model in this study 

presented a challenge. However, N2a cells without treatment are neuroblast-like cells 

that exhibit some degree of differentiation and neurite outgrowth (Onesto et al., 2020). 

Moreover, extracellular KCl-treatments have been shown to have an effect on 

undifferentiated N2as, for example, in the stimulation of ATP release (Wicki-Stordeur 

et al., 2012). Undifferentiated N2as might have potassium channels relevant for 

neuronal depolarisation. To verify this, the RNA-seq analyses on RNA isolated from 

undifferentiated N2a cells (described in Chapter 5) was investigated. Here multiple 

voltage-gated and inwardly rectifying potassium channel genes were found to be 

moderately transcribed (see Table 4.1). Further, the most abundantly expressed 

genes Kcnh2 and Kcnk3, both have been associated with neuronal transmission and 
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are expressed in primary cultured neurons and brain (Gabriel et al., 2012; Sanchez-

Conde et al., 2022). 

 

 

Gene Symbol FPKM  Gene Symbol FPKM 

Kcna2 0.01  Kcnj4 0.03 
Kcna5 0.02  Kcnj5 0.01 
Kcna6 0.01  Kcnj6 0.06 
Kcna7 0.52  Kcnj9 0.67 
Kcnab1 22.09  Kcnk1 1.53 
Kcnab2 14.67  Kcnk12 2.63 
Kcnab3 0.98  Kcnk2 0.02 
Kcnb1 7  Kcnk3 53.2 
Kcnc1 1.67  Kcnk4 0.42 
Kcnc3 5.11  Kcnk5 0.38 
Kcnd1 1.25  Kcnk6 0.17 
Kcne1 0.15  Kcnma1 1.79 
Kcne2 0.22  Kcnmb1 0.07 
Kcng4 0.25  Kcnmb2 1.44 
Kcnh1 0.01  Kcnmb4 15.86 
Kcnh2 47.84  Kcnmb4os1 0.26 
Kcnh3 0.42  Kcnmb4os2 1.62 
Kcnh4 10.55  Kcnn1 1 
Kcnh6 1.68  Kcnn2 2.86 
Kcnh7 0.05  Kcnn3 1.54 
Kcnj10 0.05  Kcnq1 0.02 
Kcnj11 0.05  Kcnq2 14.27 
Kcnj12 12.87  Kcnq4 0.02 
Kcnj13 0.1  Kcnq5 1.93 
Kcnj14 0.21  Kcns2 0.24 
Kcnj15 0.01  Kcnt1 0.02 
Kcnj16 0.06  Kcnu1 0.8 
Kcnj2 0.02    

 

Table 4.1.- Potassium channel genes expressed in undifferentiated N2a cells. A 
table showing expressed potassium channel genes in undifferentiated N2a cells. Each 
gene presents a different FPKM (fragments per kilo base of transcript per million 
mapped fragments). Heat map showing FPKM highest values in dark green and lowest 
in white. 
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Undifferentiated N2as were treated with KCl and the effects of this upon the 

transcriptional regulation of TET3 expression were assessed. N2as were treated with 

KCl (25 mM) for 7 hours to stimulate depolarisation. This timepoint and concentration 

were chosen as they have been previously found to upregulate TET3 mRNA 

expression in primary cortical neurons (Li et al., 2014). The relative mRNA expression 

of TET3 was measured by performing quantitative PCR analyses on cDNA isolated 

from KCl-treated N2a cells compared to control, untreated N2as (see Figure 4.1). KCl-

treated N2as had significant (approximately 1.4-fold, p=.007) upregulation of TET3 

mRNA expression compared to the control. This suggests that depolarisation may 

regulate the transcriptional programs of TET3 in the less differentiated N2a cells, as 

has been shown in mature neurons. 

 

 

 

Figure 4.1.- TET3 is significantly upregulated by KCl-treatment, compared to 
control, in undifferentiated N2a cells. The relative mRNA expression of TET3 pan 
in KCl-treated (25 mM) N2a cells for 7 hours compared to control untreated N2a cells 
were determined by Q-PCR, normalised to the relative expression of CANX. 
Quantified data are expressed as mean ± SEM, relative to control samples. (n=3). 
Analysed by an unpaired t-test. ** p<0.01. 
 

 

To determine whether the 2 isoforms (long and short) might be differentially regulated 

by KCl (25 mM) treatment, the expression of both TET3 isoforms was also examined 

after KCl treatment for 7 hours (see Figure 4.2). Consistent with the upregulation seen 
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using the TET3 pan primer set (see Figure 4.1), both isoforms demonstrated 

significant upregulation of mRNA expression in KCl-treated N2as compared to control. 

TET3 long and short had approximately 4-fold increase (p<.001 and p<.0001, 

respectively. Therefore, there is no evidence that TET3 isoforms are differentially 

regulated by KCl. 

 

 

 

Figure 4.2.- No evidence of differential regulation of TET3 isoforms in KCl-
treated undifferentiated N2a cells. The relative mRNA expression of TET3 (A) long 
and (B) short isoforms in KCl-treated (25 mM) N2a cells for 7 hours compared to 
control were determined by Q-PCR, normalised to the relative expression of CANX. 
Quantified data are expressed as mean ± SEM, relative to control samples. (n=5). 
Analysed by an unpaired t-test. *** p<0.001, **** p<0.0001. 
 

 

KCl appears to affect TET3 regulation in undifferentiated N2as, potentially through the 

depolarisation of the cell. However, the depolarisation induced by KCl is non-specific. 

This is useful for studies regarding channel physiology, signalling messengers and 

cascades and gene transcription, but as it is global it is not suitable to determine 

precise mechanistic neurotransmission regulation (Rienecker et al., 2020). Hence, to 

further identify the mechanism(s) by which TET3 is regulated, the specific neuronal 

activity regulators glutamate was used and additionally the neurostimulators 

dexamethasone and the neurotransmission inhibitor lipopolysaccharide (LPS). 

Previous studies have linked glutamate, dexamethasone and LPS to the regulation of 
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4.3.4 There is no evidence of dexamethasone-mediated neurotransmission 

regulating TET3 mRNA expression 

 

 

Glucocorticoids regulate neuronal activity by increasing the frequency of spontaneous 

excitatory neurotransmission (Arango-Lievano and Jeanneteau, 2016; Jeanneteau 

and Arango-Lievano, 2016). Dexamethasone is a corticosteroid which has been 

shown to upregulate transmission from GABAergic neurons to glutamatergic neurons 

through elevations of presynaptic neuronal excitability, GABA release and 

postsynaptic GABA receptor responses (Wang et al., 2016). Furthermore, it can also 

downregulate transmission from glutamatergic neurons to GABAergic neurons by 

lowering glutamate release (Wang et al., 2016). The relative levels of mRNA 

expression of TET3 pan, long and short were measured by performing quantitative 

PCR analyses on dexamethasone-treated N2as (2 mM for 48 hours) compared to 

vehicle control DMSO-treated cells (see Figure 4.5). Dexamethasone showed a trend 

for upregulating TET3 pan mRNA expression, and the expression of each of the 

isoforms but this was not significant in any case.  
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4.3.8 Assessment of the regulation of TET3 promoter regions by glutamate and 

LPS 

 

 

TET3 Upstream and Downstream have been established as functional promoters (see 

Figure 4.9). Glutamate (2mM for 24 hours) seems to upregulate TET3 long and short 

mRNA expression (see Figure 4.3). To determine whether glutamate might regulate 

TET3 transcription via either of these cis-regulatory, promoter regions, the activities of 

the TET3 Upstream and Downstream were assessed using a Dual-Glo Luciferase 

assay system in these conditions of glutamate-treated N2as (see Figure 4.10). There 

was no difference in the TET3 Downstream activity after transfection into glutamate-

treated N2as, compared to untreated, control cells. However, the activity of TET3 

Upstream significantly increased 1.2-fold (p=.002). This correlated with previous 

findings of TET3 long mRNA increasing in the same conditions (see Figure 4.3).  

 

  











https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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Mouse      GTGAGCACCGCCCAAACTGGTCGGGCTAGTTCACCCAGTGTCTGTTTCTGCCATGACTTG 
Human      GTGAGCACCGCCCAAACTGGTCAGGCCAGTCCGTCCTGTGGCTGTTTCTGCCAGGACTCG 
           ********************** *** *** *  ** *** ************ **** * 
 
Mouse      CCCTTGTGTAG----------GGAGGGTACAGACCTACCCTTCTCCACAGCAACC-CGGT 
Human      CCCGAGTGTGTGTGTGCGCGTGTATGTCAGAGACCCACCCTGCTCCCCTGCAACCGAGGT 
           ***  ****            * * *  * ***** ***** **** * ******  *** 
 
Mouse      AGGTGGAAGGCAGCTGTGGGCATTAGTCTGGCAGTCAGATCAGAAGGGTGGAGCTGAATT 
Human      AGGTGGAAGGCAGTTGCAGGCACCAGCCTGGCAGTCAGGCCAGATGGGTGGGGCTGAATT 
           ************* **  ****  ** ***********  **** ****** ******** 
 
Mouse      AATCTAACCTGGAATTTCAACTTGGCCAGTAACAACAGGTGAGGGATGGGGGAGAATTAG 
Human      AATCTAACCTGGAATTTCAACTTGGCCTGC-ACAACAGGTGAGGGA-----AAAAAGCAG 
           *************************** *  ***************      * **  ** 
 
Mouse      CACAGAGAAATGGACAGTTTGGCAAGTTGGAAATACTCTTATGTCTTGTCCCTTACCGCC 
Human      CAGAGAGAA-CGGGCAGTTTGGCAACTTGGAAATATTCCTGAGCCCTGCCCCTTACCCCC 
           ** ******  ** *********** ********* ** *  * * ** ******** ** 
 
Mouse      TGCCTAGAACACAGCCCAGGGTGACTTTTTCAAAGTGTCTGCATT---ATTTATGCCTCG 
Human      TGCCTGGAACGTAGCCCAGGGTGACTC-TTCAAAGTGTCTGCGCCGGGTTTTAGGGCTTA 
           ***** ****  **************  **************       **** * **   
 
Mouse      GTGAGGACTTGGGCC-CTC---GGTGACTGAGCCCATCCCGAA-----TCTGCCTGGGTT 
Human      GTCGCCCCACGGCCCCCTCGAGGCTGTCCGAGGCCCTCCTGAACGCTGTCCTCCTCAGTT 
           **     *  ** ** ***   * ** * *** ** *** ***     **  ***  *** 
 
Mouse      CCTCTCTGCGACGCGCCCCTTCCCTCTCCTCTGGGAGGCAGGGCGGGGGTCTCGGACTAG 
Human      ACCCTCCGCGACGCGCCCGTTCCCCCTCCTCTGGGAGGCAGGGCGGGGGTATCGGATTAG 
            * *** *********** ***** ************************* ***** *** 
 
Mouse      TCTTTGTTTTAGATGTGCAACAGAGCCCGAGAGCAGCGCCTGGAAGGCTGGCGATGGCAG 
Human      TCTTTGTTTTCGACGCGAAAGAA---TCGAGCGCGGCGCGGGGGAGGCTGGTGATGGCAG 
           ********** ** * * ** *     **** ** ****  ** ******* ******** 
 
Mouse      AGCCGTAGGGTCGGCCAGGGCAGGGCGCTGGGTTGTGACCCTCATGCGGATGCCGTGCAG 
Human      GGCCGTGGGGTCCACCTGGACAGGGCATTCGGCCGTGACCCCTGCGAGG----------- 
            ***** *****  ** ** ******  * **  *******    * **            
 
Mouse      CGGGCGCTCGGTCTCTGCCCTCGGGCACCCACTTCTTGCCGGTCAGGCTGACTCGGTACG 
Human      -GTGCCCTTAGCCTCTGCCCCCGAGCAACCCCTTCTTGCCGGCCAGGCTGACTCGGTACG 
            * ** **  * ******** ** *** ** *********** ***************** 
 
Mouse      CAAACGCGCGATGTCCCCTATTGTCCTGCCTCGGCCTGAGAGGCAGCCGAGGAGGAGA-A 
Human      CAAACGCGCGATGTCCCCCATTGTCCTGCCTCGGAATGAGC--CAGCGGCAGCTGGGACA 
           ****************** ***************  ****   **** *  *  * ** * 
 
Mouse      AGGGGGTCGGTCGGGCTCCGGGG-CAG-----TCGGGCGAGCGTGGGGCCGTCCCG---- 
Human      GGGGGGTCAGTCGGGCCCGGCGCTCAGGCCTCCCGGGGGC-GCCGGGGCTGTCCCGGACA 
            ******* ******* * * *  ***      **** *     ***** ******     
 
Mouse      -----AGCTCGCAGGGAGTGGCAGGAAGTGGGGACACCCAG-GCGGCTGGGCCAAGGGCC 
Human      GATCTGGCCCGCAGGGAGTGGCAGGAAGTGGGGACACCGAGCGAGGCTCGGCCGAGGGCC 
                 ** ***************************** ** * **** **** ****** 
 
Mouse      TAGCTGGGGAGGTCCGCGCCCCGCCCCGCCCCTCCTCGACAGCTTGGGCTGCGGGCCCCG 
Human      TAGGCTGGAAGGTCCGCGTGCC---CCACCCCGCCTCGCCGGCCCCGGCTGCAG-CCCCG 
           ***   ** *********  **   ** **** ***** * **   ****** * ***** 
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Mouse      CCGGAGGGCAGGGAAAGGGCCAG-CCCGCGGGGACAGCCGCGTCTCAGGAGGGCCCCTCC 
Human      CCGGAGGGCGAGGG--TGGCCAACCCGAAGGGGGCGGCCGCCTCCCGGGAGGGCCGACC- 
           *********  **    *****  **   **** * ***** ** * ********   *  
 
Mouse      GTGAGGCCTGGGGAGGCGCTGCAGGTGCAAAACCCGGGCGGCCCGCGC------------ 
Human      GCGTG--GGTGGGAGCCACTGCAGGTGCAGAGAAGCGGCGGCCGGGCCGGAGCCTGCCCC 
           * * *     ***** * *********** *     ******* *  *             
 
Mouse      ----------------------GCGCCTCGCTCCCTCCCCGGGAACT---CCGCTCTTGC 
Human      AAGCCGCTCGCAGGCCGCCCACCCGACCCCTCCCCTCCGCGGGAACCACCCCCCTCTCGC 
                                  ** * *   ****** *******    ** **** ** 
 
Mouse      GCGGTCCCGGGCCTA------GCGGCCAGCCTCGGCGGGACCGCACGTGCGCGCCCTCCC 
Human      CCGGCCCGGGGCCCGGCCGGGCCGGCGGGGCTCGGCGGGGCCGCACGTGTGCGCCCTCCC 
            *** ** *****         ****  * ********* ********* ********** 
 
Mouse      GGGCGGGGGAGTCCCCGGGCGAGCACGTGCCGCGGCGCGCGGGGGGCGGGGAGTCCCGCG 
Human      GGGCGGGGGAGTCCCCGGGCGAGCACGTGCCGCGGTGCGCGGGGGGCGGGGAGTCCCGCG 
           *********************************** ************************ 
 
Mouse      GCCGCCTTCATTGCTCCTGCTGCTGCTGCCGCCGCCGCGGCCGCCGCCGCTGCTTCCTTC 
Human      GACGCCTTCATTGCTGCTGCTGCTGC------CGCCGCGGCCGCCGCTGCCTCTTCCTTC 
           * ************* **********      *************** **  ******** 
 
Mouse      CTCCTGCGCCGTCCCCTGCTCGGCCAGGGCTGGGGCGGGGGTTGGGGGGGGGGACTCCGC 
Human      CTCCTGCGCCGTCCCCTCCTCGGCCCGGGCG------------------GGGGGCTCCGC 
           ***************** ******* ****                   **** ****** 
 
Mouse      GCGCGCAGCGAGCTTGGCTGGGCTGGGCGCTCCCGCTCCCGGAGGCGCACACCTTGGGCC 
Human      GCGCT----GAGCTCGGTCGGGCCGGGCGCTCCG------GGAGGCGGGAGCCCCAGGCG 
           ****     ***** **  **** *********       *******    **   ***  
 
Mouse      GTGGCGGTGGCGGTGGCGGC---GGTGGCAGCG-----GCAGGCTGGGAAACTTTGCCCC 
Human      GCGGCGGCGGCGGCCGCGACGGTGGTGGCGGCGGCGGCGCGGGCCGGGAAACTTTGCCCC 
           * ***** *****  *** *   ****** ***     ** *** *************** 
 
Mouse      TTTGTGCGCTCCGCCCCGGAGGCGGCGGGCAGGTCGGTGCAGCCGGTGGCTTTCCGGCTC 
Human      TTTGTGCGCTCCGCCCCGGAGGCGGCGGGCAGGTCGGTGCAGTCGGTGCCTTTCCGGCTC 
           ****************************************** ***** *********** 
 
Mouse      CGCGGTGGGGGAGGGGCAGTGCGTGGGGGGAGGGG--CGGCTCGGGGACCG----TGGCA 
Human      CGGAGTGGGGGAGGGGCGGCGGGAGGCGCGGGGGGCCCGGCCCGGGGGAGGGGGAGGGGA 
           **  ************* * * * ** * * ****  **** *****   *     ** * 
 
Mouse      CGGCCATGGTGGG---------CGCAGCAGGGTAGCCAGCGACCCG-GCAAGGAGCTCCG 
Human      CGGCCCGGATCCGGCGGGGGGCCGCTCCTCCGGTGCGGGGGGCCGGACTGGGGTGCTGCG 
           *****  * *  *         ***  *   *  **  * * ** *     ** *** ** 
 
Mouse      GGTGGCCGTGCGGTGCTGCCGGGTGGGGGTGGCGGGGC------GGGGGCTGCGGTGCAG 
Human      GGGCGCTGTGCGGCTGAGCCGGGCGGGGGTGGCGGGGCGGGGGCGGGGGCTGCGAAGCCG 
           **  ** ******    ****** **************      **********  ** * 
 
Mouse      CGGGAGCGGAGCAGCCGAGGCCCCAGAACAAAGGAGCCGGAGCGGCGGCGGCAGTGGCGG 
Human      CCGGAGCGGAGTGGCGGAGGCCCCAGAACAAAGGAGCCCGAGCGGCGGCGC--------- 
           * *********  ** ********************** ***********           
 
Mouse      CGCGCGCAGCCTGGCCTGCG-CCCCAGCGCGCC-CCCTCCCCGCACCCCTTGGTGGCGCG 
Human      -GCGCGCGGCCCGGCCCGCGGCTCGAGCGCGCCCCCCTCCCCGCGCCCCTCGGCGGCGCG 
            ****** *** **** *** * * ******** ********** ***** ** ****** 
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Mouse      GGTCACCCTTCTCTGTAGCCCGCG-GGGCTCCGTCTCCTGGGGCGCGGCGAGGTAGCCGA 
Human      GGCCGCCCTCCCCAGTCGGGCTGGCGGGCTGCG-CTCCGGCGGCGG-GCG---CGGCGGG 
           ** * **** * * ** *  *  * ***** ** **** * ****  ***     ** *  
 
Mouse      CGCGGGACTCCCCTTGGGCGCGCCCCCCACCTCTAGGCCGCCT--------GGGGCGCC- 
Human      CGCGGGC-TGC-CCAGGGCGCGC-CCCCACCTCCAGGCGGCTTCCGTGCCGGGGGCGCCG 
           ******  * * *  ******** ********* **** ** *        ********  
 
Mouse      GTCCACTCCAAATGAGCGAGCCTCTG--AAAACTTTATTTTGCAAGCTCTGTTCCCTAGG 
Human      GGGCAGTCCCGCCGAGCGAGGCTCTCAGCAAACTTTATTTTGAAAGCTCAGCTCCCTAGG 
           *  ** ***    ******* ****    ************* ****** * ******** 
 
Mouse      GGAAGGTCCTGCGACCCTCAGTGAGGGGCTGCGTGTGGATTTTAGTGAAACTC--ACTAG 
Human      -GAGGGCCCGGCGGCCTCCAGCCAGGGCGTGTGGGGGAATTTTGGTGAAACTCTCACCAG 
            ** ** ** *** **  ***  ****  ** * * * ***** *********  ** ** 
 
Mouse      CCAGTAGATGTATGTGTGTGTGAGGGTGTGTGTGTGTGTGTACAGAGCAACTTTCTCAGA 
Human      CCCGTGGG----------------GGTG---------GGGAAGAGGGCAACTTTCTTAGA 
           ** ** *                 ****         * * * ** ********** *** 
 
Mouse      AATCCCACCC-CCTCATCCCCTTGAGTGCCTTGT-----GCA-CCCTCACCCC------- 
Human      AATCTCACCTTGATCACCCCCTTGAATCCAGGGCCCCCAGCAGCCCTCAGGCCCGAGGCC 
           **** ****    *** ******** * *   *      *** ******  **        
 
Mouse      ------------CATGG---AGGTCCTATGTACCTCC-CTCTGAGGTTCTAAGGAGGACT 
Human      GCCTCCCTCAGACAGGGAGCGGGTGCTGGGTGCGTCCTGCCTGAGGTTCTGGGCAGGACC 
                       ** **    *** **  ** * ***   **********  * *****  
 
Mouse      TCGTTTGACTCAGACC-CTGGCTTCCCCCATTTTCTCTCTTCCCAGAAGCAGGAAGAGAT 
Human      TCAATTGAGCAAGCCCCATCTCTTCCCCCATTTTC--TCTTCCCAGAAACAGGAAGAAGT 
           **  ****   ** **  *  **************  *********** ********  * 
 
Mouse      AACACGTGAAAGTTGTCCCTGAGCACCCAGTGATGCACTTCCTCTTTCTGTGTCTTTTTC 
Human      GACACGTGAAAGTTGTCCCTGAGCCCCGAGTGATGCGCTTCCCCTTTCTGTCTTTT---- 
            *********************** ** ******** ***** ******** * **     
 
Mouse      CCCTCTCAGGCAGCGTAGCCTTCTCCATCAT 
Human      -----TCAGGCAGCACTGCCTTCTCCAGCGT 
                *********   ********** * * 
 

 
Figure 4.14.- TET3 Upstream putative promoter region is highly conserved to 
the human sequence. (A) Schematic diagram of mouse TET3 Upstream putative 
promoter fragments cloned into pGL4.2 luciferase reporter vector (Promega). (B) 
Alignment of mouse TET3 Upstream putative promoter region between -377 and 
+1986 (relative to the end of exon 1a [-1], letter in red) with the human sequence is 
indicated. The mouse sequence is highlighted in bold and the human sequence is 
below. * denotes sequence homology. The deleted sequence after deletion 1 (+1822 
to +1986) is highlighted in red. The deleted sequence after deletion 2 (+1590 to +1822) 
is highlighted in yellow. The deleted sequence after deletion 3 (+1273 to +1590) is 
highlighted in green. CAP sites found in the TET3 Upstream region are underlined. 
Exons are delimitated by a box. 
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Figure 4.15.- Positive and negative cis-regulatory regions were identified in 
TET3 Upstream putative promoter region in both N2a and MEF cells. (A) 
Schematic diagram of mouse TET3 Upstream putative promoter fragments cloned into 
pGL4.2 luciferase reporter vector (Promega). (B) Schematic diagram of TET3 
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Mouse      CCCCTTCGCCGTACTCCAGTTGCAC-------------------CCGCTAGAACTGCAGG 
Human      CTGCTCCGCTCCGCTCCACCCGGAGGCGCAGTCTGTCATCTTTGATCCTGGAGGCGCAGA 
           *  ** ***    *****   * *                       ** **   ****  
 
Mouse      GGACGTCTTGTGTATGTTGCC-----------AGGGGTAGG------AGGGTGCCCCGGG 
Human      GGACGCCTTCTGGGTATTACCTTCGGGGTCCCCGCGGGAGGAGGCCGGGGGTGCCCTGGG 
           ***** *** **  * ** **            * ** ***       ******** *** 
 
Mouse      ATCCCC---------------------GGCCTGCCTGGGAAGCAGCCCTTGTGGCGAT-- 
Human      ATGCCCCAGCCTGCCGGGGAGCGGCACGGCGGGCCTGGGAAGCAGCCAGCGCGGCTCAGC 
           ** ***                     ***  ***************   * ***      
 
Mouse      GGCTCCCTCCACCAAGGCCCCTGCCTGGCTGCTGGGCAGGTCCTTG----GCGGGGAGGG 
Human      AGCACCCTCG-GCTGCGCCCCCGCCTCCCGGCTGGGCAGGTCCACCAGGCGGGGGCAGGG 
            ** *****   *   ***** ****  * *************       * *** **** 
 
Mouse      CCGGGCGCG-GGATTGGCTGGCGCGCGCGCCGCCCCCTTGCACACCAGCCTGGCGGGG-- 
Human      CCGGCCGCGGGGATTGGCTGGCGAGCGCGCCGCCCCCTCGCACACCAGCCCCGCGGCGGG 
           **** **** ************* ************** ***********  **** *   
 
Mouse      ----CGGGAGCAGCCGGCAGCTGGCCGCCGC---CTCTGCAGTGCCTCCCTCGGTGCGCT 
Human      GAGGGGAGCGCAGCCGGCAGCTGGCCGCCGCCTCCTCTGCAGTGCCTCCCTCCGTGCGCT 
                * * **********************   ****************** ******* 
 
Mouse      CCCTC-GGCGGGGATAATGGGAGGCCCGGCGGCGGCCGATGCAGTAGTGGAGGCCGGCCG 
Human      CCCTCCGGCGGGGATAATGGGAGGCCCGCC---GGCCGATGCACCAGAGGAGGCCGGCCG 
           ***** ********************** *   **********  ** ************ 
 
Mouse      AGGTAGAGCGCT--GGGCCTGGAAGGGAGGGGAGGCCGTGTGCAGGCCGCGAGCGGGTCC 
Human      AGGTAGAGCGCGCGGGGCCGGGGATGGCCGGGCGGACGCGGGCCGGGGGT-CGCCGTCCT 
           ***********   ***** ** * **  *** ** ** * ** **  *   ** *  *  
 
Mouse      CGGGGATCTCCAGAGGCC-------GGAGAACCGAAGCAGGAAAACAAAACACTGGAAGG 
Human      CTCGGATCTCGGGGGGATTCTCAGAGGAGAAATG----AAAACAAAAACACACTGGAAGG 
           *  *******  * **         ******  *    *  * ** ** *********** 
 
Mouse      CGCAGGGGCCCAACAGTGCT----GGGGAGGCAGCTGGA-GCAGGAAGATGGTCCCGTCC 
Human      CGGGGGAGCCTGTCTGCCGTGATCCAGGCGGCAGCTGGAGGCAGGAAGATGGTCCCAGAT 
           **  ** ***   * *   *      ** ********** ****************     
 
Mouse      AGCCTTTCTTCTCCGGGCCC---------------------TTCCCCTCCAG-TGTGCTG 
Human      AGCCTTTCTTTCCCAGGCTGTATCCCCTCCCGTTCGCCTTCTTCCCCTCCGGCCGGGCTG 
           **********  ** ***                       ********* *  * **** 
 
Mouse      GGGCCTGT-GCTGGACTGCTCTGCTCCTTGCCTGCTACCGGCCTGCCTCACCAGTGTCTT 
Human      GGGGCTGTAGCAGGAGGACTTTGCTGCCTTCCTGGTACCCGCCTGGCTCACACGTTCCTC 
           *** **** ** ***   ** **** * * **** **** ***** *****  **  **  
 
Mouse      TGGCTTCTTTTGCAGGTGGAAATAAATGCTCGTGAAGGAACGGGGCCCTGGGCACAAGGG 
Human      TGGCTTCTTTTGCAGGTGGAAATAAAGGCTGGTGAAGGAGCCGGGCCGTGGGGACAAGGA 
           ************************** *** ******** * ***** **** ******  
 
Mouse      GCGACTGTCAAGGTACCCTGCGTGTTTGTGTGTGTGTGTGTGTGTGTACGTGAGTGCGTG 
Human      GCGGCTGTCAAGGTACCTTGTGTGTGTGCGTGCGTGT----------------------- 
           *** ************* ** **** ** *** ****                        
 
Mouse      CGCGCTTGCCCTTGTGTATGTGTGCGTGTGTGTATGTGTGCGTGTGTGTATACGTGGGCT 
Human      -----------------------------------GTGTGCGTGTGTG------------ 
                                              *************             
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Mouse      TGCACGGTGGGGGTGAAGTGTTTGACTGGATTGGATAAAAATAAAGGGTCTCCTCTGGTG 
Human      ----TGGTGGCGGTGAAGTGTTTGACCGGATTGGATAAAAATAAAGGGTCTCCTCTGGTG 
                ***** *************** ********************************* 
 
Mouse      ATCCCTTAATCTCCCACTGTGTGTGTAGCAGCAGCTGAGGGGGAGGGGCGGCGCGAGTGT 
Human      ATCCCTTAATCTCCCACTGTGTGTGTAGCAGCAGCTGAGGGGGAGGGGCGGCGGGGGTGT 
           ***************************************************** * **** 
 
Mouse      GGGCGGCCAATGAATTCTCAGGCCTGTGTGGGTTTTGTTTGGATTCGTTTTGCTTTCTCA 
Human      GGGCGGCCAATGAATTCTCAGGCCTGTGTGGGTTTTGTTTGGATTCTTTTTGCTTTCTCA 
           ********************************************** ************* 
 
Mouse      GCTGGATGGTT-TGGGTGCAGTTGGGGTTTGGCGTTTGGTTTGTTGAACTGTATGTATAT 
Human      GCTGGATGGTTTTGGGTGCAGTTGGGGC-------TTGGTTTGTTGAACTGTTTTTTTT- 
           *********** ***************        ***************** * * *   
 
Mouse      GTGTGCGCTGTGCGTGTGTGCGCATGTGCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 
Human      ------------------------------------------------------------ 
                                                                        
 
Mouse      TGTGTGTGTGTGTTTTAAAGACGTACAACCCACTTCCCACCCCTGCCTCTGGAAATCTCT 
Human      ---TTTTTTTTCTTTTTAAGACATGCAACCCACTCCCCACCCCTGCCTCTGGAAATCTCT 
               * * * * **** ***** * ********* ************************* 
 
Mouse      GGAGAATGGCCCTGGCACTGTTGGTTTGCTTCCAATCTGCAGAAATCCCCGGGGTGCGTT 
Human      CGAGAATGTCCCTGGCACTGTTGGTTTGCATCCAATCTGCAGAAATCCCGGGGGGG-ACG 
            ******* ******************** ******************* **** *     
 
Mouse      GTCTCGGGGAAGTGGGGGTGAAAGACAGTAAGGGGGAGGGAGAATTGCACTCCTGAGTCT 
Human      GTGTGCGGGGAGGGGGGGTGGGGGGGCGTAAGAGGGAGGGAGAATTGCGCTCCTGAGTCT 
           ** *  *** ** *******   *   ***** *************** *********** 
 
Mouse      GAAGCTGATAGGGTGTCATTAGTCATGCTGCTGTCACCATGGAGATGGCTGAAGAGAGGA 
Human      GAAGCTGATAGGATGTCATTAGTCATGCTGCTGTCACCATGGAGATGGCTGGA--GAGGA 
           ************ ************************************** *  ***** 
 
Mouse      GAGGAGGTGGTGGGGGTGAGGATATTTTGGGTAGGGTGGGGGCTGATGCAACATCATGGC 
Human      GAGGAGGTGGTGGGGGTGAGGATATTTTGGGTAGGGTGGGGGCTGATGCAACATCATGAC 
           ********************************************************** * 
 
Mouse      TGGGAAGCCAGCGGGTGTCTGCTGTTATTCTGTGCCACTTGGTGTCTGGGAGACTGGGAA 
Human      TGGGAATCCGGCGGGCGTCTGCTGTTACTCTGTGTGACTTGGTGTCTAGGGGACTGGGAA 
           ****** ** ***** *********** ******  *********** ** ********* 
 
Mouse      GGCAGTGTTCCCTGGTGTGAGGGAAGCAGAGAAAGGGGCTTTGAGCCATTCCAGGTGGGT 
Human      GAGAGTGTTCCCAGGTGCGTGGGAAGCAGAGAAGGGGGCACTGAGCTTCTCCTTGTGGTT 
           *  ********* **** * ************* *****  *****   ***  **** * 
 
Mouse      TTTTCAGAGGGTG---GTGTAGGTTTTGGGGAGAGGAGAATGAAGAGTCTGG-GGAGAAT 
Human      GTCTGGGGGGCGGGGAGCTGGGGTGTTTGAGACAGGGGAGGGGAGAGTCCAGTAGAGTAT 
            * *  * **  *   *    *** ** * ** *** **  * ******  *  *** ** 
 
Mouse      C-----TGATCAAGAATCTATGACTAATCTGCCTAGGTTAGCCAGGTCCCGCTCAGTAGG 
Human      CAGCCATTACTAGGAAACCACAGATATTCCTCCCACGTTGGCATGGACCCGATCAGTAGG 
           *     * *  * *** * *    ** **  ** * *** **  ** **** ******** 
 
Mouse      TTCCTTCTAGTTTGCCCGGGTTTACAGGGCCAGGGGCTCACTCTAAGTTTGGAATTACTC 
Human      TTTCCTTGAGCTTGTCCCCCTTTTCAGGGCTAAGGAGCCACTGTGAGTTTGGGATTACTC 
           ** * *  ** *** **   *** ****** * **   **** * ******* ******* 
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+446) compromises a negative cis-regulatory region in neural cells, whereas in the 

fibroblast cells it appears to be a positive cis-regulatory region. 

 

 

 

Figure 4.18.- Identified positive and negative cis-regulatory regions in the TET3 
Downstream putative promoter region. (A) Schematic diagram of mouse TET3 
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