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Summary 
 

Transcriptional regulation in eukaryotes is realized through intricate 

interactions between transcription factors and chromatin. DNA methylation 

constitutes a chromatin modification that is associated with transcriptional 

silencing (Deaton and Bird, 2011). Whole-genome methylation profiling in 

mammals has revealed widespread cytosine methylation with characteristic 

hypomethylation at cis-regulatory elements. Hypomethylation is typically 

present within CpG islands and distal CpG-poor regions (Stadler et al., 2011). 

Previous investigations have shown, that some DNA-binding factors like the 

RE1-silencing transcription factor (REST) directly reduce methylation at these 

sites. However, how DNA-binding factors mediate such local methylation 

changes remains largely unknown.  

Hence, I studied the regulation of DNA methylation by the transcription factor 

REST in mouse embryonic stem cells (mESCs). I ectopically expressed 

different REST mutants and profiled DNA methylation at distal REST binding 

sites. While the full-length protein is necessary and sufficient to reduce 

methylation at its binding sites, REST’s DNA-binding domain lacks this ability. 

Instead, hypomethylation at binding sites required DNA-binding factors with 

interaction domains. The N-terminal REST mutant for example recruits SIN3A 

to binding sites and shows strong DNA demethylation ability. These 

experiments suggest that hypomethylation is not an obligatory consequence 

of protein binding, but rather requires interaction domains, reflecting the 

potential involvement of cofactors. I inquired whether TET enzymes contribute 

to reduced methylation within REST binding sites. Complete Tet1/2/3 

deficiency in mouse stem cells caused a strong localized hypermethylation in 

the immediate vicinity of the REST motif. Whether TET proteins are recruited 

to REST binding sites through common cofactors or indirect mechanisms 

remains to be determined. I also characterized chromatin accessibility and 

nucleosome positioning in the different REST mutant re-expression cells. 

Interestingly, REST mutants that were competent to decrease DNA 

methylation also increased chromatin accessibility and nucleosome 
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positioning. This could potentially link the chromatin remodeling ability of 

transcription factors to hypomethylation around binding sites.  

In summary, the presented study dissected REST induced methylation 

patterns around binding sites and described several of its required molecular 

components. This presents an example for a dynamic interplay between 

genetic and epigenetic information.     
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  Chapter 1

Introduction 

 
1.1 Thoughts on Epigenetics 

Only few questions have continuously puzzled humans similarly as the essence 

of their own making. For scientists this means addressing the question of how a 

fertilized egg can develop into a complex multicellular organism. The path from a 

single cell to a unique human being is long; and a tail of decision-making and 

information integration.  

One question particularly occupies modern biologists: how can the same genome 

give rise to hundreds of different human cell types and tissues? How is the 

unambiguous path of cell type determination possible without writing or deleting 

information? Why does a muscle cell in our body always stay a muscle cell and 

does not become a hepatocyte? Answers to these questions might be found in 

the realms of epigenetics. While linguists would abstractly translate “epi-genetics” 

into the studies of the mechanisms above genetics, modern biologists seem to 

struggle with a precise terminology. One of the more frequently agreed upon 

definitions, states that epigenetics is the “the study of mitotically and/or 

meiotically heritable changes in gene function that cannot be explained by 

changes in DNA sequence” (Russo V.E.A. et al., 1996). In recent years, 

biologists have fought over the absolute requirement of heritability and what to 

call “epigenetic”.   

Untroubled by such semantic discussions, the public shows a great interest in 

this much debated research area. With it come people’s hopes that individuals 

are not merely the sum of their genes but rather the result of autonomous 

decisions and environmental experiences. While huge medical promises were 

based on the sequencing of the human genome, many were dampened when its 

first draft was presented in 2001. Scientists were left with a book written in four 

letters, without knowing how to assemble more than word fragments. Epigenetics 

in a way offers the possibility to organize these words into more meaningful 
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structures. The advent of next-generation sequencing has indeed allowed us to 

describe many more functional elements than just open reading frames. 

International consortia such as ENCODE have gathered unique human and 

financial resources to profile chromatin modifications throughout different healthy 

and diseased cell types. The future will tell how many translational benefits will 

arise directly and indirectly from those efforts.   

Well, then what is there to discover yet? With powerful tools like high-throughput 

sequencing, CRISPR genome editing technologies and single cell assays, 

possibilities seem limitless. Future’s main challenge will be to overcome the 

difficult cause versus consequence struggle. In chromatin research this means to 

discern transcriptionally instructive modifications from those that reflect ongoing 

activity. While we have managed to assemble an impressive amount of 

information about chromatin, it now becomes decisive to curate it. Eventually, we 

will also need to distinguish biologically relevant from merely sequenceable 

chromatin modifications. In any case, it will be an interesting future for epigenetic 

research. I take it as a sign of progress that this doctoral thesis might be partially 

outdated by the time it reaches its readers.  

 

 

 

Basel, June 2016 
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1.2 Transcription and its Regulation in Eukaryotes  

Spatio-temporal control of gene expression brings about the vast complexity of 

multicellular organisms. In eukaryotes, regulation of gene expression is often 

controlled at the step of transcriptional initiation (Sainsbury et al., 2015). Unlike in 

prokaryotes, DNA in eukaryotes is organized into chromatin and generally not 

permissive to transcription (Struhl, 1999). Transcriptional initiation is realized 

through the complex cooperation between several proteins, which recognize and 

bind promoter DNA to initiate pre-mRNA synthesis. 

To initiate transcription, RNA Polymerase II assembles with the general 

transcription factors TFIIB, TFIID, TFIIE, TFIIF and TFIIH at the promoter to form 

the pre-initiation complex (PIC) (Sainsbury et al., 2015). The TFIID complex 

contains the TATA-binding protein (TBP) and binds to the TATA box within the 

core promoter. Assembly of the general transcriptional machinery however 

induces only basal levels of transcription. Efficient transcriptional initiation 

crucially depends on the activity of additional regulatory proteins. Sequence-

specific transcription factors bind short DNA motifs within promoter and distal 

regulatory regions like enhancers. Transcription factors can activate or repress 

transcription by recruitment of several chromatin-modifying enzymes. Distal 

enhancers can interact with corresponding proximal promoter regions by DNA 

looping. The multi-subunit protein complex mediator links specific DNA-binding 

factors and general transcription factors to the carboxy-terminal domain of RNA 

Polymerase II (Allen and Taatjes, 2015; Conaway and Conaway, 2011).  

Overall, the concerted action of Polymerase II, transcription factors, chromatin-

modifying enzymes and mediator induces effective engagement of the 

transcriptional machinery to the promoter. The process of transcriptional initiation 

is thereby a well-concerted interplay between cis-regulatory information and 

chromatin.    
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1.3 Functional Organization of the Genome into 
Chromatin 

Gene regulation in eukaryotes is realized through trans-acting factors that bind 

cis-regulatory elements in the context of chromatin. Chromatin is defined as the 

complex organization of DNA, histones and non-histone proteins. Transcriptional 

regulation is achieved by modifying nucleosomes and/or DNA. Nucleosomes can 

be altered in their genomic position, their histone composition or by post-

translational histone modifications. Cytosines within CpG dinucleotides are often 

methylated in mammalian genomes. The interaction between these genetic and 

epigenetic components is highly relevant for the accurate execution of gene 

expression. The following project focuses on aspects of transcription factor 

mediated changes in DNA methylation. Separate chapters will be dedicated to 

roles of transcription factors and DNA methylation (Chapter 1.4 and Chapter 1.5). 

First, the following sections will introduce the general concept of chromatin 

organization and histone modifications.   

 

1.3.1 From Nucleosomes to Higher Order Chromatin 
Structures 

The eukaryotic genome is highly organized and compacted in the nucleus (Figure 

1.1). Within the basic unit of chromatin, 146 bp of DNA are wrapped around 

nucleosomes (Luger et al., 1997). The nucleosomal core particle interacts with 

the negatively charged DNA backbone through electrostatic interactions (Luger et 

al., 1997). The latter structure has been termed the 10 nm bead-on-a-string-fiber. 

Nucleosomes are comprised of an octamer, which consists of the highly 

conserved histones H2A, H2B, H3 and H4. Nucleosomes are assembled with the 

help of chaperones from two H2A/H2B dimers and one H3/H4 tetramer (Elsässer 

and D’Arcy, 2012). Histone variants can replace canonical histones in specific 

genomic contexts (Maze et al., 2014). Nucleosomes are spaced at defined linker 

lengths (average linker length in mESCs: 40 bp) and binding of the linker histone 

H1 is thought to determine the secondary structure of chromatin (Luger, 2003; 

Teif et al., 2012; Widom and Klug, 1985). The arrangement of chromatin into the 

30 nm fiber in vivo however is still highly debated (Tremethick, 2007). 
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Nucleosomes are generally thought to act as a barrier to protein binding (Soufi et 

al., 2015; Struhl, 1999). Only specific transcription factors, so-called pioneering 

factors possess the ability to bind their target motifs on nucleosomes (Soufi et al., 

2015). The re-positioning of nucleosomes is therefore one way to alter chromatin 

structure and accessibility. Active promoters often possess a distinct 

nucleosomal organization, where the vicinity of the TSS is nucleosome-free and 

the two nucleosomes at the plus one and minus one position are highly 

positioned (Teif et al., 2012). Nucleosomes can also be phased around distal 

transcription factor binding sites as observed for the insulator protein CTCF (Fu 

et al., 2008; Teif et al., 2014). Chromatin remodeling enzymes are the main 

regulators of nucleosomal organization and location (Clapier and Cairns, 2009).    

Higher-order chromatin structures are just starting to be characterized. Recent 

high-throughput chromatin capture experiments have identified topologically 

associating domains (TADs) as a substructure within chromatin compartments 

(Dixon et al., 2012). Local chromatin interactions structure the genome into highly 

conserved megabase-sized TADs (Dixon et al., 2012). The transcriptional 

consequences of functional organization into TADs are currently under 

investigation (Nora et al., 2012). Next to intramolecular interactions, DNA forms 

interactions with the nuclear envelope. Lamina-associated domains (LADs) are 

domains of 0.1-10 megabases in size and are characterized by low gene 

expression levels (Guelen et al., 2008). These two examples demonstrate that 

mammalian chromosomes are structured and functionally divided into large 

distinct domains. Individual chromosomes often occupy distinct nuclear territories 

(Cremer and Cremer, 2010). Further classification then distinguishes chromatin 

by its DNA staining signal into heterochromatin and euchromatin, where 

heterochromatin is generally condensed and inactive.      

 

  



  
Chapter 1 Introduction 

6 
 

 
 

Figure 1.1 | The organization of the mammalian genome. The DNA helix is wrapped 
around nucleosomes to form the 10 nm bead-on-a-string-fiber. Higher order secondary 
structures are formed and highest compaction is achieved in metaphase chromosomes. 
Chromatin, which is the defining unit of DNA, histones and non-histone proteins, can be 
modified. In mammals, DNA is usually methylated at cytosines within CpG dinucleotides. 
In addition, nucleosomes can be positioned by chromatin remodeling enzymes. Histones 
are subjected to many post-translational modifications. The complex interaction between 
DNA-binding factors and cis-regulatory elements enables spatio-temporal regulation of 
gene expression. (Adapted from Jones et al., 2008; content reproduced with permission 
of Nature Publishing Group)  
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1.3.2 Histone Modifications 

Covalent modification of histone proteins is one fundamental mechanism of 

epigenetic regulation. The nucleosomal core histones contain a globular histone 

fold domain and an N-terminal unstructured domain that protrudes as a tail from 

the nucleosomal core (Luger et al., 1997). Histone tails in particular show a 

striking number of post-translational modifications.  

Histone modifications are thought to affect gene expression by two main 

mechanisms (Kouzarides, 2007). The first involves direct structural perturbation 

of histone and DNA contacts. In this regard, histone phosphorylation and 

acetylation reduce the positive charge of basic amino acids and thereby lead to a 

decompaction of chromatin. Increased chromatin accessibility would 

subsequently facilitate binding of the transcriptional machinery. Allfrey et al.’s 

pioneering work in the 1960s provided first evidence that histone acetylation 

reduces the inhibitory effect of histones on transcription (Allfrey et al., 1964). In a 

second mechanism, histone modifications act through the recruitment of 

chromatin-modifying proteins (Kouzarides, 2007). Numerous such chromatin 

factors have been shown to specifically read histone modifications via distinct 

domains.   

Since the first description of histone methylation and acetylation many more 

histone modifications have been discovered (Allfrey et al., 1964; Bannister and 

Kouzarides, 2011). With the realization of the number of different histone 

modifications, Allis et al. suggested the existence of a histone code (Jenuwein 

and Allis, 2001; Strahl and Allis, 2000). Based on the histone code hypothesis, 

specific and distinct transcriptional output is realized through the combinatorial 

power of different chromatin modifications (Jenuwein and Allis, 2001; Strahl and 

Allis, 2000). Genome-wide profiling of many known chromatin modifications in 

Drosophila has however not substantiated such a complex code (Filion et al., 

2010; Schübeler et al., 2004). In fact, the Drosophila genome can be segmented 

into five distinct chromatin types (Filion et al., 2010). Each chromatin type is 

defined by a specific combination of chromatin proteins and forms domains with 

unique functional characteristics. Similar efforts in human cell types have 

described a discrete number of chromatin states and have enabled functional 

annotation of the human genome (Dunham et al., 2012; Ernst et al., 2011). A 
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combination of such chromatin features can be used to predict gene expression 

in different cellular contexts (Dong et al., 2012).          

These studies have generally described nucleosomes that are either marked by 

active or inactive histone modifications. A notable exception from this rule is 

found at so-called bivalent promoters, which are characterized by co-localization 

of H3K4me3 and H3K27me3 in embryonic stem cells (Bernstein et al., 2006). 

Active promoters are marked by H3K4me3 and polymerase binding, while active 

enhancers possess H3K4me1 and H3K27ac (Bernstein et al., 2005; Guenther et 

al., 2007; Heintzman et al., 2007). Repressed promoters are either characterized 

by the Polycomb modification H3K27me3 or by mutually exclusive DNA 

methylation (Mikkelsen et al., 2007; Mohn et al., 2008). Actively transcribed gene 

bodies are marked by H3K36me3 (Schaft et al., 2003). Much of the genome is 

transcriptionally silent with H3K9me3 and DNA methylation (Mikkelsen et al., 

2007). 

In summary, histone modifications enable additional means to control ubiquitous 

and cell-type specific gene expression. Still, issues regarding the mechanism of 

chromatin mediated transcriptional regulation remain unresolved. Many 

transcriptionally instructive histone modifications still need to be separated from 

those merely reflecting ongoing transcriptional activity, and the mode of mitotic 

inheritance of many histone modifications is still unknown.  
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1.4 Transcription Factors Act on Chromatin 

Gene expression in eukaryotes is realized through a complex system of trans-

acting factors and cis-regulatory regions. Correct execution of transcription 

critically depends on reliable recognition of functional genomic elements. 

Transcription factors act on chromatinized binding sites and thereby link classical 

genetic information to epigenetic states. The power of upstream transcription 

factor regulation was demonstrated in the seminal work of Davis et al., when the 

expression of the single basic loop-helix factor MYOD1 efficiently converted 

fibroblasts into myoblasts (Davis et al., 1987). The next chapters will introduce 

these major players of transcriptional regulation in more detail.  

 

1.4.1 Transcription Factor Classes 

Transcription factors present one group of proteins that are essential to the 

process of gene transcription. The human genome encodes approximately 1400 

DNA-binding factors, which constitutes about 6% of all protein-coding genes 

(Vaquerizas et al., 2009). Organismal complexity of the mammalian lineage was 

realized through expansion of its cis- and trans-regulatory repertoire alike. 

Depending on its involvement in transcriptional initiation, one distinguishes 

between general and sequence-specific transcription factors. The latter class is 

predominantly mediating the spatio-temporal dimension of gene regulation.      

General Transcription Factors 

General transcription factors are involved in the common process of transcription 

initiation at Polymerase II dependent promoters. They constitute an obligatory 

component of the basic transcriptional machinery, and often lack a defined DNA-

binding domain and undergo structural reorganization upon formation of the pre-

initiation complex (PIC) (Sainsbury et al., 2015). The five general transcription 

factors TFIIB, TFIID, TFIIE, TFIIF and TFIIH act in different steps of the pre-

initiation complex formation. Together with RNA Polymerase II they bind to 

respective promoter regions, enable the unwinding of DNA and allow pre-mRNA 

synthesis. Release of the initiation factors by elongation factors initiates effective 

RNA Polymerase II elongation (Sainsbury et al., 2015).  
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Sequence-specific Transcription Factors 

The class of sequence-specific transcription factors is the most studied 

component of the trans-acting module. Their activating or repressive activity 

enables gene-specific transcription and drives complete cell lineage decisions 

throughout mammalian development. Transcription factor and DNA interactions 

vary widely in their specificities. Some factors can bind DNA unspecifically 

through interactions with the DNA backbone or the minor groove (Aggarwal et al., 

1988; Rohs et al., 2009; Zheng et al., 1999). In most cases, sequence-specificity 

is achieved through DNA-binding domains (DBDs). These domains often form 

hydrogen bonds with the nucleotides of target sequences (von Hippel and Berg, 

1989). Technologies like high-throughput systematic evolution of ligands by 

exponential enrichment (SELEX) and chromatin immunoprecipitation followed by 

sequencing (ChIP-seq), have characterized the sequence specificities for 

hundreds of DNA-binding domains in vitro and in vivo (Jolma et al., 2013). 

The most widely used nomenclature classifies transcription factors according to 

their annotated DNA-binding domain. The three largest classes in mammals are 

C2H2 zinc fingers, homeodomain and helix-loop-helix factors (Gray et al., 2004; 

Vaquerizas et al., 2009). Each of these classes has undergone different degrees 

of expansion during evolution. Zinc finger domain proteins underwent the largest 

growth in the primate transcription factor repertoire. An alternative approach 

distinguishes transcription factors according to hierarchy within the transcription 

factor network. Across diverse developmental pathways, so-called master 

transcriptional regulators integrate upstream extrinsic signals and control 

downstream transcription factor binding. Examples for such are the myogenic 

factor MYOD1 and the transcriptional repressor REST (Chong et al., 1995; Davis 

et al., 1987; Schoenherr and Anderson, 1995). The ability to remodel the 

chromatin landscape for downstream effector binding is a shared feature of 

pioneering factors (Magnani et al., 2011).  
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1.4.2 The RE1-silencing Transcription Factor 

The RE1-silencing transcription factor (REST), also known as neuron-restrictive 

silencing factor (NRSF), is a functional repressor of neuron-specific genes in non-

neuronal cell types (Ooi and Wood, 2007). REST serves as a complex platform 

for chromatin-modifying proteins, which regulate local chromatin structure and 

transcription of associated genes. Recent observations have shown REST’s 

association with repositioned nucleosomes, diverse histone modifications and 

reduced DNA methylation at its binding sites. REST is as an attractive model to 

study the molecular space between transcription factor binding and chromatin 

changes that ultimately lead to transcriptional output.        

Function 

The transcriptional regulator REST was first described to bind a specific DNA 

sequence known as the repressor element 1 (RE1) (Chong et al., 1995; 

Schoenherr and Anderson, 1995). The canonical RE1 motif is a well-defined 21 

bp long DNA sequence present in strong REST binding sites. REST was the first 

protein for which comprehensive genome-wide binding maps were generated by 

chromatin immunoprecipitation followed high-throughput sequencing (ChIP-seq) 

(Johnson et al., 2007).   

Since many RE1 sites were identified in neuron-specific promoters, REST was 

suggested to be a master regulator of neurogenesis (Bessis et al., 1997; Kallunki 

et al., 1997; Kraner et al., 1992; Lönnerberg et al., 1996; Mieda et al., 1997; Mori 

et al., 1992; Wood et al., 1996). The first generated constitutive Rest knock out 

mice supported this notion by showing transcriptional upregulation of neuron-

specific tubulin in non-neuronal tissues. The early embryonic lethality at day 11.5 

precluded the description of possible neuronal defects (Chen et al., 1998). 

Investigations have shown rapid degradation of REST protein during in vitro 

neuronal differentiation and further supported a crucial function of REST during 

neurogenesis (Ballas et al., 2005). However, several studies have reported on 

more diverse functions of REST in transcriptional regulation of normal and 

diseased neuronal and non-neuronal cell types (Ooi and Wood, 2007). A debate 

on the role of REST in the maintenance of pluripotency has been widely resolved 

(Jørgensen and Fisher, 2010; Jørgensen et al., 2009a; Singh et al., 2008). 
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Contrary to initial reports, mouse embryonic stem cells (mESCs) deficient of 

REST show unperturbed pluripotency factor expression and give rise to all three 

germ layers (Jørgensen et al., 2009a).  

Alternative splicing gives rise to the truncated REST4 protein in neuronal cell 

types. The function of REST4 in repression or de-repression of REST-regulated 

genes is subject of ongoing investigations (Ovando-Roche et al., 2014; Tabuchi 

et al., 2002).  

Domain Organization 

The transcriptional repressor REST belongs to the large family of Kruppel-type 

zinc finger proteins and functions as a recruitment platform for several 

macromolecular complexes (Figure 1.2). REST binding to DNA is mediated 

through a central DNA-binding domain that consists of eight zinc fingers. The first 

five zinc fingers are essential for DNA-binding, whereas the remaining ones 

contribute to affinity. The previously mentioned truncated REST4 isoform shows 

dramatically reduced DNA-binding affinity to the RE1 motif (Shimojo et al., 2001). 

Zinc finger five does not only contribute to DNA binding, but was suggested to 

function as a nuclear localization signal (Shimojo, 2006). Stretches of lysine- and 

proline-rich sequences are adjacent to REST’s DNA-binding domain. The 

molecular implications of these compositional biases are currently unknown.  

REST mediated transcriptional repression is largely dependent on its N- and C-

terminal interaction domains with the SIN3 and CoREST repressor complexes 

(Tapia-Ramírez et al., 1997). The N-terminal SIN3 interaction domain has been 

shown to recruit both mammalian SIN3 paralogues SIN3A and SIN3B. Early 

studies have reported interactions of REST’s N-terminus with the SIN3A paired 

amphipathic helix domain (PAH) 2 (Grimes et al., 2000). Amino acids 43 to 57 

contained in this region were also sufficient for SIN3B recruitment. A published 

NMR structure indicates specific interactions of REST’s hydrophobic alpha-helix 

(43 – 57 aa) with the hydrophobic cleft of the SIN3B PAH1 domain (Nomura et 

al., 2005). It remains to be resolved whether the overlap between REST’s SIN3A 

and SIN3B interaction domains implicates simultaneous or alternating recruitment 

of both repressors.  

The C-terminal domain of REST was shown to recruit CoREST via a single zinc 

finger (Andrés et al., 1999; Tapia-Ramírez et al., 1997). Mutations in this zinc 
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finger domain abrogate REST’s binding to CoREST and abolish REST mediated 

transcriptional repression of reporter constructs (Andrés et al., 1999; Tapia-

Ramírez et al., 1997).  

 

 
Figure 1.2 | Domain structure of the murine REST protein. The DNA-binding factor 
REST functions as a bipartite transcriptional repressor of mostly neuronal genes in non-
neuronal tissues. It contains an N-terminal interaction domain with the co-repressor 
complex SIN3, enabling contacts with SIN3A (light red) and SIN3B (dark red). The C-
terminus recruits the co-repressor complex CoREST mainly through a single zinc finger 
(dark purple). DNA binding is realized through a large eight zinc finger (dark blue) 
containing DNA-binding domain (DBD) (light blue). Adjacent to the DNA-binding domain 
are stretches of lysines and prolines. Legend: SIN ID (SIN3 interaction domain), DBD 
(DNA-binding domain), Lys-rich (lysine-rich), Pro-rich (proline-rich), CoREST ID (CoREST 
interaction domain), amino acid positions are indicated above for the full-length protein 
and above or below for the domain start and stop, respectively (Figure drawn based on 
information retrieved from UniProt, The UniProt Consortium, 2017) 

 

Interacting Partners 

As described above, the DNA-binding factor REST is characterized by a complex 

domain architecture that enables its binding to DNA and remodeling of local 

chromatin (Figure 1.3). Many REST interacting proteins have been described 

with different degrees of evidence (Ooi and Wood, 2007). REST functions as a 

hub for different complexes, containing histone deacetylases (HDACs), 

nucleosome remodelers and DNA demethylases. The effective size of a 

completely assembled REST repressosome will likely exceed the megadalton 

scale. In order to understand REST’s effect on transcription and chromatin, it is 

therefore crucial to delineate the role of its interactors. 

Among the best-studied interactions of REST is the recruitment of the SIN3 

complex through REST’s N-terminal interaction domain. In the mouse, two 

paralogues of SIN3 exist in the form of SIN3A and SIN3B. Both proteins possess 

a high sequence similarity and share crucial domains, e.g. the PAH 1- 4 domains 
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and the Histone Deacetylase Interaction Domain (HID). The SIN3 proteins 

function as scaffolds within the larger multimeric SIN3 repressor complex 

(Silverstein and Ekwall, 2005). The transcriptional repression of SIN3 is mediated 

through its recruitment of class I HDAC enzymes HDAC1 and HDAC2 (Silverstein 

and Ekwall, 2005). Genome-wide mapping of REST and its cofactors has 

identified co-occurrence of the SIN3A and SIN3B proteins at REST binding sites 

(Yu et al., 2011). REST binding to DNA is correlated with significantly reduced 

levels of H3K9ac and H4K8ac, a likely consequence of histone deacetylase 

activity (Zheng et al., 2009).  

The SIN3 protein does not only recruit histone deacetylases but has been 

suggested to interact with Ten-eleven translocation methylcytosine dioxygenase 

1 (TET1) (Cartron et al., 2013; McDonel et al., 2012; Williams et al., 2011a). 

Comparisons of genome-wide binding of TET1 and SIN3A in mouse embryonic 

stem cells indicate largely overlapping binding sites (Williams et al., 2011a). 

Physical interaction with SIN3A was demonstrated for TET1 and its paralogue 

TET2 (McDonel et al., 2012). Recent investigations in mouse retina showed 

interactions of REST with retinal expressed TET3 (Perera et al., 2015). Due to 

their involvement in the active removal of DNA methylation, the recruitment of 

these enzymes by transcriptional repressors such as REST and SIN3A seems 

enigmatic. It remains speculative whether REST activity necessitates DNA 

demethylation to enable downstream effector binding events.   

Beyond the described SIN3 interactions, REST recruits CoREST as a second co-

repressor. The complex can be comprised of the RCOR paralogues RCOR1, 

RCOR2 and RCOR3 (Ooi and Wood, 2007). The RCOR proteins show high 

sequence similarity but differ in their cell type-specific expression patterns. All 

three paralogues are expressed in mouse embryonic stem cells and occupy 

REST binding sites (Yu et al., 2011). When REST becomes downregulated 

during neuronal differentiation, REST binding sites consequently lose CoREST 

binding (Westbrook et al., 2008). Reports on the role of CoREST during 

neurogenesis have shown persisting RCOR1 binding to the Calbindin and BDNF 

promoter even in the absence of REST (Ballas et al., 2005). Whether this 

constitutes a genome-wide behavior of CoREST during neurogenesis remains to 

be determined.  
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Similar to its N-terminal counterpart, CoREST is sufficient to mediate 

transcriptional repression of a reporter construct by recruitment of the HDAC1 

and HDAC2 enzymes (Andrés et al., 1999; You et al., 2001). Aside from histone 

deacetylases, the CoREST complex contains many more chromatin modifying 

enzymes such as G9a, BRG1 and LSD1 (Battaglioli et al., 2002; Lee et al., 2005; 

Shi et al., 2003, 2005; Zhao et al., 2006). Indeed, REST can mediate 

transcriptional silencing of neuronal genes not only through histone deacetylation 

but by methylation of lysine 9 on histone 3 (H3K9). REST’s interaction with G9a 

coincides with localized enrichment of H3K9me2 and H3K9me3 around RE1 sites 

(Roopra et al., 2004; Zheng et al., 2009). Whether the interaction of C-terminal 

REST with G9a is direct or indirect as part of the CoREST complex is 

controversial (Roopra et al., 2004; Shi et al., 2003). On the other hand, the 

histone demethylase component LSD1 is believed to remove activating histone 

methylation marks on histone H3. In the context of the CoREST complex, LSD1 

is suggested to decrease methylation levels of nucleosomal H3K4me2 and 

H3K4me3 (Shi et al., 2005; Zheng et al., 2009). Transcriptional repression by the 

CoREST complex was shown to be dependent on the chromatin remodeling 

activity of the associated SWI/SNF ATP-dependent nucleosome remodeling 

factor BRG1 (also known as SMARCA4). BRG1 activity could be reflected in the 

strong nucleosome positioning around REST binding sites.      

Next to the repressive enzymes discussed, the REST motif was shown to be 

sufficient for deposition of the Polycomb Repressive Complex 2 (PRC2) 

modification H3K27me3 in neuronal progenitors (Arnold et al., 2013). Other 

groups have reported interactions of REST with components of the Polycomb 

complexes (Dietrich et al., 2012; Mozzetta et al., 2014; Tsai et al., 2010). To what 

extent the transient recruitment of H3K27me3 contributes to transcriptional 

repression of REST associated promoters is still under debate (McGann et al., 

2014).    

In sum, the most striking feature of the DNA-binding protein REST is its ability to 

recruit seemingly redundant repressor complexes. While Bingham et al. report 

the necessity of particular REST repressor domains for stable repression, overall 

data on the nature of potential redundancy remains sparse (Bingham et al., 

2007). Some of the interacting proteins are purely described by protein-protein 

interaction data. Structural validation of many REST interactions is still lacking.   
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It is crucial to consider that our current knowledge is merely a static view on 

REST and its activity. REST mediated transcriptional regulation however, is the 

consequence of a multistep process including REST binding, sequential 

interactor recruitment and chromatin remodeling. The individual composition of 

REST’s interactome is likely dependent on the particular context of genomic 

location and cell type. Further delineation of those aspects is needed to 

understand the sequence of events in REST mediated transcriptional repression.  

 

 
Figure 1.3 | Interaction partners of REST and their chromatin targets. The 
transcriptional repressor REST binds to the DNA element RE1 and mediates 
transcriptional repression through N- and C-terminal recruitment of the SIN3 and CoREST 
repressor complexes. Both serve as platforms for HDAC1 and HDAC2 enzymes, which 
catalyze the removal of activating histone acetylation marks. SIN3A interacts with the 
demethylases TET1 and TET2. The nucleosome remodeling factor BRG1, the histone 
demethylases LSD1 and the histone methyltransferase G9a are further constituents of 
the CoREST complex. Legend: Enzymatic products and substrates (in brackets) are 
written next to the enzyme in grey (Figure synthesized from references in main text, 
mainly Ooi and Wood, 2007)  
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1.5 DNA Methylation in Mammals 

DNA methylation is the covalent modification of nucleotides by methyl groups. In 

vertebrates, methylation occurs almost exclusively at cytosines and in the context 

of CpG dinucleotides. Due to its maintenance during replication, cytosine 

methylation is often referred to as DNA’s fifth base. DNA methylation was 

considered the classical example of a stably maintained chromatin modification. 

Methylation of cytosines is associated with transcriptional silencing of repetitive 

elements, the inactive X chromosome, imprinted regions and locus-specific 

promoters (Bird, 2002; De Carvalho et al., 2010; Deaton and Bird, 2011; Goll and 

Bestor, 2005; Jaenisch and Bird, 2003). The following chapters will focus on 

mammalian DNA methylation and its interaction with DNA-binding factors.  

 

1.5.1 Chemical Modifications of DNA 

Canonical DNA bases can be chemically modified by methyl groups or their 

oxidation products. DNA methylation is present in several prokaryotic and 

eukaryotic species. While prokaryotic methylation is directed to cytosine and 

adenine, the modification is mostly restricted to cytosine in eukaryotes.  

In mammals, DNA methylation is predominantly confined to cytosines within the 

sequence context of 5’CpG3’. Cytosine methylation outside of these CpG 

dinucleotides is observable in embryonic stem cells and brain tissue, but with a 

low prevalence (Bird, 2002; Hon et al., 2013; Lister et al., 2009; Ramsahoye et 

al., 2000). Within these dinucleotides, the methyl group is covalently linked to 

carbon five of the cytosine pyrimidine ring and resides in the major groove of 

DNA. Watson-Crick base pairing is not impacted. During the process of active 

demethylation the methyl group can be oxidized to 5-hydroxymethylcytosine 

(5hmC) and its derivatives 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) 

(Figure 1.4). 

In comparison to 5mC, the latter modifications are less frequent and might be 

considered metastable intermediates (He et al., 2011; Ito et al., 2011; Kriaucionis 

and Heintz, 2009; Pfaffeneder et al., 2011; Tahiliani et al., 2009). 

While the majority of mammalian methylation is dedicated to cytosines, several 

groups have reported the presence of adenine methylation in eukaryotes (Fu et 
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al., 2015; Greer et al., 2015; Zhang et al., 2015). In a 2016 publication, Wu et al.  

report the discovery of N6-methyladenine (N6mA) in mouse embryonic stem cells 

(Wu et al., 2016). Functional effects of N6mA have been reported, but 

comprehensive investigations analyzing this extremely rare modification are yet 

to come (Wu et al., 2016).  

 

 
 
 
Figure 1.4 | DNA methylation and demethylation pathways. Cytosines within the 
context of CpG dinucleotides can become de novo methylated by the methyltransferases 
DNMT3A and DNMT3B. Cytosine methylation gets maintained through replication by the 
methyltransferase DNMT1 and its cofactor UHRF1. The ten eleven translocation (TET) 
enzymes can iteratively oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine 
(5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Oxidized 5mC bases can 
be passively lost during replication. Alternatively, 5fC and 5caC can also be actively 
removed by TDG and the base excision repair pathway. Direct decarboxylation of 5caC 
has been reported, but an enzyme has so far not been identified. (Adapted from Allis, 
2015; content reproduced with permission of Cold Spring Harbor Laboratory Press)       
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1.5.2 DNA Methylation Machinery 

Due to the palindromic nature of the CpG dinucleotide, a simple hypothesis for 

maintenance of the modification was postulated early on. Decades ago, Holliday, 

Pugh and Riggs suggested that parental methylated CpG dinucleotides could 

serve as a template for daughter strands during replication (Holliday and Pugh, 

1975; Riggs, 1975). Similar to the canonical DNA bases, DNA methylation would 

thus be inherited semi-conservatively. Both groups suggested the existence of a 

maintenance methyltransferase. To this day the classical distinction between 

DNA methylation maintenance and de novo methylation is still widely referred to 

(Figure 1.4). 

The maintenance DNA methyltransferase DNMT1 was discovered in 1983 by 

Bestor and Ingram (Bestor and Ingram, 1983). In biochemical assays DNMT1 

preferably methylates hemi-methylated substrates (i.e. when only one of the two 

complementary CpGs is methylated). Genetic deletion of DNMT1 in embryonic 

stem cells causes a genome-wide loss of DNA methylation (Jackson et al., 2004; 

Li et al., 1992; Liao et al., 2015). DNMT1 is necessary for global DNA 

methylation, proved however not to be sufficient. To be targeted to hemi-

methylated sites during replication, DNMT1 needs to collaborate with its 

accessory protein UHRF1 (also known as nuclear protein 95) (Achour et al., 

2008; Bostick et al., 2007; Sharif et al., 2007). The UHRF1 protein recognizes 

hemi-methylated, double-stranded DNA by its SET and RING associated (SRA) 

domain. Crystal structures showed that SRA substrate recognition is realized 

through a flipping out mechanism of the parental methylated CpG (Arita et al., 

2008; Avvakumov et al., 2008; Hashimoto et al., 2008). In comparison to 

replication of generic DNA bases, maintenance of 5mC is more error prone. 

Depending on the species, DNMT1 maintenance fidelity ranges between 98.3% 

and 99.8% (Jackson et al., 2004; Liao et al., 2015).  

Complementary to the maintenance system, de novo methyltransferases first 

establish methylation. Homology comparisons to prokaryotic methyltransferases, 

led to the subsequent discovery of DNMT3A and DNMT3B (Okano et al., 1998, 

1999). The related, but catalytically inactive, protein DNMT3L was described to 

modulate the activity of DNMT3A during gametogenesis (Ooi et al., 2007). 

Recent studies in mouse embryonic stem cells have shown genome-wide de 
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novo binding of DNMT3A2 and DNMT3B1 to methylated CpG-dense regions and 

an exclusion from unmethylated sites (Baubec et al., 2015). Global DNA 

methylation patterns were largely concordant with DNMT binding behavior. 

Preferential DNMT3B binding to actively transcribed gene bodies was suggested 

(Baubec et al., 2015; Duymich et al., 2016). Recent crystal structures of DNMT3A 

and DNMT3L complexes have given mechanistic insights into its exclusion from 

active promoters. Both studies reported an inhibition of the ATRX-DNMT3-

DNMT3L (ADD) domain by H3K4me3 modified histone tails (Guo et al., 2015; 

Ooi et al., 2007). The structural perspective on DNMT3 activity could explain the 

genome-wide exclusion of DNA methylation from H3K4me3 positive promoter 

regions.    

Single genetic deletions of the three methyltransferases cause early embryonic 

(DNMT1, DNMT3B) or postnatal (DNMT3A) lethality in mice (Li et al., 1992; 

Okano et al., 1999). While loss of DNA methylation is lethal in all reported 

somatic cell lines, mouse embryonic stem cells are viable and pluripotent even in 

the absence of all three enzymes (Fan et al., 2001; Jackson et al., 2004; Li et al., 

1992; Sen et al., 2010; Trowbridge et al., 2009; Tsumura et al., 2006). Single 

deletions of DNTM3A and DNMT3B in embryonic stem cells cause only minor 

changes in DNA methylation, due to possible redundancy (Liao et al., 2015; 

Okano et al., 1999). In contrast, deletions of both de novo enzymes lead to a 

more pronounced global loss of DNA methylation (Jackson et al., 2004; Liao et 

al., 2015; Okano et al., 1999). This is likely caused by the imperfect maintenance 

fidelity of DNMT1, maintenance functions of the DNMT3 enzymes or continuous 

demethylation by TET enzymes. 
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1.5.3 DNA Demethylation Pathways  

Until recently, DNA methylation has been described as a heritable and stable 

chromatin modification. Long-term stable repression by DNA methylation is 

enabled through its semi-conservative maintenance during replication. With 

identification of an active demethylation machinery, this classical perception has 

undergone several refinements (Figure 1.4) (He et al., 2011; Ito et al., 2011; 

Kriaucionis and Heintz, 2009; Pfaffeneder et al., 2011; Tahiliani et al., 2009).  

We distinguish passive and active demethylation pathways. Passive 

demethylation is achieved through successive rounds of replication-dependent 

dilution of 5-methylcytosine (5mC) in the presence of reduced DNMT1 or UHRF1 

activity. In contrast, active demethylation is achieved through direct modification 

and removal of 5mC. Therefore, the rate of passive demethylation is dependent 

on the respective replication time. Active DNA demethylation can achieve fast 

demethylation uncoupled from replication.  

First evidence for active demethylation processes was found in mammalian 

development. During pre-implantation development, maternal and paternal 

genomes are subjected to global DNA demethylation (Smith and Meissner, 

2013). While the maternal genome shows replication-dependent dilution of 5mC, 

the paternal pronucleus shows fast demethylation within few hours post-

fertilization (Mayer et al., 2000; Rougier et al., 1998). Due to the absence of 

replication, paternal demethylation must be active. In addition to this global 

process, several locus-specific cases of active demethylation have been 

reported. For instance, the interleukin-2 enhancer undergoes demethylation 

within minutes after stimulation of non-replicating T lymphocytes (Bruniquel and 

Schwartz, 2003). Similarly, postmitotic peripheral monocytes show site-specific 

active demethylation upon differentiation into dendritic cells (Klug et al., 2010, 

2013). Further studies have reported cases of active demethylation at the Bdnf 

promoter in depolarized neurons, Nanog and Oct4 promoters upon cellular fusion 

and at the pS2 promoter during estrogen activation (Bhutani et al., 2010; 

Kangaspeska et al., 2008; Martinowich et al., 2003; Métivier et al., 2008).  

The above described phenomena have motivated the search for putative DNA 

demethylases. Transforming work by Kriaucionis, Heintz, Tahiliani et al.  has led 

to the discovery of the active demethylation mark 5-hydoxymethylcytosine 
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(5hmC) (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). The corresponding 

ten eleven translocation (TET) enzymes were discovered and shown to catalyze 

the conversion from 5mC to 5hmC (Ito et al., 2010; Tahiliani et al., 2009). The 

TET enzymes were also reported to oxidize 5hmC to 5-formylcytosine (5fC) and 

5-carboxycytosine (5caC) in vitro and in vivo (He et al., 2011; Ito et al., 2011; 

Pfaffeneder et al., 2011).  

Since then, all oxidized forms of 5mC have been quantified and mapped to single 

base-pair resolution genome-wide (Booth et al., 2013, 2014; Lu et al., 2013; Song 

et al., 2013; Yu et al., 2012). In general, prevalence of the base modifications 

decreases with increasing oxidation state. Levels of 5fC and 5caC are at least 

one order of magnitude lower than 5hmC (He et al., 2011; Ito et al., 2011; 

Pfaffeneder et al., 2011). The 5hmC modification can be detected across cell 

types (1% - 5% of 5mC) and is particularly abundant in adult neurons (15- 40% of 

5mC) and embryonic stem cells (4% of 5mC) (Globisch et al., 2010; Ito et al., 

2011; Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). Genome-wide maps 

have indicated higher 5hmC occurrence within gene bodies, promoters and 

enhancers (Ficz et al., 2011; Pastor et al., 2011; Robertson et al., 2011, 2012; 

Song et al., 2011; Stroud et al., 2011; Williams et al., 2011b; Wu et al., 2011a; Xu 

et al., 2011). The loss of 5hmC within enhancers was shown to be accompanied 

by hypermethylation and reduced enhancer activity (Hon et al., 2014).   

Comparable effort was directed towards the functional characterization of TETs. 

In mammals, the family of TET proteins consists of the three paralogues TET1, 

TET2 and TET3. While TET2 and TET3 show broad expression across cell 

types, TET1 is predominantly expressed in embryonic stem cells and primordial 

germ cells (Ito et al., 2010; Yamaguchi et al., 2012). All three enzymes require 

oxygen, iron and alpha-ketoglutarate as substrates and cofactors for 5mC 

oxidation. Oxidation is catalyzed through TET’s C-terminal catalytic domain, that 

contains a cysteine-rich region and a double-stranded beta-helix (DSBH) (Wu 

and Zhang, 2014). TET1 and TET3 contain an additional CXXC domain, which 

could determine their genomic binding to CpGs. TET1 binding is indeed 

especially enriched over CpG-rich promoters (Williams et al., 2011b).  

Tet deficient mice and cell types have been generated to define their function in 

development and DNA demethylation. Both Tet1/Tet2 single and double knock 

out mice are viable, while Tet3 deficiency leads to neonatal lethality (Dawlaty et 
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al., 2011, 2013; Gu et al., 2011; Li et al., 2011; Moran-Crusio et al., 2011). 

Combined Tet1 and Tet2 deficiency causes reduced 5hmC levels and increased 

methylation of certain imprinted loci (Dawlaty et al., 2013). In mouse embryonic 

stem cells, loss of all three TET enzymes impairs differentiation potential and 

impacts telomere homeostasis (Dawlaty et al., 2014; Lu et al., 2014a). In line with 

a previous characterization of Tet2 knock out mESCs, Tet triple knock out cells 

show preferential hypermethylation of distal enhancer regions (Hon et al., 2014; 

Lu et al., 2014a). Overall, Tet loss of function experiments have uncovered a 

rather mild methylation phenotype, where hypermethylation predominantly occurs 

within distal regions of the genome.  

Several mechanisms of TET mediated demethylation have been proposed so far. 

First, it was recognized that DNMT1 activity is less efficient in maintaining hemi-

hydroxymethylated cytosines (Hashimoto et al., 2012). Oxidation of 5mC can 

thereby cause a replication-dependent loss of methylation. Active demethylation 

can be achieved through consecutive iterative oxidation, DNA glycosylases and 

base excision repair (Wu and Zhang, 2010). The glycosylase TDG has been 

reported to efficiently excise 5fC and 5caC bases within DNA (He et al., 2011; 

Maiti and Drohat, 2011). Consequently, Tdg deficiency in mouse embryonic stem 

cells leads to a significant increase in 5fC and 5caC levels (He et al., 2011; Shen 

et al., 2013; Song et al., 2013). Repair of TDG induced abasic sites is thought to 

be completed by the base excision repair pathway (Wu and Zhang, 2010). While 

direct decarboxylation of 5caC could be conceived, the relevant enzyme has not 

yet been discovered (Schiesser et al., 2012; Wu and Zhang, 2010).  

Altogether, the described discoveries have dramatically impacted our assumption 

of a stable propagation of DNA methylation. Many ambiguities regarding the 

extent of active DNA demethylation still need to be resolved. A more detailed 

molecular description of the DNA demethylation pathway and its players is 

urgently needed. Nevertheless, the possibility of active demethylation provides 

additional means to control methylation patterns in a locus-specific manner. 

Active DNA demethylation could enable increased methylation plasticity, 

especially within distal CpG-poor regions of the genome.    
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1.5.4 DNA Methylation Patterns 

DNA methylation in mammals is present throughout the genome and was 

mapped for multiple mouse and human cell types (Gifford et al., 2013; Habibi et 

al., 2013; Lister et al., 2009; Meissner et al., 2008; Smith et al., 2012; Stadler et 

al., 2011). These efforts have allowed a refined and more dynamic view on global 

DNA methylation.  

Before describing these methylation patterns in more detail, it is crucial to 

comment on its substrate distribution. As introduced in the earlier sections, 

mammalian cytosine methylation mostly occurs within CpG dinucleotides. Due to 

the increased mutagenicity of methylated cytosines, mammalian genomes have 

undergone an evolutionary depletion of CpG dinucleotides (Long et al., 2013a). 

Reduced CpG depletion can be found in so-called CpG islands (CGIs), CpG-

dense regions that are unmethylated in the germ line (Deaton and Bird, 2011). 

CpG islands are frequently located within promoter regions and constitute 60% of 

all annotated promoters (Larsen et al., 1992; Mohn and Schübeler, 2009).  

Cytosine methylation is distributed bimodally in the mouse methylome. While the 

majority of cytosines show high methylation levels (between 80 - 100%), few 

regions are almost completely unmethylated. Another fraction of cytosines 

possesses intermediate methylation levels (10 – 50%). By applying a Hidden 

Markov Model (HMM), the mouse embryonic stem cell methylome can be 

segmented into three different clustered methylation states: fully methylated 

regions (FMRs), low-methylated regions (LMRs) and unmethylated regions 

(UMRs) (Figure 1.5) (Burger et al., 2013; Stadler et al., 2011). All three 

methylation categories are functionally distinct from one another, while UMRs 

and LMRs share high DNA-binding factor occupancy as a common characteristic.  

Fully methylated cytosines are found throughout the genome within repetitive 

elements, intergenic and intragenic regions. Completely unmethylated sites 

overlap with the previously described element of CpG islands. Regions flanking 

CpG islands have been termed shores (at a distance of 2kb from CGIs) and 

shelves (2 – 4kb from CGIs) and were assigned distinct methylation 

characteristics (Irizarry et al., 2009). This classical model has been expanded by 

the description of LMRs as a separate methylome feature (Stadler et al., 2011). 
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These regions describe local hypomethylation outside of CpG-dense promoter 

regions and often demarcate distal regulatory elements.    

Whole-genome methylation profiling in somatic cells has also uncovered a more 

disordered state of some regions (Hon et al., 2012; Lister et al., 2009, 2011; 

Schroeder et al., 2011). While the classical paradigm above describes local 

clustering of methylation states, so-called partially methylated domains (PMDs) 

are lacking this feature. First discovered in human fibroblasts, partially 

methylated domains harbor average methylation levels lower than 70% and 

expand over several hundred kilo bases in a disorganized fashion (Lister et al., 

2009). Comparisons of published methylomes revealed conservation across 

different cell types (Gaidatzis et al., 2014). Further indications of a potential 

functional role of these unique domains are still missing.   

While different cell types share common patterns, methylation can undergo large 

changes during development, somatic differentiation and oncogenic 

transformation (De Carvalho et al., 2012; Smith and Meissner, 2013; Sproul et 

al., 2012; Ziller et al., 2013a). Hypomethylation within LMRs is particularly 

dynamic and often cell-type specific (Burger et al., 2013; Stadler et al., 2011). 

Methylation data could even be used to determine cell types in mixed populations 

(Accomando et al., 2014).  

 

 
Figure 1.5 | A genomic view at DNA methylation in mouse embryonic stem cells. 
There is typical clustering of methylation states in mouse embryonic stem cells 
surrounding the TBX3 gene. The majority of CpGs (depicted as dots) are fully methylated. 
Local hypomethylation can be found in low-methylated regions (LMRs, red triangles) and 
unmethylated regions (UMRs, blue pentagons). Some UMRs overlap with CpG islands 
(CGIs, green bar). (Adapted from Stadler et al., 2011; content reproduced with permission 
of Nature Publishing Group) 

 

  



  
Chapter 1 Introduction 

26 
 

1.5.5 DNA Methylation and its Effect on Transcription 

DNA methylation is associated with stable transcriptional silencing of promoters. 

Experimental evidence for this transcriptional effect was first observed in 

transfections of retroviral DNA into mammalian cells and Xenopus oocytes (Stein 

et al., 1982; Vardimon et al., 1982).  

Deletion of DNMT1 in embryonic stem cells leads to a transcriptional upregulation 

of repetitive elements (Li et al., 1992). The transcriptional response at 

endogenous retroviral (ERVs) elements is strongest upon acute loss of DNMT1. 

A recent study suggested that this derepression is an indirect consequence of 

UHRF1 mediated inhibition of the H3K9 methyltransferase SETDB1 (Sharif et al., 

2016). Since the depletion of DNA methylation is lethal in all somatic cells, not 

much is known about further transcriptional responses in differentiated cells.  

In addition to its role in constitutive silencing of repetitive elements, DNA 

methylation plays an important role in enabling cell-type specific expression. Only 

few CpG island promoters are however differentially methylated in embryonic 

stem cells and terminal neurons (Mohn et al., 2008). During in vitro differentiation 

to neurons, some pluripotency-associated promoters undergo hypermethylation, 

while neuron-specific genes become demethylated. Methylation of CpG islands 

proved incompatible with transcription (Mohn et al., 2008). Since then it was 

progressively uncovered that the majority of methylation changes occur outside 

of promoter regions (Stadler et al., 2011). Due to the eminent problem of 

incomplete promoter-enhancer assignment, information on a potential function of 

distal hypomethylation is still missing. 

Models on how the repressive effect of DNA methylation is mediated focus on 

two scenarios: 1. Attraction of repressive methylation binding proteins and 2. 

Repulsion of methylation-sensitive activators like transcription factors. While the 

next section will give an in-depth description of methylation-sensitive factors, the 

following knowledge has been gained about methyl-binding proteins.  

The family of methyl-CpG-binding domain (MBD) proteins comprises the 

members MECP2, MBD1, MBD2, MBD3 and MBD4 (Bird and Wolffe, 1999). All 

MBD proteins with the exception of MBD3 preferentially bind methylated genomic 

sites (Baubec et al., 2013). Binding of these proteins generally increases with 

methylation density, but methylation-independent targeting can be observed at 
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inactive enhancers, intermediate CpG content promoters and gene bodies 

(Baubec et al., 2013)., Non-MBD proteins like the zinc finger protein KAISO can 

recognize methylated CpGs. How exactly methyl-binding proteins cause effective 

gene repression of methylated promoters is still under debate. In principle, 

transcriptional repression by MBDs could be mediated through steric interference 

with activator binding or through repressor recruitment. Evidence for the latter 

was first found for MECP2, which was reported to interact with the SIN3A 

corepressor complex (Jones et al., 1998; Nan et al., 1998). As introduced earlier, 

SIN3A in turn mediates transcriptional repression through HDAC recruitment 

(Silverstein and Ekwall, 2005). Similar corepressor recruitment has been 

suggested for the other MBD proteins (Nan et al., 1998; Ng et al., 1999). 

Genome-wide binding profiling did not unambiguously confirm SIN3A and NuRD 

corepressor localization to methylated CpG-dense regions (Baubec et al., 2013; 

Williams et al., 2011b). These observations challenge the general concept of 

MBD mediated HDAC recruitment. Individual deletions of MBD proteins have 

neither shown substantial transcriptional reactivation (Hendrich et al., 2001; 

Tudor et al., 2002; Zhao et al., 2003). Whether this reflects broad redundancies in 

MBD activity or a lack of transcriptional activity still remains uncertain. The 

strongest MBD developmental phenotype so far is described for MeCP2 

mutations, which cause the neurological disorder Rett syndrome (Amir et al., 

1999). However, Mecp2 deficient mice only showed subtle transcriptional 

responses in the brain (Tudor et al., 2002).   

In sum, while the description of methylation patterns has made huge 

advancements, much is still unknown regarding the mechanism of methylation 

mediated transcriptional repression. Some of the most intriguing questions 

address the general role of hypomethylation in distal regulatory regions and the 

function of MBD proteins.  
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1.5.6 DNA Methylation as a Cause and Consequence of 
Transcription Factor Binding 

Functional genomic elements constitute the space of transcription factor binding 

and are frequently hypomethylated. Traditionally, research has focused on the 

transcriptional effects of promoter-associated methylation. DNA methylation was 

considered a stable chromatin modification that exerts transcriptional repression 

through repulsion of activators. This paradigm has recently undergone several 

refinements. In fact, the methylation sensitivity of transcription factors is highly 

factor-specific. The following paragraphs will describe a more complex 

relationship between transcription factors and DNA methylation.   

Methylation-sensitive Transcription Factors  

Structural insights into DNA-protein interactions have suggested that the 

hydrophobic methyl group of cytosines can directly interfere with base pair 

recognition by transcription factors (Dantas Machado et al., 2015; Tate and Bird, 

1993). In addition, methylation of cytosines alters the shape of DNA and could 

affect reading by unspecific DNA-binding domains (Dantas Machado et al., 2015; 

Lazarovici et al., 2013; Rohs et al., 2009). Furthermore, indirect inhibition can be 

mediated through attraction of methyl-binding proteins like the MBD proteins 

(Boyes and Bird, 1991; Nan et al., 2007). Which of these instances affect a 

particular protein-DNA interaction is in most cases not known. However, one can 

estimate the direct effect by examining known transcription factor motifs. Highly 

conserved CpG dinucleotides within consensus motifs are more likely to interfere 

with DNA sequence recognition. In this line, the number of potentially affected 

transcription factors is high, as about 25 % of the motifs deposited at the 

JASPAR database contain a conserved CpG dinucleotide (Blattler and Farnham, 

2013).   

First experimental evidence for interference of cytosine methylation with 

transcription factor binding has been presented decades ago (Watt and Molloy, 

1988). Since then many more methylation-sensitive factors have been described 

(Campanero et al., 2000; Domcke et al., 2015; Iguchi-Ariga and Schaffner, 1989; 

Prendergast and Ziff, 1991). One prominent example for methylation-dependent 

binding can be seen with the parent-of-origin specific activity of CTCF at the 



  
Chapter 1 Introduction 

29 
 

imprinting locus H19/Igf2 (Bell and Felsenfeld, 2000). Genome-wide binding 

profiling has uncovered a highly context-dependent behavior, where only a small 

subset of CTCF sites proves as methylation-sensitive (Maurano et al., 2015; 

Stadler et al., 2011). Several other high-throughput efforts have been undertaken 

to denominate the global set of methylation-sensitive transcription factors. One 

approach has screened for differential binding events in methylation-deficient 

mouse embryonic stem cells (Domcke et al., 2015). While most protein binding 

events were not affected by the absence of DNA methylation, the transcription 

factor NRF1 displayed strong methylation sensitivity. The binding of NRF1 was 

impacted by the methylation levels of its motif-associated CpG dinucleotides 

(Figure 1.6A) (Domcke et al., 2015). Complementary, two in vitro studies have 

investigated methylation-dependent protein binding by methylated/unmethylated 

DNA pull-down coupled mass-spectrometry and a protein microarray, 

respectively (Hu et al., 2013; Spruijt et al., 2013). Both studies did not only reveal 

methylation-sensitive binding factors but a large number of previously unknown 

methyl-binding proteins. The pluripotency factor KLF4 showed context-specific 

methylation sensitivity in both studies. Overall, these investigations highlight the 

notion, that DNA methylation represents a highly context-dependent positive or 

negative protein-binding signal.  

Demethylating Transcription Factors  

Methylation-sensitivity indirectly implicates DNA methylation upstream of 

transcription factor binding, yet several observations indicate that 

hypomethylation of functional elements can be a consequence of protein binding.  

In proximal promoters, where DNA methylation is particularly low at CpG islands, 

transcription factors seem to play a general role in maintenance of the 

hypomethylated state (Deaton and Bird, 2011; Straussman et al., 2009). Notably, 

the CXXC-domain containing protein CFP1 specifically binds to unmethylated 

CpG islands and recruits the chromatin modification H3K4me3 (Thomson et al., 

2010). The presence of H3K4me3 on nucleosomes has been reported to inhibit 

DNMT3A activity in vitro and could indirectly protect islands from DNA 

methylation (Zhang et al., 2010). Deletion of the transcription factor motif 

associated with SP1 binding, leads to de novo methylation of the Aprt promoter 

(Brandeis et al., 1994; Macleod et al., 1994). More systematic studies revealed 
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the sufficiency of small genetic elements to induce endogenous promoter 

methylation levels (Krebs et al., 2014; Lienert et al., 2011a). CpG density and 

transcription factor motifs are critical components of those methylation-

determining regions (MDRs) (Lienert et al., 2011a).  

Outside of CpG islands, reduced methylation levels can be found within distal 

CpG-poor regions (Hodges et al., 2011; Stadler et al., 2011). With high-resolution 

profiling of global DNA methylation in mouse embryonic stem cells and somatic 

cells, it was progressively realized that hypomethylation is a general feature of 

protein binding events (Stadler et al., 2011). During differentiation, cell-type 

specific hypomethylated regions are often occupied by cell-type-specific DNA-

binding factors (Hodges et al., 2011; Stadler et al., 2011; Ziller et al., 2013b). The 

two factors CTCF and REST were indeed experimentally shown to be necessary 

(REST) and sufficient (CTCF, REST) for reduced methylation at their binding 

sites (Stadler et al., 2011). REST induced methylation changes were shown to 

affect binding of downstream methylation-sensitive factors (Figure 1.6B) (Domcke 

et al., 2015; Stadler et al., 2011). In detail, many distal REST binding sites 

overlap lowly methylated regions in embryonic stem cells. In the absence of 

REST expression, cells possess high methylation levels at previously REST 

bound low-methylated cytosines. Re-introduction of the protein into Rest knock 

out cells re-establishes the hypomethylation of Rest wild-type cells. These single-

loci experiments strongly indicate REST’s ability to bind to methylated sites and 

reduce methylation levels (Figure 1.6A, Figure 1.6B). In a later study, REST 

mediated hypomethylation was shown to affect downstream binding of the 

methylation-sensitive factor NRF1 at selected sites (Figure 1.6B) (Domcke et al., 

2015). In a scenario where REST and NRF1 binding sites are adjacent to each 

other, REST induced methylation changes caused differential binding of 

downstream methylation-sensitive NRF1 (Domcke et al., 2015). Even though 

such REST and NRF1 co-occupied sites are rare in the genome, it illustrates a 

potential hierarchy of methylation-insensitive pioneering factors and downstream 

methylation-sensitive effector proteins. 

While these discussed experiments challenge the concept of stable DNA 

methylation, little is known about the mechanism of transcription factor-induced 

methylation changes. Several studies have reported the enrichment of 5hmC at 

active enhancers and suggested a function in its hypomethylated state 
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(Feldmann et al., 2013; Hon et al., 2014; Sérandour et al., 2012; Stadler et al., 

2011). TET2 recruitment by the transcription factors WT1 and EBF1 may be 

linked to reduced methylation over binding sites (Guilhamon et al., 2013; Rampal 

et al., 2014; Wang et al., 2015). By other approaches, EBF1 has been attributed 

pioneering activity (Boller et al., 2016). Beyond that, more detailed descriptions of 

the molecular pathways that lead to transcription-factor mediated 

hypomethylation are missing. It is thereby the focus of this doctoral thesis to 

describe the molecular components that are necessary for local hypomethylation. 

Particular focus will be placed on the transcription factor REST.  
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Figure 1.6 | The interplay between transcription factor binding and DNA 
methylation. A Transcription factors can be sensitive or insensitive to DNA methylation 
levels of their binding site. In the case of NRF1, methylation of the two highly conserved 
motif CpGs seems to interfere with binding. The transcription factor REST is suggested to 
be insensitive to DNA methylation. Note the differences in CpG conservation between the 
two consensus motifs. B REST binding sites are lowly methylated in wild type cells and 
NRF1 can bind to its adjacent motif. In absence of REST in Rest-/- cells, cytosines around 
the REST motif become methylated which precludes binding of the methylation sensitive 
factor NRF1. This single locus illustrates, how hierarchically superior transcription factors 
enable subsequent methylation sensitive protein binding. Legend: circles illustrate single 
cytosines within a CpG dinucleotide; empty circles show low methylation, filled circles 
high methylation; motif logos for NRF1 and REST were taken from the JASPAR database 
(Portales-Casamar et al., 2010). (Abstracted from Domcke et al., 2015; Stadler et al., 
2011; content reproduced with permission of Nature Publishing Group)   
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  Chapter 2

Scope of the Thesis 

 
DNA methylation constitutes a repressive chromatin modification that controls 

essential processes like retrotransposon silencing, X chromosome inactivation, 

genomic imprinting and maintenance of cellular identity (Bird, 2002; Jaenisch and 

Bird, 2003). The mammalian genome is broadly methylated within the context of 

CpG dinucleotides. Notable exceptions can be found in proximal and distal 

functional regions, where methylation is characteristically reduced. While 

unmethylated CpG-rich promoter regions were described a long time ago, 

hypomethylation within distal CpG-poor regions has only been revealed recently 

(Deaton and Bird, 2011; Stadler et al., 2011). These low-methylated regions 

(LMRs) often demarcate active distal regulatory elements such as enhancers. 

Transcription factor binding was suggested to be a main regulator of local DNA 

methylation in those regions (Stadler et al., 2011). While enormous progress has 

been made in mapping DNA methylation in different cell types, our understanding 

of how DNA-binding factors contribute to hypomethylation is still limited.  

I therefore investigated the interaction between transcription factor binding and 

local methylation in further detail. I used the RE1-silencing transcription factor 

(REST) as a paradigm to study DNA methylation as a consequence of protein 

binding. In detail, I asked whether DNA hypomethylation is a consequence of 

DNA-binding alone. I assayed several REST mutants for their ability to reduce 

local methylation, alter chromatin accessibility and nucleosome positioning. I 

integrated genome-wide binding information on REST’s interactors to describe 

the chromatin landscape of REST binding sites. Last, I tested the contribution of 

an active demethylation and characterized the kinetics of REST induced 

methylation changes.   
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  Chapter 3

Results 

 
3.1 Targeted Methylation Profiling by Amplicon 

Bisulfite Sequencing  

DNA methylation is subject to large changes during somatic differentiation and 

contributes to oncogenic transformation (De Carvalho et al., 2012; Sproul et al., 

2012; Ziller et al., 2013a). The clinical potential of DNA methylation as a marker 

for disease diagnosis and progression is high (Schübeler, 2015). Most cytosines 

in the mammalian genome are however invariably methylated and will not be 

informative in diagnostics (Ziller et al., 2013b). Several other research questions 

require precise methylation information for regions of interest. This explains why 

there is an overall high demand for reliable targeted methylation profiling assays.  

In general, bisulfite based assays are considered the gold standard for 

methylation profiling. Bisulfite treatment of genomic DNA selectively converts 

unmethylated cytosines to thymines. However, all bisulfite approaches share the 

disadvantage of miscalling oxidized forms of 5mC as either methylated or 

unmethylated. Only single-molecule, real-time sequencing (SMRT-seq, Pacific 

Biosciences) so far allows direct detection of DNA base modifications (Flusberg 

et al., 2010). Several targeted assays based on bisulfite conversion have been 

developed (Lee et al., 2013). The most widely used approaches are based on 

arrays (e.g. Infinium HumanMethylation450 BeadChip, Illumina), hybridization 

(e.g. SureSelect Methyl-seq, Agilent) or multidroplet Bis-PCRs (RainDance 

Technologies). All of these commercially available techniques are either non-

customizable or expensive in their acquisition. The following sections will 

therefore describe amplicon bisulfite sequencing (amplicon Bis-seq) as a suitable 

alternative. I will discuss experimental design, implementation and data analysis.    
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3.1.1 Experimental Implementation of Amplicon Bisulfite 
Sequencing 

We applied amplicon Bis-seq as our method of choice for targeted methylation 

profiling. Its advantages are time- and cost-efficiency and easy experimental 

access. Furthermore, amplicon Bis-seq offers the flexibility to be integrated into 

other experimental assays, such as Nucleosome Occupancy and Methylome 

Sequencing (NOMe-seq) (Kelly et al., 2012; Pardo et al., 2009, 2011). 

In brief, bisulfite-compatible primers are designed for regions of interest in an 

automated way (Figure 3.1) (Chapter 3.1.2). Genomic DNA is subjected to 

bisulfite conversion and polymerase chain reaction (PCR). Sequencing libraries 

are prepared from pooled amplicons and are multiplexed on the Illumina MiSeq 

platform. Downstream data alignment, quality control and analysis are performed 

within the R environment (Chapter 3.1.2) (Gaidatzis et al., 2015; Langmead et al., 

2009).  

 

 

Figure 3.1 | Experimental outline for amplicon Bis-seq experiments. Bisulfite primers 
are designed for regions of interest and genomic DNA is subjected to bisulfite conversion 
followed by PCR. DNA libraries are sequenced and next-generation sequencing data is 
processed and analyzed within the R environment.   
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3.1.2 An R package for Design and Analysis of Amplicon 
Bisulfite Sequencing Data  

Due to the lack of open-source programs for amplicon Bis-seq assays, we 

developed the R package AmpliconBiSeq (Akalin, A., AmpliconBiSeq, GitHub 

repository, https://github.com/BIMSBbioinfo/AmpliconBiSeq). The package is 

intended for the design, analysis and visualization of amplicon Bis-seq 

experiments. The AmpliconBiSeq package integrates the functionality of several 

other R packages, most notably the Bioconductor package QuasR (Quantify and 

annotate short reads in R) (Gaidatzis et al., 2015; Langmead et al., 2009). The 

following paragraphs will briefly highlight the core functions of the AmpliconBiSeq 

package (Figure 3.2).  

The critical bottleneck of every amplicon Bis-seq experiment is the primer design. 

Bisulfite primers need to avoid CpGs in the priming region and anneal to several 

non-CpG cytosines. The AmpliconBiSeq package enables multiplexed and 

automated bisulfite primer design for regions of interest. The package hereby 

interfaces the Primer3 software to design its primers (Koressaar and Remm, 

2007). Several parameters like amplicon size and primer melting temperature can 

be user defined. Primers can be filtered for a minimum of amplicon covered 

CpGs.       

Once high-throughput sequencing data has been generated, raw sequencing 

reads are aligned within QuasR against the genome of interest. Basic raw data 

quality analysis can be performed within the package. If in vitro methylated T7 

DNA and/or unmethylated lambda DNA has been spiked in during the 

experiment, conversion quality checks can be done within AmpliconBiSeq. Entry 

point for further methylation analyses in AmpliconBiSeq is the aligned QuasR 

object, from which an AmpliconViews object is generated. The latter is the central 

data container within AmpliconBiSeq and contains information on CpG coverage, 

average CpG methylation, meta-methylation profiles and similarity between 

adjacent CpGs. To generate the AmpliconViews object, reads can be filtered for 

defined non-CpG conversion efficiency. From there, average methylation 

information per CpG and region can be conveniently extracted. Meta-methylation 

profiles can be plotted to gain information on methylation heterogeneity at a 

single locus. Together, the QuasR and AmpliconBiSeq packages cover the whole 
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workflow of classical amplicon Bis-seq, starting with the experimental design to 

final data visualization.  

 

 

Figure 3.2 | Design and analysis outline for amplicon Bis-seq experiments. Bisulfite 
primers for subsequent PCRs are designed within the AmpliconBiSeq package. High-
throughput sequencing reads are aligned and general quality controls are performed 
within the Bioconductor package QuasR. Conversion controls of external DNA are 
handled by AmpliconBiSeq. Further methylation analyses are performed within 
AmpliconBiSeq to receive information on coverage, methylation averages, meta-
methylation profiles and methylation similarity of CpGs.   
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3.1.3 Amplicon Bisulfite Sequencing for High-coverage 
Methylation Profiling  

To test the validity of our targeted methylation approach, we performed amplicon 

Bis-seq on previously characterized mouse embryonic stem cells (mESCs) 

(Stadler et al., 2011). We designed bisulfite primers for 35 distal REST binding 

sites and 61 control regions, including six regions within the lambda and T7 

genome. Amplicons were designed within a size range of 200 to 400 bp and were 

centered on REST motifs in the case of REST amplicons. Two mouse embryonic 

stem cell samples were subjected to paired-end sequencing on the Illumina 

MiSeq platform. Data alignment and analysis were performed within QuasR and 

AmpliconBiSeq (Akalin, A., AmpliconBiSeq, GitHub repository, 

https://github.com/BIMSBbioinfo/Amplicon BiSeq; Langmead et al., 2009).  

We achieved a high recovery of designed amplicons (80%) in each sample 

(Table 3.1). Considering both experiments, we were able to detect 88 out of 96 

designed amplicons (92%). Coverage was high, exceeding common 

requirements regarding methylation precision (coverage per CpG > 20). 

Conversion efficiencies were calculated from external unmethylated lambda DNA 

and were above 97.7 % in both experiments. Significant overconversion of pre-

methylated T7 DNA was not detectable in either sample. Reproducibility was high 

between technical replicates (r=0.96) and was in line with the previously 

published whole-genome Bis-seq methylome (r=0.90) (Figure 3.3A, Figure 3.3B) 

(Stadler et al., 2011). Reproducibility to whole-genome Bis-seq indicates that 

potential redundant molecule counting in Amplicon Bis-seq does not cause major 

systematic biases.   

We used the AmpliconBiSeq functionalities to calculate meta-methylation profiles 

and similarities between neighboring CpGs of individual amplicons. I show one 

representative example of a distal REST binding site with characteristically low 

methylation levels around the REST motif center (chr4: 153.2819 Mbp) (Figure 

3.3C). In this region, DNA methylation is heterogeneous within alleles with four 

methylation profiles contributing to 92 % of the observable patterns within the 

population. The calculated Jaccard similarity highlights similar methylation states 

of individual CpG pairs (e.g. CpGs 5 and 6) or opposite ones (e.g. CpGs 5 and 

2). These methylation similarities can become particularly informative to study 
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local methylation interdependencies. Such phenomena might be observable 

between nucleosomal linker regions or co-occupied binding sites.  

I conclude that amplicon Bis-seq represents a flexible, amenable approach for 

high-coverage methylation profiling for regions of interest. The presented R 

package AmpliconBiSeq enables previously not available, open-source design 

and analysis of such experiments. The experimental framework can be easily 

integrated into standard laboratories. 

 

 

 mESCs, replicate 1 mESCs, replicate 2 

Sequencing type 150bp PE, 1plex MiSeq 150bp PE, 4plex MiSeq 

Reads, total 20'338'372 5'065'992 

Reads, mapped (mm9) 12'256'010 2'761'522 

Number of recovered 
amplicons 71/90 71/90 

Coverage/amplicon, mean 81'024 15'481 

Coverage/CpG, mean 150'180 19'581 

mCpG (%),  
methylated T7 control 99.47 99.57 

mCpG (%),  
unmethylated λ  control 2.28 0.61 

 
Table 3.1 | Performance metrics of two amplicon bisulfite sequencing experiments. 
Two samples of mESCs were subjected to amplicon Bis-seq and characterized. Designed 
bisulfite primers resulted in a high experimental recovery of amplicons. Coverage was 
saturating experimental needs with paired-end sequencing on the Illumina MiSeq. 
External spiked in DNA of lambda and pre-methylated T7 DNA allows quantification of 
conversion quality.  
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Figure 3.3 | Amplicon bisulfite sequencing yields high-coverage methylation 
information for regions of interest. A The two-dimensional density plot shows the 
correlation of single CpG methylation within two biological replicates of mESCs. Overall, 
reproducibility is high (r= 0.96) with higher variation within intermediately methylated 
cytosines. B Amplicon Bis-seq was benchmarked to whole-genome Bis-seq of previously 
described mESCs. The density plot shows a high correlation of CpG methylation in both 
methods (r= 0.90). C A single distal REST binding site was analyzed in more detail using 
the AmpliconBiSeq package. Methylation (upper track, blue) is low around the REST 
motif (not shown) and coverage consistently high for the cytosines within the designed 
amplicon (middle track, red). Meta-methylation profiles indicate methylation heterogeneity 
within alleles (middle track, open circles indicate unmethylated CpGs, filled circles 
methylated CpGs). The calculated Jaccard similarities quantify methylation 
interdependencies between CpG pairs (lower track).  
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3.2 Regulation of DNA Methylation by the RE1-
silencing Transcription Factor 

Whole-genome bisulfite sequencing has generated precise methylation maps for 

various cell types (Gifford et al., 2013; Habibi et al., 2013; Lister et al., 2009; 

Meissner et al., 2008; Smith et al., 2012; Stadler et al., 2011). Frequent 

methylation patterns have been characterized in detail, distinguishing different 

hypomethylated regions from the methylated majority of the genome (Chapter 

1.5.4). While the description of methylation states has reached an unprecedented 

scale, knowledge concerning its establishment is still limited. Individual reports 

have proposed transcription factors to be drivers of local hypomethylation 

(Hodges et al., 2011; Stadler et al., 2011; Ziller et al., 2013b). Yet, little is known 

about the mechanism of transcription factor induced methylation changes.  

Motivated by this apparent discrepancy, I aim to investigate the mechanism of 

transcription factor induced hypomethylation within low-methylated regions 

(LMRs). I concentrated on the transcriptional repressor REST as previous reports 

indicated REST binding as a cause for local hypomethylation (Chapter 1.5.6) 

(Stadler et al., 2011). The following sections will describe REST mediated 

changes in transcription, DNA methylation and other chromatin modifications. We 

particularly focus on the question, which molecular components of REST are 

required to induce hypomethylation.  

 

3.2.1 REST is not Required for Pluripotency in Mouse 
Embryonic Stem Cells 

We used previously characterized Rest wild type (Rest wt) and Rest knock out 

(Rest ko) cells to study REST induced chromatin changes (Arnold et al., 2013; 

Jørgensen et al., 2009b; Stadler et al., 2011). We first investigated REST’s 

transcriptional role in mouse embryonic stem cells and the state of pluripotency in 

the absence of REST.  

Hence, we analyzed previously generated data of total RNA sequencing (RNA-

seq) for Rest wt and Rest ko cells (data unpublished, generated by Michael 

Stadler). Globally, we detect very similar gene expression in both cell lines (r= 

0.992) (Figure 3.4A). We defined potential REST targets as genes, which 
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possess at least one REST ChIP-seq peak within 10kb of annotated 

transcriptional start sites (TSSs). In Rest ko cells, we observe preferential 

transcriptional upregulation of REST target genes. Highly expressed REST target 

and non-target genes are generally less affected by REST deficiency. Though, 

REST target genes contribute to a large extent to the most strongly upregulated 

genes. These observations are concordant with REST’s function as a known 

transcriptional repressor (Chen et al., 1998; Chong et al., 1995; Schoenherr and 

Anderson, 1995). 

Next, we addressed a potential role of REST in maintenance of pluripotency. We 

contrasted gene expression of Rest wt and Rest ko cells with previously 

published mouse embryonic stem cells (ESCs) and their in vitro differentiated 

neuronal progenitors (NPs) and terminal neurons (TNs) (Stadler et al., 2011). 

Here, Rest wt and Rest ko cells co-cluster with the previous mESC data set 

(Figure 3.4B). Both NP and TN samples are less correlated, which argues for 

general cell type similarity among the three stem cell lines.  

We selectively compared the expression of the known pluripotency factors OCT4, 

SOX2, NANOG and KLF4. Again, all three stem cell lines are similar and show 

high expression of all four transcription factors independent of their genotype 

(Figure 3.4C). We observe no detectable expression differences in pluripotency 

factors between Rest ko and Rest wt cells. In contrast, strong transcriptional 

downregulation of OCT4, NANOG and KLF4 is apparent in NPs and TNs. 

Considerable Sox2 expression is still detectable in both NPs and TNs, which is 

compatible with a reported role of Sox2 during neurogenesis (Amador-Arjona et 

al., 2015; Favaro et al., 2009).  

In summary, Rest wt and Rest ko cells posses similar global gene expression. 

REST deficient cells still express high levels of pluripotency markers. Our 

analysis does not support a role of REST in pluripotency and thereby joins the 

general consensus in this debate (Jørgensen and Fisher, 2010; Jørgensen et al., 

2009a). Furthermore, the data justify the use of Rest ko cells to study DNA 

methylation as a consequence of REST binding. Due to the clear stem cell 

properties of Rest ko cells, I do not anticipate large indirect, cell type associated 

methylation changes outside of REST binding sites.    
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Figure 3.4 | Transcriptional effects of REST deficiency in mouse embryonic stem 
cells. A The scatter plot shows normalized RNA-seq reads per gene (dots) for putative 
REST targets (≥ 1 REST peak within 10 kb of TSS, red dots) and other genes (grey dots). 
Overall, global gene expression is similar between Rest wt and Rest ko cells. Potential 
REST target genes show selective transcriptional upregulation. B The cross-correlation 
expression matrix indicates co-clustering of the three embryonic stem (ES) cell lines, 
irrespective of their genotype. As expected, neuronal progenitors (NPs) and terminal 
neurons (TNs) are transcriptionally more distant from ESCs. C The bar plot depicts 
similar RNA expression of the classical pluripotency factors in Rest wt and Rest ko cells.   
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3.2.2 REST is Necessary and Sufficient for Low Methylation 
of its Binding Sites  

After establishing REST’s transcriptional effects in mouse embryonic stem cells, I 

investigated its interaction with DNA methylation by asking whether REST is 

necessary and sufficient to establish local hypomethylation.  

I compared DNA methylation of distal REST binding sites in the absence or 

presence of REST protein in previously mentioned Rest ko and Rest wt cells 

(Figure 3.5A) (Arnold et al., 2013; Jørgensen et al., 2009b; Stadler et al., 2011). I 

also stably re-expressed V5-tagged REST in Rest ko cells (Rest-/-REST). DNA 

methylation was profiled by amplicon Bis-seq, which targeted 35 distal REST 

binding sites and 61 control regions (i.e. not REST bound).  

In line with previous reports, REST binding sites show intermediate methylation in 

Rest wt cells (Figure 3.5B). While control regions were highly correlated between 

Rest wt and Rest ko cells, REST binding sites became methylated in Rest ko  

cells. Upon re-expression of full-length REST in Rest ko cells, REST binding sites 

were again selectively hypomethylated. However, REST re-expression cells did 

not recapitulate the full extent of hypomethylation observable in Rest wt cells. 

These results indicate that REST is necessary and sufficient for significant 

hypomethylation of REST binding sites. It implies that the DNA-binding factor 

REST is not methylation sensitive as REST binding occurs even at previously 

methylated REST binding sites (Chapter 3.2.4). These experiments support 

similar statements made previously based on the study of two REST occupied 

low-methylated regions (Stadler et al., 2011).  

We further tested if the REST motif is sufficient to induce hypomethylation within 

a random DNA sequence. We replaced the DNA sequence of a previously 

characterized REST LMR by a random bacterial one and kept the CpG 

dinucleotides at place (Figure 3.6A) (Stadler et al., 2011). Within this artificial 

construct we either placed a maximal REST motif (derived from the JASPAR 

motif database) or a scrambled control motif (Portales-Casamar et al., 2010). 

Both constructs were then either directly inserted into the mouse beta globin 

locus or in vitro CpG methylated before. Methylation was subsequently profiled 

by amplicon Bis-seq. After stable genomic insertion, cytosines within both control 

constructs became fully methylated (Figure 3.6B). In contrast, cytosines were 

strongly hypomethylated when the REST consensus motif was present. 
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Methylation was minimal in direct proximity to the REST motif. In case of the 

unmethylated construct, the CpG within the REST motif became entirely 

demethylated. The pre-methylated motif construct also showed characteristic 

hypomethylation, however to a lesser extent. This methylation difference between 

the unmethylated and pre-methylated motif construct corroborates the above-

described observations for full-length re-expressed REST. Whether this 

difference is biologically meaningful remains speculative at this point. It is 

possible that analyzed cells have not yet reached methylation equilibrium during 

the time of cell culture. The results could also imply a certain degree of REST 

methylation sensitivity or a better maintenance of a prior unmethylated region. I 

will address the latter possibility of methylation sensitivity in an upcoming section 

(Chapter 3.2.4). Overall, the REST motif proved sufficient to reduce methylation 

within a random CpG-poor sequence. The REST motif is the minimal cis-

component required to establish local hypomethylation.   
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Figure 3.5 | Testing REST’s sufficiency for local hypomethylation. A Rest wt, Rest 
ko and REST re-expression mESCs are profiled by amplicon Bis-seq. B The scatter plots 
show average methylation levels per amplicon in the three cell lines (tested clones are 
indicated as c number)). Control regions are depicted in grey and distal REST binding 
sites in blue. Distal REST binding sites show low methylation levels only in the presence 
of REST protein, i.e. in Rest wt and Rest-/-REST cells.  
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Figure 3.6 | Testing REST motif sufficiency for local hypomethylation. A Artificial 
bacterial DNA constructs were complemented either with the REST consensus motif or a 
scrambled control. Constructs were left unmethylated or in vitro methylated before stable, 
targeted insertion into the mouse genome. Methylation was profiled by amplicon Bis-seq.  
B Average methylation per CpG position is shown for control motif (black) or REST motif 
(red) constructs. In both constructs, cytosines become hypomethylated only in the 
presence of the REST motif. Methylation reaches a local minimum directly over the REST 
motif. However, the extent of hypomethylation is less pronounced in the pre-methylated 
motif construct.   
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3.2.3 REST Binding Overlaps with Several of its Chromatin 
Modifying Cofactors 

After showing a general sufficiency of REST for local hypomethylation, I was 

interested which other chromatin modifications are associated with REST 

binding. We analyzed several known REST interactors and chromatin marks in 

relationship to REST binding sites.  

REST binding sites are frequently overlapping with hypomethylated regions 

(Stadler et al., 2011). Within REST sites, DNA methylation is negatively 

correlated with REST ChIP-seq enrichment (Figure 3.7A). On average, 

methylation is minimal across occupied REST motifs and increases with distance 

from it (Figure 3.7B). Methylation levels oscillate around the motif with an 

approximate period of 180 bp, a length compatible with the nucleosomal repeat 

length (NRL) in mouse embryonic stem cells (Teif et al., 2012). I therefore 

analyzed the status of nucleosomes over REST binding sites in mESCs using a 

published MNase-seq data set. In this analysis, nucleosomes are strongly 

positioned over occupied REST motifs (Figure 3.7B). On the contrary, 

nucleosomes are not phased over non-bound REST motifs (data not shown). We 

note that the nucleosome and methylation signal are in counter-phase to each 

other. Local methylation maxima occur over nucleosomal linker regions, while 

nucleosomal DNA is generally less methylated. Equivalent nucleosome and DNA 

methylation profiles can be observed over binding sites of the insulator protein 

CTCF (Fu et al., 2008; Teif et al., 2014). It remains speculative whether both 

DNA-binding factors mediate nucleosome positioning through active recruitment 

of chromatin remodeling enzymes. It is possible that REST and CTCF mediate 

hypomethylation indirectly through nucleosome remodeling.  

We extended my analysis of REST binding sites by integrating REST’s cofactors 

and common histone modifications (Figure 3.7C). We categorized all REST 

motifs by their genomic location into proximal (within 2 kb of an annotated TSS) 

or distal (outside 2 kb of an annotated TSS), and further into bound or not bound. 

We contrasted these with REST unbound low-methylated regions (LMRs) and 

unmethylated regions (UMRs). REST bound proximal and distal sites show lower 

methylation than unbound REST motifs. Bound distal REST sites are enriched in 

the putative active demethylation mark 5hmC. We also quantified several 

chromatin-modifying enzymes that were previously reported to be recruited by 
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REST. We find evidence for all direct and indirect REST cofactors to bind 

proximal and distal REST binding sites alike. Bound REST sites show strong 

enrichment for the N-terminal repressor complex SIN3 (SIN3A, SIN3B) and the 

C-terminal repressor CoREST (RCOR1, RCOR2, RCOR3). Less, but significant 

REST cofactor binding is observed in UMRs and LMRs without REST motifs. 

Particularly SIN3A and SIN3B might be generally shared mESC cofactors that 

are often recruited by other factors than REST. Concomitantly, we observe REST 

associated enrichment for indirect interactors like HDAC1, HDAC2, TET1 and 

TET2. The binding of both TET enzymes is in accordance with the presence of its 

enzymatic product 5hmC. In line with previous findings, I speculate whether the 

recruitment of TET1 and TET2 could be indirectly mediated by SIN3A (Cartron et 

al., 2013; McDonel et al., 2012; Williams et al., 2011a). This could suggest a 

REST/SIN3A/TET1/2 complex involvement in the putative active demethylation of 

REST binding sites.  

While the REST interactome is largely dominated by known transcriptional 

repressors, we were interested in the corresponding chromatin signature. We 

detect no characteristic histone modifications on the strongly positioned 

nucleosomes. In comparison to average LMRs, distal REST binding sites harbor 

less of the classical enhancer modifications H3K4me1 and H3K27ac. Proximal 

REST binding sites on the other hand are designated by a much stronger 

depletion of active histone modifications. In comparison to unbound controls and 

UMRs, proximal REST binding sites are characterized by a strong reduction in 

the active promoter marks H3K4me3 and H3K27ac. Reduced levels of H3K27ac 

are likely reflecting recruitment of the histone deacetylases HDAC1 and HDAC2. 

It is important to stress that we observe no general enrichment of H3K27me3 at 

neither distal nor proximal REST binding sites in mESCs. Thereby, the 

hypomethylation we observe in REST binding sites seems to be in no relationship 

to this mutually exclusive chromatin mark.  

In total, we generated evidence for strong repressive cofactor co-occurrence at 

distal and proximal REST binding sites. Particularly proximal REST binding sites 

are depleted for histone marks indicative of active promoters. Both observations 

are consistent with previous reports on REST’s chromatin profile and its function 

as a transcriptional repressor (Zheng et al., 2009). However, we find no 

substantial enrichment for the repressive H3K27me3 mark at neither distal nor 
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proximal sites. The most striking chromatin feature of REST binding sites is the 

positioning of nucleosomes around the motif. In addition, REST binding sites  

show signatures that are compatible with active demethylation. I note that 

nucleosome positioning and active demethylation could be possible mediators of 

hypomethylation at REST binding sites. Starting from this precise description of 

the REST binding landscape, I will now dissect its molecular components and 

test their requirement for local hypomethylation. I later generate REST mutants, 

which express only parts of the full-length protein domains. I will refer back to the 

importance of nucleosome positioning and TET recruitment. Ultimately, I aim to 

define necessary molecular features of DNA-binding factors that are required to 

induce local hypomethylation.  
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Figure 3.7 | Profiling of REST binding sites for interactors and chromatin 
modifications. A The two-dimensional heatmap shows average methylation within 200 
bp windows around predicted REST motifs as a function of REST ChIP-seq enrichment in 
the same window. Over REST motifs, methylation is negatively correlated to REST ChIP-
seq signal. Strongly bound REST sites show much reduced methylation levels as 
compared to the genomic average. B The composite profile shows average DNA 
methylation (black) for bound REST sites as a function of motif distance. Nucleosomal 
positions measured by MNase-seq (red) are superimposed. DNA methylation is minimal 
directly over the REST motif and increases with distance from it. Nucleosomes are 
strongly positioned over REST motifs and DNA methylation is higher within nucleosomal 
linker regions. C The heatmap shows normalized log2 enrichments for different chromatin 
modifications, DNase I and REST interactors. Enrichments are shown within 2 kb 
windows centered on REST motifs (distal, proximal and bound, not bound) or feature 
midpoints (LMR, UMR). Direct REST interactors are colored in red, putative indirect 
interactors in yellow and chromatin features in grey. Bound distal and proximal REST 
sites show reduced DNA methylation, increased DNase I signal and enrichment for all 
direct and indirect REST interactors. Significant SIN3A and SIN3B occupancy at UMRs 
occurs also independent of REST. TET1 and TET2 are possibly recruited to distal REST 
binding sites by SIN3A, catalyzing the oxidation of 5mC to 5hmC. Concordant with 
REST’s activity as a transcriptional repressor, proximal REST binding sites are 
characterized by a strong depletion of active promoter modifications (H3K4me3, 
H3K27ac).    
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3.2.4 REST Does not Show Signs of Methylation Sensitivity 

One obvious requirement for demethylating DNA-binding factors is their ability to 

interact with initially methylated binding sites. Conversely, all methylation 

sensitive factors should lack demethylation activity. To test the absence of 

methylation sensitivity for the transcription factor REST, I asked whether new 

binding sites are generated in the absence of global DNA methylation.  

We compared DNase-I hypersensitivity as a proxy for protein binding over 

predicted REST motifs in the presence or absence of DNA methylation, using a 

published DNase-seq data set. Indeed, we observe no discernible differences in 

DNase signal between Dnmt wt and triple knock out (TKO) cells over REST 

motifs (Figure 3.8A, Figure 3.8B). There are no new hypersensitive REST sites in 

the absence of DNA methylation. As the canonical REST motif does not contain a 

strongly conserved CpG dinucleotide, we constricted our analysis to REST motifs 

containing one CpG (Figure 3.8A). Again, we detected no additional 

hypersensitivity over REST motifs in Dnmt TKO cells.  

In summary, we provided additional evidence for methylation insensitivity of 

REST. In the presence of an unmethylated genome, REST neither explores new 

motifs nor binds occupied sites stronger.  
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Figure 3.8 | Quantification of DNase hypersensitivity at REST sites in methylation 
deficient mouse embryonic stem cells. A The density plots show DNase signal within 
200 bp windows over predicted REST motifs in Dnmt wt and Dnmt triple knock out (TKO) 
cells. In addition, we also limited our analysis to REST motifs that contain one CpG. In 
both cases, we do not observe significant DNase changes in the absence of DNA 
methylation. B The DNase metaprofiles over REST motifs show similar hypersensitive 
sites in Dnmt wt and TKO cells.     
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3.2.5 REST’s DNA-binding Domain is not Sufficient to 
Reduce Methylation at Binding Sites 

After discussing the necessity for methylation autonomous binding, I examined 

the possibility that other molecular components aside from a DNA-binding 

domain are required for hypomethylation. In other words, I ask whether 

methylation insensitive binding is sufficient to reduce DNA methylation of binding 

sites.  

To address this question, I stably re-expressed V5-tagged mutants of the REST 

protein into Rest ko cells (referred to as Rest-/-protein name). For this, I utilized 

the Rest ko cells characterized earlier (Chapter 3.2.1, Chapter 3.2.2). I verified 

expression of each REST mutant by Western Blotting (data not shown) and 

chose three clones per mutant based on high expression levels. Subsequent 

methylation profiling tested whether methylation of REST binding sites is reduced 

in either cell line (Figure 3.9A, Figure 3.9B). Based on to the bipartite domain 

structure of REST, I expressed three different REST deletions. The shortest 

mutant protein consists of eight zinc finger domains, which define the DNA-

binding domain (DBD). The two other mutants comprise either of the two terminal 

REST repressor domains. The NTE-DBD protein contains the N-terminus up to 

the DBD, while DBD-CTE contains the DBD and anything C-terminal from it. I 

also utilized the previously generated REST full-length re-expression cell line. I 

performed ChIP-seq to verify binding of the re-expressed proteins. DNA 

methylation was assayed at REST binding sites by using the introduced amplicon 

Bis-seq design (Chapter 3.1.3).  

 

Binding Profiling of REST Re-expression Cell Lines 

I performed V5 ChIP-seq for one clone of each re-expressed REST mutant. 

Consistent with the assumption that the DNA-binding domain mainly determines 

DNA-binding specificity, I detected binding for all re-expressed proteins (Figure 

3.9C). Approximately half of the peaks observed for full-length REST protein 

were also detected in the mutant proteins, while no protein possesses unique 

peaks. I notice the largest peak overlap between DBD-CTE and full-length REST 

protein.  
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To avoid binary peak cut offs, I looked at global ChIP-seq signal over predicted 

proximal and distal REST motifs (Figure 3.10). In comparison to Rest wt cells, 

full-length re-expressed REST shows higher ChIP-seq signal at highly bound 

sites. This correlation generally supports REST’s methylation insensitivity. 

Further interpretations of subtle differences in ChIP-seq signal need to be 

avoided due to technical differences in the two experiments. That is, Rest wt 

ChIP-seq was performed with a REST antibody and all REST and REST mutant 

ChIPs with a V5 antibody. Across all the three mutant proteins I observe high 

ChIP-seq correlation to the full-length protein. Nonetheless, there are detectable 

differences between constructs. Similar to the peak analysis, the C-terminal 

protein DBD-CTE is the most similar to the full-length version. Both shorter 

mutants, DBD and NTE-DBD bind less strongly. I also asked, whether ChIP-seq 

signal between constructs is similarly correlated over proximal regions (Figure 

3.10). One could speculate, whether increased chromatin accessibility over 

proximal regions selectively affects mutants like the DNA-binding domain. 

Quantification of ChIP-seq signal over proximal regions reveals, that all mutants 

bind similarly stronger.  

We next analyzed binding as a function of REST motif strength (Figure 3.11). 

ChIP-seq enrichment (log2) of all four proteins scales linearly with the score of 

the associated REST motif. The strongest REST consensus motifs are occupied 

in all four cell lines. However, the slope of the ChIP-seq log2(enrichment) function 

is the steepest for full-length and CTE-DBD protein. It is interesting to speculate 

which components might add additional DNA-binding affinity. I would suggest, 

that the polylysine stretch immediately C-terminal of REST’s DNA-binding domain 

could increase affinity through unspecific electrostatic interactions with DNA. 

Such a hypothesis would need to be validated through further experimentation. 

One could stably express a polylysine-rich stretch in addition to the DNA-binding 

domain and test its binding strength in ChIP-seq experiments. Randomization of 

the amino acid sequence within the lysine-rich domain would test the necessity of 

charged lysines versus specific amino acid motifs. 

I conclude, that all four re-expressed REST proteins are able to bind their target 

sites as defined by the presence of a REST motif. Full-length REST protein and 

the C-terminal protein DBD-CTE show the highest enrichment over REST binding 

sites.   
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Figure 3.9 | Characterizing binding sites of REST and REST mutants. A Full-length 
REST and its mutants are stably re-expressed into Rest ko cells. B I generated three 
different V5-tagged mutants of the full-length protein. The minimal mutant consists of the 
DNA-binding domain (DBD) and the other two proteins contain either N-terminal or C-
terminal repressor domain (NTE-DBD, DBD-CTE). C The Venn diagram illustrates the 
peaks called from V5 ChIP-seq experiments of all four re-expression cell lines (tested 
clones are indicated as c number). Half of the REST full-length peaks are shared 
between all proteins. However, the C-terminal protein DBD-CTE shows the largest peak 
overlap with wild type REST.  
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Figure 3.10 | Characterizing binding behavior of REST and REST mutants. Density 
plots show ChIP-seq signal normalized to mapped library size and quantified within 200 
bp windows over predicted REST motifs for Rest wt and REST re-expression cells (tested 
clones are indicated as c number). All correlations are shown in respect to full-length re-
introduced REST. Motifs are further distinguished based on proximal or distal (> 2kb of 
TSS) genomic location. While all proteins show similar binding behavior as full-length re-
expressed REST, the C-terminal protein is the most correlated. In addition, all proteins 
bind stronger over proximal sites than distal motifs.  
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Figure 3.11 | Relationship of protein binding and REST motif score. The heatmaps 
show the relationship between REST motif score and the associated ChIP-seq 
enrichment within 200 bp windows over predicted REST motifs, excluding those that 
overlap with CpG islands. We display all REST re-expression cell lines (clone numbers 
are indicated as c number). In all cell lines, protein binding increases with higher motif 
strength. The strongest consensus motifs are occupied in all cell lines.   
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Methylation Profiling of REST Re-expression Cell Lines 

After verifying binding of all tested REST mutants, I characterized the methylation 

states of REST binding sites. I performed targeted methylation profiling by 

amplicon Bis-seq for 61 control regions and 35 distal REST-binding sites (Figure 

3.12A). I chose three different cellular clones for each REST re-expression cell 

line and three biological replicates for Rest wt cells. I analyzed three different 

clones of Rest ko cells that expressed an empty expression plasmid.  

I performed hierarchical clustering on all cytosines within REST binding sites that 

were covered by at least 50 reads in all experiments (Figure 3.12B). This 

revealed general clustering according to expressed protein, indicating high 

biological reproducibility at clonal level. Two main vertical clusters separate the 

cell lines into strongly hypomethylated and weakly hypomethylated/methylated. 

Different degrees of hypomethylation are associated with all REST re-expression 

mutants, except for the DNA-binding domain alone (Figure 3.12B). The REST-/-

DBD cell line shows methylation levels even higher than Rest ko cells. On the 

contrary, all other proteins with at least one REST repressor domain show 

different degrees of hypomethylation. Lowest methylation levels over REST sites 

are observed in Rest wt cells. Strong hypomethylation over the sites is detected 

after expression of full-length REST and the N-terminal mutant. The C-terminal 

protein shows hypomethylation as well, but for fewer cytosines.  

To gain more insight into differentially methylated cytosines, I looked into REST 

motif strength and motif distance. I detect cytosines that show higher methylation 

levels across all samples (Figure 3.12B, cluster Ib). These cytosines are typically 

farther away from REST motifs. This general distance effect is in line with the 

previously described genome-wide methylation average over REST motifs 

(Chapter 3.2.3, Figure 3.7B). In contrast, I observe cytosines that remain 

relatively unmethylated in all samples (Figure 3.12B, cluster IIb). Those cytosines 

are less REST-dependent and their methylation levels increase only slightly in 

Rest ko cells. I find no particularly unique motif feature, but it is possible that the 

corresponding sites are subject to multiple protein binding events and are thereby 

less dependent on REST. The remaining two clusters are especially informative 

as they show hypomethylation in the presence of full-length protein and high 

methylation in Rest ko and REST-/-DBD cells. Cluster Ia contains cytosines, 
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which are methylated in REST-/-DBD-CTE cells and show either similar 

methylation or hypomethylation in REST-/-NTE-DBD., The cluster IIa contains 

cytosines that are demethylated upon expression of both C- and N-terminal 

proteins or the C-terminal protein alone. Overall, it is interesting to note that some 

cytosines are selectively responsive to either the N-terminal or the C-terminal 

protein. 

I further investigated cytosines within the context of single REST binding sites 

(Figure 3.13). In most cases, hypomethylation can be observed for Rest wt, Rest-

/-REST and REST-/-NTE-DBD cells (Figure 3.13A). Hypomethylation is less 

pronounced at most of the DBD-CTE bound regions and in general cannot be 

inferred from the ChIP-seq signal. In most regions, cytosines within the REST-/-

DBD cell line are hypermethylated even when strongly bound by the DNA-binding 

domain. In addition, I identify sites that are selectively demethylated by the full-

length and the C-terminal protein (Figure 3.13B). In those cases, the DBD-NTE 

protein seems to be less bound. I also detect two REST-binding sites, where a 

single cytosine within the REST motif shows reproducibly reduced levels of 

methylation even in the REST-/-DBD cell line (Figure 3.13C). Yet, in all other 

cases, I do not identify hypomethylation of motif-associated CpGs even at 

stronger DBD occupied sites. Due to the limited number of binding sites I assay, I 

cannot make further conclusions on these rare DBD-associated observations.  

In summary, I report significant hypomethylation only upon expression of DNA-

binding factors that contain at least one protein interaction domain. The 

possession of a methylation insensitive DNA-binding domain did not prove 

sufficient to significantly reduce methylation of most occupied sites. The induced 

hypomethylation did not always scale with protein binding measured by ChIP-

seq. These mutant experiments suggest that hypomethylation is not an obligatory 

consequence of protein binding events, but rather requires interacting domains 

that could reflect the importance of cofactor recruitment.    
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Figure 3.12 | DNA methylation profiling in REST mutant cells. A Stable Rest ko, Rest 
wt and REST re-expression cell lines were assayed by amplicon Bis-seq. B The heatmap 
summarizes the methylation results on a single cytosine level (rows) per cell line 
(columns, colors decode genotype, clone numbers as c number, replicates as rep 
number). Increasing intensity of blue indicates increasing average methylation 
levels. I only depict cytosines within REST binding sites covered by at least 50 
reads in all samples. I observe hypomethylation in all cell lines, expressing a 
REST protein with at least one of the two repressor domains. In the absence of 
REST (Rest ko) or upon expression of the DNA-binding domain, cytosines 
remain methylated. The latter shows that DNA-binding alone is not sufficient to 
reduce local methylation, but requires additional interaction domains.       
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Figure 3.13 | Methylation and protein binding within single REST binding sites. I 
chose four representative REST binding sites for different hypomethylation classes. 
Methylation is depicted as dot connected lines (black respective cell line, grey Rest ko) 
and densities depict ChIP-seq signal (rpm) of the respective cell line. Grey vertical 
rectangles indicate the location of REST motifs (note the existence of multiple REST 
motifs).  
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3.2.6 N-terminal REST Protein Reduces DNA Methylation of 
REST Binding Sites and Recruits SIN3A 

The previous chapter has described cytosine methylation as a function of 

different protein binding events. I further investigated the differences between the 

DNA-binding domain and the N-terminal protein.  

While expression of the DNA-binding domain alone does not induce substantial 

hypomethylation of binding sites, strong hypomethylation was observed upon 

expression of N-terminal REST (Figure 3.14A). The methylation changes induced 

by the NTE-DBD protein are strongly correlated with its binding strength (r= 0.77) 

(Figure 3.14B). Consequently, highly occupied binding sites undergo stronger 

reduction in methylation upon expression of NTE-DBD. It is striking, that the 

expression of 153 amino acids (aa) N-terminal of the DNA-binding domain re-

establishes almost the complete REST site hypomethylation observed for full-

length protein. I decided to use this confined molecular space as an opportunity 

to investigate the requirement for certain protein interaction domains. The only 

annotated domains within the N-terminal stretch (1 – 153 aa) are the interaction 

domains with the N-terminal corepressor complex SIN3 (Grimes et al., 2000; 

Nomura et al., 2005). We therefore quantified global SIN3A and SIN3B 

occupancy over REST binding sites (Figure 3.15A). I notice that SIN3A and 

SIN3B binding scales with REST ChIP-seq signal over predicted REST binding 

sites. There is no evidence for selective binding of either SIN3 paralogue, since 

SIN3A and SIN3B binding is well correlated over REST binding sites. However, 

due to the population readout of ChIP-seq, I cannot distinguish if SIN3A and 

SIN3B bind simultaneously or alone on a single allele.  

I next asked, whether the N-terminal protein is indeed sufficient to recruit SIN3A 

to its binding sites. SIN3A ChIP-qPCR was performed over REST binding sites 

previously assayed in amplicon Bis-seq (Figure 3.15B). I observe selective 

SIN3A enrichment over REST binding sites in Rest wt and REST-/-NTE-DBD 

cells. There is reduced or no SIN3A binding at REST binding sites in Rest ko, 

REST-/-DBD and REST-/-DBD-CTE cells. REST thereby proved necessary for 

SIN3A recruitment, while the N-terminal domain was sufficient to recruit SIN3A to 

REST motifs. 

In order to show direct recruitment of SIN3A, we mutated its putative interaction 

domain within the N-terminal part of REST. Out of the 153 N-terminal amino 
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acids, positions 40 to 80 show high evolutionary conservation (Figure 3.15C). 

This conserved part overlaps with reported interaction domains for SIN3A (32 – 

117 aa) and SIN3B (43 – 57 aa) (Chapter 1.4.2) (Grimes et al., 2000; Nomura et 

al., 2005). I introduced eight point mutations within this conserved region that 

would likely destroy protein-protein contacts (Figure 3.15C). I transiently 

transfected wild type and mutated NTE-DBD in high and low amounts into Rest 

ko cells. I subsequently performed V5 ChIP-qPCR to verify protein binding and 

SIN3A ChIP-qPCR to test SIN3A recruitment (Figure 3.15D, Figure 3.15E). While 

both wild type and mutated NTE-DBD proteins bind their target sites, only the 

wild type protein leads to sufficient SIN3A recruitment. These experiments 

indicate that the introduced point mutations interrupt the N-terminal ability to 

recruit SIN3A to binding sites.  

Together, I have shown that N-terminal REST binding leads to a large reduction 

in methylation of REST binding sites. The extent of NTE-DBD induced 

demethylation is correlated to its genomic binding. In accordance with its 

contained interaction domains, N-terminal REST is sufficient to recruit SIN3A to 

assayed REST binding sites. Point mutations within these interaction domains 

reduce the ability of REST’s N-terminus to recruit SIN3A.    
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Figure 3.14 | Methylation within the N-terminal REST cell line and its relationship to 
binding. A The scatterplot shows the average methylation over assayed amplicons for 
control regions (grey) and REST binding sites (blue). Methylation averages of control 
regions are highly correlated; only REST binding sites show strong hypomethylation upon 
expression of NTE-DBD. B Methylation delta (Rest ko – Rest-/-NTE-DBD) and ChIP-seq 
signal is averaged in 200 bp windows over REST motifs. The degree of hypomethylation 
induced by NTE-DBD scales with its binding.  
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Figure 3.15 | Testing N-terminal REST for its ability to recruit SIN3A. A Two-
dimensional heatmaps show correlation between SIN3A, SIN3B and REST ChIP-seq 
signal over predicted REST motifs. Binding of both SIN3 paralogues is correlated to 
REST ChIP-seq signal. White labeled dots indicate binding sites assayed by SIN3A ChIP-
qPCR. B SIN3A ChIP-qPCR shows SIN3A enrichment only at REST binding sites in Rest 
wt and REST-/-NTE-DBD cells. C The N-terminal REST protein NTE-DBD contains the 
DNA-binding domain and an N-terminal stretch, consisting of 153 amino acids. Here, I 
introduced eight point mutations at highly conserved residues. Yellow highlighting 
indicates high degree of conservation and red letters indicate introduced point mutations. 
D Wild type and mutated NTE-DBD were transiently transfected in high and low amounts 
into Rest ko cells. V5 ChIP-qPCR was performed to verify similar binding of wild type and 
mutant protein. E SIN3A ChIP-qPCR indicates that the introduced point mutations within 
NTE-DBD abrogate recruitment of SIN3A.  
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3.2.7 Hypomethylation in the Vicinity of the REST Motif is 
TET dependent   

 

Having verified the ability of the N-terminal domain to recruit SIN3A to its target 

sites, the question remains how hypomethylation is mediated. SIN3A does not 

possess catalytic activity on its own but rather functions as an adaptor protein 

(Pazin and Kadonaga, 1997). Several enzymes are part of the SIN3 repressor 

complex, amongst it the methylcytosine dioxygenases TET1 and TET2 (Cartron 

et al., 2013; McDonel et al., 2012; Williams et al., 2011a). The interaction of both 

TET paralogues with SIN3A opens up the possibility that the strong 

hypomethylation by NTE-DBD is partially or fully mediated by TET activity. In 

order to test this hypothesis, we analyzed a published methylome of Tet triple 

knock out (TKO) mouse embryonic stem cells (Lu et al., 2014a). We assayed 

average methylation over occupied REST motifs in Tet wt and Tet TKO cells. We 

detected strong hypermethylation over REST binding sites in the absence of TET 

proteins. The TET dependency was higher at highly occupied REST sites (data 

not shown). Hypermethylation however is not detected throughout the REST site, 

but is confined to the direct vicinity of the REST motif (~50 bp ± relative to motif 

end/start). Cytosines within the motif and the rest of the region remain 

unchanged. Interestingly, an equivalent localized methylation effect in Tet TKO 

cells can also be observed over occupied CTCF motifs (data not shown). 

This observation suggests that hypomethylation within the first linker region is 

molecularly distinct and a consequence of active demethylation. I note, that the 

TET-dependent hypermethylation effect occurs where I expect binding of REST 

cofactors like SIN3A. Possibly, TET enzymes are locally recruited through the 

REST-SIN3A interaction. I do indeed observe a significant hypermethylation 

effect over SIN3A binding sites (data not shown). However, I cannot exclude that 

TETs are recruited indirectly to this linker sites. Increased chromatin accessibility 

or looping to TET-bound promoter regions could be alternative reasons for TET 

binding. Yet, additional TET-independent mechanisms must contribute to 

hypomethylation outside of REST motif proximal linker regions. In the upcoming 

chapter, I will discuss nucleosome positioning as such a potential molecular 

mediator.   

 



  
Chapter 3 Results 

71 
 

 

 

 

Figure 3.16 | Methylation analysis at REST binding sites in Tet deficient cells. 
Density profiles show cytosine methylation (%) in Tet wt and Tet1/2/3 triple knock out 
(TKO) embryonic stem cells as a function of distance to the nearest occupied REST 
motif. Lines indicate quantiles (solid line depicts median quantile, dashed lines remaining 
quantiles). Regions overlapping CpG islands or multiple REST motifs were removed from 
the analysis. Methylation shows characteristic periodicity across the bound REST 
regions. Only cytosines in direct vicinity of the REST motif gain methylation in the 
absence of all TET enzymes. Methylation levels over the motif, remaining nucleosomes 
and linker regions remain unchanged.     
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3.2.8 Chromatin Accessibility and Nucleosome Positioning 
are Altered in DNA Hypomethylated Cells 

So far, I have described several chromatin differences associated with REST 

binding and found some of them to be required for reduced methylation. I now 

ask whether the ability of a protein to reduce methylation is connected to 

chromatin accessibility changes.  

To answer this, we applied Nucleosome Occupancy Methylome sequencing 

(NOMe-seq) (Kelly et al., 2012; Pardo et al., 2009, 2011). NOMe-seq has the 

advantage of giving single molecule information about DNA methylation and 

general chromatin accessibility, from which nucleosome positions and protein 

occupancies can be inferred (Figure 3.17A). Cell nuclei are treated in vitro with a 

GpC methyltransferase, which preferentially introduces non-mammalian GpC 

methylation at accessible cytosines. We performed targeted NOMe-seq on 

previously described REST re-expression cell lines and quantified GpC/CpG 

methylation by amplicon Bis-seq (Chapter 3.2.5, Figure 3.9B).  

In this analysis, increased chromatin accessibility was only detected in cells with 

reduced methylation at REST sites (Figure 3.17B). In comparison to Rest ko 

cells, all cell lines but REST-/-DBD show higher GpC methylation attributed to 

increased accessibility. Noteworthy, again the N-terminal REST expressing cell 

line most closely resembles Rest wt cells.  

In addition, we observe distinct nucleosome re-organization over averaged REST 

motifs (Figure 3.18A). In accordance with the MNase-seq averages in mouse 

embryonic stem cells, we observe strong nucleosome positioning over REST 

motifs in Rest wt cells (Chapter 3.2.3, Figure 3.7). More specifically, we detect 

increased chromatin accessibility in the vicinity of REST motifs and a local 

decrease over lengths compatible with nucleosomal DNA. The locations of 

nucleosomes defined by NOMe-seq match those of average positions in MNase-

seq data sets. We observe no structured nucleosome organization in Rest ko and 

REST-/-DBD cells. Expression of N-terminal REST again establishes nucleosome 

positioning equivalent to the one in Rest wt cells. We also determined local 

protein footprints directly over the REST motif. This effect is the most pronounced 

for full-length protein and NTE-DBD. These observations can also be observed 

on the level of single loci (Figure 3.18B). Importantly, we observe no coupling 

between protein binding and reduced CpG methylation within single molecules 
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(data not shown). This observation is in agreement with earlier observations 

made for the demethylating factor CTCF (Feldmann et al., 2013).  

In sum, NOMe-seq has suggested that the ability to reduce local methylation is 

co-associated with distinct nucleosome positioning. In this scenario, 

nucleosomes are depleted over REST motifs and adjacent nucleosomes are 

strongly phased. These nucleosomes could serve as molecular intermediates 

enabling the spreading of an initial motif-associated signal over larger distances. 

There is indeed structural evidence, showing that the de novo methyltransferases 

anchor on nucleosomal DNA to methylate adjacent DNA (Guo et al., 2015). 

Therefore, the positioning of nucleosomes could in fact lead to oscillatory 

methylation levels as observed around transcription factor binding sites.  
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Figure 3.17 | Single-molecule chromatin accessibility profiling in REST cell lines. A 
Schematic overview of NOMe-seq, which measures chromatin accessibility on a single 
molecule level. Nucleosomes (grey circles) and DNA-binding factors (blue octagons) lead 
to decreased GpC methylation. B Scatter plots depict correlations between GpC 
methylation in different cell lines compared to Rest ko cells. Blue dots depict GpCs within 
REST binding sites and black ones within control regions (non REST bound).  
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Figure 3.18 | Measuring chromatin accessibility, protein binding and nucleosome 
positioning in REST mutants. A Composite profiles over REST motifs show protein 
binding footprints, nucleosomes and increased chromatin accessibility in Rest wt and 
REST-/-NTE-DBD cells. Note, that we depict inverted GpC methylation (100%-GpC 
methylation %). Local maxima of inverted GpC methylation denote nucleosomes or DNA-
binding factors. Grey vertical lines indicate average nucleosome positions measured by 
MNase-seq or the REST motif. B We depict GpC methylation levels (bars) in assayed 
Rest wt, Rest ko and REST re-expression cell lines. In general, we can detect increased 
chromatin accessibility in vicinity to the second REST motif for Rest wt, REST-/-DBD-CTE 
and REST-/-NTE-DBD cells (GpCs 1-4, 7-11). We observe pronounced DNA-binding 
footprints for full-length REST, N-terminal REST, C-terminal REST and to a lesser degree 
for the DNA-binding domain (GpCs 5,6). We therefore can determine the second REST 
motif to be occupied, while in the absence of GpCs no conclusions can be drawn for the 
first motif. A potentially positioned nucleosome can be detected upstream (GpCs 13,14).      
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3.2.9 The Kinetics of REST Induced Hypomethylation are 
Slow at a Majority of Cytosines 

Up to this point, I have focused on describing REST associated chromatin 

changes in equilibrium state. I have identified nucleosome remodeling, TET 

mediated demethylation and likely steric hindrance over REST motifs as putative 

molecular intermediates to a hypomethylated state. Additional mechanistic 

insights could be retrieved by studying the transition of a methylated to 

hypomethylated state over time.  

I decided to transiently transfect full-length REST protein into Rest ko cells and 

assay methylation by amplicon Bis-seq at 8h, 24h and 48 h time intervals (Figure 

3.19A). I find no significant methylation changes in control regions, but detect 

demethylation for cytosines within REST binding sites. On average, 

hypomethylation is slow across the population. The absolute speed of 

demethylation decreases over time (t0-8h: 0.25%/h, t0-24h: 0.20%/h, t0-48h: 0.11%/h), 

in line with an exponential decay.  

To resolve potential different kinetic subgroups, I performed hierarchical 

clustering on the induced methylation changes compared to Rest ko cells (Figure 

3.19B). Kinetics are dominated by cytosines that show slow demethylation 

(cluster II). The second largest cluster (cluster I) demethylates faster, but not with 

similar speed as the fastest and smallest clusters (cluster IV, cluster V). 

Surprisingly, I detect hypermethylation for 22 REST cytosines. Hypermethylation 

is mostly limited to the first eight hours after transfection. 

I now compared average methylation kinetics within clusters to two different 

theoretical scenarios of demethylation (Figure 3.20A). First, I consider passive 

dilution of the methyl group due to complete inhibition of all DNMTs (equivalent to 

Dnmt triple ko, decay constant 0.50). Second, I present REST mediated, 

complete inhibition of both de novo methyltransferases (equivalent to DNMT3A/B 

ko, decay constant 0.98). The latter is considered to mainly reflect DNMT1 

maintenance fidelity (Jackson et al., 2004). Methylation kinetics faster than 

complete passive dilution would be obligatory subjects to replication-independent 

active demethylation. For all theoretical references, I assume standard replication 

times of mouse embryonic stem cells (t= 16h).  

According to these assumptions, all observed kinetics could be in line with a 

replication-coupled loss of methylation. Average demethylation kinetics within the 
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main cluster II could be attributed to DNMT3A and DNMT3B inhibition alone. 

Across all clusters, a substantial fraction of cytosines shows methylation decays 

that are similar or slower than theoretical decays by DNMT3A/B inhibition (t0-8h: 

49%, t0-24h: 38%, t0-48h: 31%). However demethylation within clusters I, IV and V is 

faster than could be explained through de novo DNMT inhibition alone. Especially 

clusters IV and V contain cytosines that show demethylation kinetics just in line 

with passive dilution. Though considering that time point zero is the time of 

transfection and expression initiates several hours later, I cannot conclusively 

determine these cytosine kinetics to be replication dependent. It would require 

further experimentation to assign cluster IV and V cytosines to an active or 

passive demethylation process. Nevertheless, the vast majority of cytosines 

show kinetics that could be explained by passive dilution of the mark during 

replication. 

I aimed to expand my knowledge by integrating important REST binding site 

criteria (Chapter 3.2.5, Figure 3.12, ). I explored differences between clusters 

regarding: Rest ko methylation levels, REST motif distance and REST ChIP-seq 

enrichment (Figure 3.20B). There are pronounced differences between the 

hypermethylated and fast hypomethylated cluster. On average, hypermethylated 

cytosines have a lower starting methylation in Rest ko, are further away from the 

REST motif and show lower REST ChIP-seq enrichment. The fast 

hypomethylation cluster shows higher starting methylation and higher REST 

ChIP-seq enrichment than all other clusters. While I acknowledge the limited 

cluster sizes, the described differences are in agreement with earlier 

observations in mESCs (Chapter 3.2.5).  

In summary, I have determined REST mediated hypomethylation to be primarily 

slow. Demethylation for the majority of cytosines is compatible with passive 

dilution of the modification during replication. REST mediated inhibition of 

DNMT3A and 3B alone could explain a large fraction of the observed 

demethylation kinetics. Remaining cytosine demethylation should be attributed to 

additional DNMT1 inhibition or putative TET activities.  The slow demethylation 

kinetics are in agreement with earlier observations that showed an overall limited 

methylation effect of TET deficiency (Chapter 3.2.7). Nucleosomal positioning 

effects could in principle induce slow demethylation through DNMT inhibition 

(Chapter 3.2.8).  
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Figure 3.19 | Kinetics of REST associated methylation changes. A I transiently 
transfected full-length REST protein into Rest ko cells and assayed methylation by 
amplicon Bis-seq at three different time points post transfection. Density plots describe 
average methylation changes across control regions (grey) and REST binding sites 
(blue). I observe slow demethylation kinetics for the majority of cytosines. B The heatmap 
summarizes the methylation data for individual cytosines within REST binding sites. 
Hierarchical clustering was performed on methylation deltas respective to Rest ko cells. 
The heatmap indicates the degree of hypomethylation (red) and hypermethylation (blue) 
for each individual cytosine (rows) over time (columns 2 – 4). In addition, I included the 
starting methylation levels in Rest ko cells.  
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Figure 3.20 | Characteristics of different kinetic demethylation subclasses. A The 
line plot shows average methylation kinetics within previously described kinetic clusters 
(same color code). Dotted lines contrast observed demethylation rates with possible, 
theoretical decays mediated by DNMT3A/B or DNMT3A/B plus DNMT1 inhibition. 
Theoretical decay rates assume cell cycle length of 16h, DNMT1 maintenance fidelity of 
98% and absence of active demethylation. B Characterization of the different kinetic 
clusters regarding methylation in Rest ko, REST motif distance and REST ChIP-seq 
enrichment in Rest wt cells.       
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3.2.10 Methylation Levels of REST Binding Sites Can be 
Predicted from Binding of REST Interactors 

Over the last sections, I have seen several molecular components and chromatin 

changes that are associated with the methylation state of REST binding sites. To 

see whether chromatin features are also predictive of methylation, I quantitatively 

modeled methylation levels of REST binding sites. To that effect, I have built a 

random forest model predicting methylation in 100 bp windows over distal, bound 

REST motifs (Dong et al., 2012; Breiman et al., 1998). I restricted my predictions 

to this category, as promoter structures are inherently more complex and their 

methylation is less dependent on DNA-binding factors (Krebs et al., 2014; Lienert 

et al., 2011a). I use several previously described predictors: REST interactor 

ChIP-seq, nucleosome positioning and genomic location features.  

With the random forest model, I was able to predict methylation within REST 

binding sites relatively well (r= 0.789) (Figure 3.21A). However, the model seems 

to systematically underestimate methylation in the intermediate to higher range. It 

is important to note, that the model’s performance is significantly worse when 

using REST ChIP-seq as the only predictor (r= 0.541). REST interactors like 

SIN3A, SIN3B and TET1 are particularly important variables within the model 

next to the REST binding signal (Figure 3.21B). 

I therefore find evidence that integration of REST interactors improves my current 

predictions of endogenous methylation levels within distal REST binding sites. 

This observation strengthens the validity of my previous conclusions drawn from 

the ectopic re-expression experiments.      
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Figure 3.21 | Random Forest prediction of methylation levels within REST binding 
sites. A Methylation averages within 100bp windows over bound, distal REST motifs 
were predicted using a random forest model. The model predicts average methylation 
levels well, but shows systematic underprediction in higher methylation ranges. B The 
plot shows the different quantitative and categorical variables used and their importance 
for model performance. REST interactors like SIN3A, SIN3B and TET1 are more 
important variables within the model.     
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  Chapter 4

Discussion and Outlook 

 
Based on its methylation patterns, the mammalian genome can be partitioned 

into characteristic functional regions (Stadler et al., 2011). The aim of this project 

was to study this relationship between transcription factor binding and reduced 

DNA methylation. In detail, I aimed to denominate molecular components 

required for transcription factor induced hypomethylation. The transcriptional 

repressor REST served as a paradigm DNA-binding factor in mouse embryonic 

stem cells. I characterized several REST mutants in their ability to induce local 

hypomethylation. Information about chromatin accessibility, RNA expression and 

different chromatin modifications was accordingly integrated.   

 

4.1 REST Binding Sites are Hypomethylated and 
Show a Distinct Chromatin Landscape 

Many initial hypotheses regarding REST induced hypomethylation were 

generated based on steady state chromatin signatures. REST binding sites 

frequently overlap with regions of reduced methylation, and low-methylated 

regions (LMRs) in particular (Stadler et al., 2011). When comparing regions 

around REST motifs, on average only REST occupied regions show reduced 

methylation (Figure 3.7C). While these observations indicate a connection 

between REST binding and methylation at binding sites, they do not establish a 

cause or consequence relationship. However, I presented three lines of evidence 

that suggest DNA methylation downstream of REST binding.  

First, the degree of hypomethylation over REST binding sites scales with its 

binding (Figure 3.7A). Regions highly occupied by REST show significantly less 

methylation than weak binding sites. Second, REST expression proved 

necessary and sufficient for reduced methylation at the majority of tested distal 

REST binding sites (Figure 3.5B). In the absence of REST, binding sites became 

methylated in Rest ko cells. In turn, re-expression of full-length REST protein into 
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Rest ko cells re-established significant hypomethylation. The third argument 

supporting a REST induced hypomethylated state comes from REST motif 

experiments. Here, we generated chimeric constructs consisting of random E.coli 

DNA and a REST motif (Figure 3.6A). After targeted insertion into the mouse 

genome, we observed strong hypomethylation over the REST motif (Figure 

3.6B). In contrast, inserted randomized controls became fully methylated. The 

REST motif is thus the minimal cis-element sufficient to introduce 

hypomethylation within a non-murine DNA sequence. All these experiments 

further substantiated evidence, that local hypomethylation is a consequence of 

REST activity (Stadler et al., 2011).  

It is important to note, that I focused my analysis on distal REST binding sites, 

since promoters posses a more complex binding landscape. Multiple proteins 

simultaneously bind to promoters and additional properties like CpG density 

contribute to their unmethylated state (Krebs et al., 2014; Lienert et al., 2011a). I 

therefore speculate, that methylation within proximal genomic regions is likely 

less dependent on REST. 

Next, I explored potential mechanisms by describing REST’s binding and 

chromatin landscape in more detail. I first investigated the relationship between 

DNA methylation and distance to the REST motif. Average methylation increases 

with distance from the REST motif, however not linearly but with a prominent 

periodicity (Figure 3.7B). There is an approximate 180 bp period, which matches 

the allocated nucleosome repeat length in mouse embryonic stem cells (Teif et 

al., 2012). Nucleosomal positions and methylation averages are shifted in phase, 

i.e. methylation levels of linker associated DNA are higher than nucleosomal. It is 

important to note that this effect is observable across the range of about five 

positioned nucleosomes in either direction of the REST motif. Absence of 

nucleosome phasing is observed over non-bound REST motifs and motifs in Rest 

ko cells (Figure 3.18A). In one possible model, nucleosome reorganization could 

link REST binding to DNA hypomethylation. I further discuss this hypothesis in 

the following sections.       

Next, we compared chromatin states of REST bound motifs to unbound motifs,  

low-methylated regions (LMRs) and unmethylated regions (UMRs). This analysis 

supported genomic binding of several known REST interactors to REST binding 

sites (Figure 3.7C). We detected increased binding of both direct interactors SIN3 
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and RCOR and all of their paralogues. In line with previous reports, we found no 

evidence for selective co-occurrence of either SIN3 complex, CoREST complex 

or their specific paralogues (Figure 3.15A, data not shown) (Yu et al., 2011). The 

potential redundancy of both repressor complexes and their paralogues remains 

an interesting aspect to be addressed in the future. We observed additional 

enrichment for SIN3A and SIN3B in REST non-bound UMRs and LMRs, 

indicating a frequent SIN3 recruitment by other DNA-binding factors or chromatin 

signals. Furthermore, the indirect interacting proteins HDAC1, HDAC2 and TET1 

and TET2 were enriched over REST binding sites. Both HDAC enzymes can be 

recruited by the SIN3 and CoREST complex, while TET 1 and 2 interactions have 

been established for SIN3A (Cartron et al., 2013; McDonel et al., 2012; Williams 

et al., 2011a).   

The chromatin signature of REST binding sites is in concordance with occurrence 

of the above-mentioned enzymes. REST binding sites show enrichment of the 

TET mediated oxidation product 5hmC, as has been reported before  (Figure 

3.7C) (Feldmann et al., 2013). I would argue that at least part of this modification 

could be indirectly mediated through SIN3A. REST dependent 5hmC recruitment 

has so far been shown on the level of a few binding sites (Feldmann et al., 2013). 

We have identified no other chromatin modifications that allow an immediate link 

to DNA methylation. We particularly focused our attention on a potential 

H3K27me3 enrichment over REST binding sites, but could not substantiate such 

(Figure 3.7C). Methylation states over REST binding sites are thereby 

independent of H3K27me3.    

REST binding sites revealed a clear depletion of chromatin modifications 

associated with transcriptional activity. Especially proximal REST binding sites 

showed decreased H3K27ac, likely reflecting enzymatic activity of co-bound 

HDACs. REST occupied promoters  showed a strong reduction of the active 

promoter mark H3K4me3 as compared to average UMRs. In contrast, REST 

associated H3K27ac and H3K4me states were less pronounced for distal REST 

binding sites. The chromatin states of REST occupied promoters were in great 

accordance with REST’s described function as a transcriptional repressor (Chong 

et al., 1995; Schoenherr and Anderson, 1995). Further experimentation would be 

required to delineate transcriptional effects of distal REST binding.    
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In sum, REST binding sites are characterized by a distinct chromatin landscape 

that features strong nucleosome positioning, lack of active histone modifications 

and presence of active demethylation intermediates.   
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4.2 Molecular Features of REST That Are 
Associated with its Demethylating Activity 

I next investigated molecular components that are required for REST induced 

binding site hypomethylation. Three different REST truncations were re-

expressed into REST deficient cells and methylation states profiled over REST 

binding sites. The expression of specific REST domains was guided by the well-

defined protein domain annotation (Figure 1.2). Subsequent genomics assays 

were largely motivated by previous observations on REST co-occurring 

3chromatin features (Figure 3.7C).      

REST’s DNA-binding domain possesses several unique features. First and 

foremost, every demethylating DNA-binding factor is required to bind to initially 

methylated genomic sites. I presented evidence that REST binding is methylation 

insensitive. DNase-I signal over REST motifs did not increase in complete 

absence of DNA methylation (Figure 3.8). REST thereby showed the expected 

binding behavior of a methylation insensitive factor. I note that, REST’s 

consensus motif does not contain strongly conserved CpG dinucleotides. In 

general, transcription factors recognizing DNA motifs devoid of high-content 

CpGs are more likely methylation-insensitive (Blattler and Farnham, 2013). 

Second, I have shown that REST’s DNA-binding domain is able to bind 

inaccessible chromatin. Even in the presence of non-positioned nucleosomes, all 

REST mutants were able to bind a high proportion of their target sites in Rest ko 

cells (Figure 3.9C, Figure 3.9D). It could be possible that REST’s DNA-binding 

domain recognizes partial motifs on the nucleosomal surface. In theory, REST 

could selectively employ a subset of its zinc finger domains to scan nucleosomes 

for degenerate motifs. Similar mechanisms have been reported for other 

pioneering factors (Soufi et al., 2015). The ability to bind target motifs in the 

context of nucleosomes is thereby a factor-specific ability.  

Third, REST’s DNA-binding domain is unique in its recognition of a long high-

content DNA motif (Chong et al., 1995; Mathelier et al., 2016; Schoenherr and 

Anderson, 1995). The REST motif length exceeds the mammalian average of 6 – 

10 bp by far (Mathelier et al., 2016; Stewart et al., 2012; Wunderlich and Mirny, 

2009). Sequence-specific DNA affinities are also a function of the number of 

recognized DNA nucleotides. The REST motif quality was highly predictive of 
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REST mutant binding behavior, where the highest scoring REST motifs were all 

occupied (Figure 3.11). This relationship is far more complex for most other DNA-

binding factors, where in vivo binding predictions based on motif scores are 

notoriously difficult (Arvey et al., 2012).  

Residence times of DNA-binding domains could also be impacted by motif 

quality. Although REST’s residence time has not been determined, CTCF 

possesses a long residence time with a similar motif architecture (Sherwood et 

al., 2014).  

It remains speculative, whether the ability to remodel chromatin and induce 

hypomethylation is a function of all those mentioned qualities inherent to REST’s 

DNA-binding domain. Further experimentation would be needed to study the 

potential impact of DNA affinity and residence time. In this regard, synthetic DNA-

binding factors could address this question. Varying lengths and affinities of 

TALE Repeat Variable Diresidues (RVDs) could probe the effect of different DNA 

affinities and residence times on methylation states (Cuculis et al., 2015; Miller et 

al., 2015).  

Within the scope of this project however, I maintained the same DNA-binding 

domain throughout all experiments. Instead, I evaluated the role of REST’s 

interaction domains in more detail. I contrasted three REST mutants for their 

ability to induce hypomethylation over REST motifs (Figure 3.9B). One mutant 

expressed REST’s DNA-binding domain (DBD), whereas the remaining two 

contained an additional repressor domain (NTE-DBD and DBD-CTE).  

These REST mutant experiments revealed that substantial, broad 

hypomethylation requires either REST’s N-or C-terminal interaction domains 

(Figure 3.12B). REST’s DNA-binding domain alone showed no significant 

hypomethylation, with the exception of two motif associated CpGs (Figure 

3.13C). In contrast, the two other REST mutants showed varying degrees of 

hypomethylation over binding sites (Figure 3.13A). The C-terminal REST mutant 

DBD-CTE showed very similar binding behavior as compared to full-length REST 

protein (Figure 3.9D). However, binding site associated hypomethylation and 

nucleosome positioning was less pronounced as in the N-terminal mutant. 

Further mechanistic delineation of this REST mutant would require extended 

methylation and chromatin accessibility data.  
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In contrast, the N-terminal mutant NTE-DBD resembled full-length REST protein 

in regards to many chromatin characteristics. Binding of N-terminal REST caused 

strong hypomethylation over the majority of binding sites, but binding was less 

strong compared to C-terminal REST (Figure 3.14A, Figure 3.9D). The only 

annotated protein interaction domains within the N-terminal protein are dedicated 

to the SIN3 paralogues, SIN3A and SIN3B. The SIN3 proteins themselves do not 

contain enzymatic activity but function as recruitment platforms for several 

chromatin-modifying enzymes (Pazin and Kadonaga, 1997). Most prominently, 

SIN3 mediates transcriptional repression by recruiting the histone deacetylases 

HDAC I and II (Silverstein and Ekwall, 2005). The SIN3A protein has been 

reported to show striking co-occurrence with the TET1 enzyme in mouse 

embryonic stem cells (Williams et al., 2011a). Biochemical assays revealed 

interactions between SIN3A and both TET1 and TET2 (McDonel et al., 2012). In 

a likely scenario, REST associated hypomethylation could be mediated through 

its SIN3A and TET interactions. I presented evidence for a partial demethylation 

by TET enzymes. In the absence of all TET paralogues, REST binding sites show 

pronounced hypermethylation in the immediate vicinity of REST motifs (Figure 

3.16). This localized hypermethylation is in accordance with the expected space 

of REST associated SIN3A binding. The TET1 CXXC domain could additionally 

confine TET1 binding to this linker region. Structural studies have indicated, that 

CXXC domains generally require access to the major and minor groove of DNA 

and would therefore be restricted to accessible linker DNA (Cierpicki et al., 2010; 

Long et al., 2013b; Zhou et al., 2012). I see an overall spatial alignment of 

expected SIN3A associated TET1/2 binding and TET dependent 

hypomethylation. I can however not exclude an indirect, SIN3 independent 

recruitment of TET.  

While TET recruitment has been shown for other DNA-binding factors before, I 

note that the adaptor protein SIN3A could allocate demethylating activity to many 

of its interacting DNA-binding factors (Guilhamon et al., 2013; Rampal et al., 

2014; Wang et al., 2015). Further experimentation is needed to unambiguously 

prove these REST/SIN3A/TET dependencies. First, it would be necessary to 

show that hypermethylation in TET1/2/3 deficient stem cells is dependent on 

TET’s catalytic activity. Secondly, the question remains whether the NTE-DBD 

hypomethylation effects are dependent on SIN3A and SIN3B. Methylation 
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profiling of the described NTE-DBD SIN3 interaction mutant should be informative 

(Figure 3.15C). In extension, methylome analysis of SIN3A/B loss of function 

stem cells would allow global statements on the SIN3 and methylation 

relationship, but could prove difficult in light of reported cellular lethality upon 

SIN3A and SIN3B loss of function (McDonel et al., 2012).   

Aside from its methylation phenotypes, N-terminal REST (NTE-DBD) possessed 

strong nucleosome positioning abilities. Nucleosomes around REST motifs were 

phased similarly as in wild type cells (Figure 3.18A). The two other mutants, DBD 

and DBD-CTE, did not show strong nucleosomal phasing. In light of the strong 

binding behavior of DBD-CTE, this observation would suggest that protein 

binding is not sufficient for effective nucleosome positioning. It is therefore 

possible that NTE-DBD mediates nucleosome positioning through an unknown 

chromatin remodeling enzyme. Overall, I find the co-occurrence of nucleosome 

positioning and CpG hypomethylation a striking observation. The antiphasing of 

methylation and MNase-seq signal in wild type cells further hints towards a 

connection between both chromatin states. I acknowledge, that nucleosome 

reorganization could be a possible mechanism to spread transcription factor 

associated hypomethylation over larger regions than the mere motif. Indeed, the 

average size of REST-LMRs in the mouse methylome extends well beyond the 

direct REST binding interface (Stadler et al., 2011).    

I have presented evidence that binding site-associated hypomethylation is not a 

mere function of protein binding. In fact, broadly reduced methylation of binding 

sites was only observed upon expression of proteins containing interaction 

domains. The latter likely reflects the role of active cofactors in methylation 

regulation. Quantitative models predicting methylation states of REST binding 

sites in fact improve after incorporation of REST’s interactor binding signal 

(Figure 3.21).  

In summary, I have thereby described demethylating DNA-binding factors to have 

defined characteristics. REST possesses a methylation-insensitive DNA-binding 

domain that recognizes a large, high content motif and binds within regions of not 

positioned nucleosomes. The presence of interaction domains was crucial to 

induce a broad demethylation. This likely reflects the necessity of active cofactor 

recruitment. However, I observed strong hypomethylation effects only in relation 

with induced nucleosome phasing. I have therefore described a DNA-binding 
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factor that is mostly ignorant to the chromatin environment of its binding sites. 

Upon binding, the factor induces substantial chromatin restructuring of its binding 

sites. Many of these described characteristics are commonly attributed to 

pioneering transcription factors. It is likely, that the repertoire of mammalian DNA-

binding factors can be separated based on their demethylating activities, one 

class that demethylates and the other being methylation-sensitive. These two 

classes likely reflect different hierarchical positions within the transcription factor 

repertoire.    
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4.3 Molecular Dissection of Methylation within 
REST Binding Sites  

Following above stated observations, I will now dissect methylation states within 

binding sites into three distinct subregions. Based on relative location to the 

REST motif I distinguish between the following: the REST motif, direct vicinity of 

the REST motif (~50 bp ± relative to motif end/start) and the remaining 

hypomethylated region (Figure 4.1). I will present unique characteristics inherent 

to either class.  

First, REST motif associated methylation is minimal in wild type embryonic stem 

cells (Figure 3.7B). Similarly, an artificial DNA sequence gets strongly 

demethylated directly over the inserted motif (Figure 3.6B). Likewise, all REST 

mutants that induced local hypomethylation showed strongest demethylation over 

REST motifs (Figure 3.12B, Figure 3.13). The DNA-binding domain alone 

induced reproducible demethylation over two cytosines within REST motifs. 

Deficiency of all three TET enzymes does not impact the unmethylated state of 

REST motifs in REST wild type cells (Figure 3.16). The motif proximal region is 

distinct from regular linker DNA, where methylation is usually higher than 

nucleosomal one. Together this collected evidence hints towards a possible 

inhibition of DNMT1 and/or DNMT3A/B during or after replication. This inhibition 

could be due to interference with methyltransferase binding. Residence times, 

DNA affinities and binding dynamics directly after the replication fork would be 

potential properties likely to affect the extent of this inhibition (Chapter 4.2). 

Possible DNMT1 inhibition would implicate the necessity of the respective protein 

to bind faster than UHRF1 and DNMT1 mediated remethylation. Studies in 

Drosophila indicate that not many proteins possess this characteristic 

(Ramachandran and Henikoff, 2016). At this point, I cannot comment on the 

specific kinetics of REST binding after replication. On the other hand, strong 

inhibition of both de novo methyltransferases could on its own elicit the full extent 

of observed hypomethylation. A more comprehensive description of the motif 

demethylation kinetics would allow to distinguish a DNMT3A/B inhibition alone 

from the alternative scenarios.  

Second, I find the immediate vicinity of the REST motif to be functionally distinct. 

This region is  nucleosome depleted in Rest wild type, Rest-/-REST and Rest-/-
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NTE-DBD cells. In contrast to the motif, its vicinity shows a strong dependency 

on TET enzymes. In the absence of all three TET enzymes, a window of 

approximately 50 bp upstream and downstream of the motif borders becomes 

strongly hypermethylated (Figure 3.16). It remains to be seen whether this 

localized hypermethylation is dependent on TET’s catalytic activity. I can however 

reconcile the localized TET-dependent methylation effect with the expected 

binding of its interacting partner SIN3A (McDonel et al., 2012; Williams et al., 

2011a). It is surprising to see that this relatively small region shows such a 

unique TET response. It is possible that TET activity ensures methylation-

sensitive cofactor or effector binding. Alternatively, REST’s cofactors could 

specifically bind oxidized forms of 5mC that are catalyzed by TETs. A recent 

study showed at least RCOR2‘s preferential binding to 5caC (Spruijt et al., 2013).  

Third, I characterized the hypomethylated region that starts around the first 

upstream and downstream positioned nucleosomes. As mentioned earlier, linker 

DNA within this region shows higher methylation levels than nucleosomal. I would 

suggest that this local methylation difference could be a consequence of de novo 

methyltransferase targeting. In detail, DNMT1 mediated maintenance is known to 

be imperfect, while DNMT3A and DNMT3B ensure sufficient remethylation 

(Jackson et al., 2004). Structural studies indicated that DNMT3A anchors to 

nucleosomes by its ADD domain interaction with the unmethylated histone H3 tail 

(Guo et al., 2015). In the presence of stochastically bound nucleosomes, 

eventually most unmethylated CpGs should undergo remethylation by DNMT3A 

and DNMT3B. However in the case of well-positioned nucleosomes, cytosines 

associated with nucleosomes would be less subjected to DNMT3A and DNMT3B 

remethylation. Consequently, regions with strongly positioned nucleosomes 

would undergo a slow decrease in methylation over time. Indeed, I detected 

many cytosines with slow demethylation in my kinetic experiments (Figure 3.19B, 

Figure 3.20A, cluster II). However, others showed kinetics that would require 

more than DNMT3A/B inhibition alone. Additional inhibition of DNMT1 

maintenance activity would  explain why linker DNA levels are still lower than the 

genomic average methylation. While these statements are compatible with a 

recent publication on DNTM3 targeting in mouse embryonic stem cells, the effect 

of nucleosome positioning on DNA methylation is not known (Baubec et al., 

2015). Given the current data, I suggest that nucleosome positioning is sufficient 
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to induce hypomethylation over a broad region. It would be interesting to test 

DNA-binding domain/chromatin remodeler fusions for their ability to reduce 

methylation.  

The presented kinetic data is largely coherent with the drawn conclusions. On 

average, cytosines within stronger REST binding sites showed faster 

demethylation than cytosines within weaker sites at larger distances from the 

motif. The majority of cytosines show demethylation kinetics in line with 

replication-coupled demethylation. Based on kinetics, a small number of 

cytosines could potentially undergo fast active demethylation. We plan to 

corroborate these ambiguities by larger kinetic methylation data sets. Further 

experiments should shed light on an active demethylation contribution within 

REST binding sites. Re-expression of REST in postmitotic REST deficient cells 

could be similarly informative as re-expression of REST mutants into Tet TKO 

cells.  

Overall, I have presented evidence that DNA hypomethylation within REST 

binding sites can be further dissected into distinct local phenomena (Figure 4.1). 

The steady state methylation levels of REST binding sites seem to be the effect 

of multiple chromatin changes. It will be interesting to see, whether all 

demethylating transcription factors always employ all these mechanisms at the 

same time. Hence, further descriptions of DNA-binding factor induced 

hypomethylation would be insightful.    
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4.4 Functional Implications of REST Associated 
Hypomethylation 

While dissecting mechanistic aspects of REST mediated methylation changes, I 

have not yet addressed any functional implications. Up to this point it remains a 

prominent unknown, what the biological effects of hypomethylation within distal 

regions might be. I will briefly sketch the possible scenarios that could entail a 

functional role of distal hypomethylation, or a lack thereof. 

First, one could argue that hypomethylation within distal regions of the genome 

merely reflects ongoing DNA-binding events. To that effect, DNA methylation 

would be a purely concomitant chromatin modification that is non separable from 

other, functional chromatin alterations. For instance, transcriptionally instructive 

nucleosome repositioning could in principle always implicate downstream 

hypomethylation. Effectively, I am currently missing any argument that strictly 

defies this concept. I want to stress however that we do observe dependencies 

on TET enzymes, proteins whose described function is to oxidize 5mC. One 

could question the use of actively catalyzed 5mC oxidation, if DNA methylation 

were a neutral chromatin modification in the first place.  

The other opposing consideration ascribes function to the hypomethylated state 

of distal regions. This scenario would be more likely if REST on its own was not 

sufficient to mediate downstream transcriptional effects. The necessity for 

methylation-sensitive effector binding would even require a methylation-

insensitive DNA-binding factor to establish a hypomethylated binding landscape. 

I have not systematically investigated this possibility, but I refer back to 

methylation-sensitive NRF1 binding around REST binding sites (Chapter 1.5.6, 

Figure 1.6). Though in order to claim function for the hypomethylated state of 

REST binding sites, methylation-sensitive factors implicated in REST’s 

transcriptional activity would need to be identified. Furthermore, the necessity for 

distal hypomethylation would impose different temporal requirements amongst 

different transcription factor networks. Systems with fast transcriptional input 

responses (e.g. DNA damage and the immune system) would require much 

faster demethylation than observed for the developmental factor REST. It is 

therefore likely that the characteristics of DNA demethylation could vary based on 

the specific transcription factor at hand and the kinetics of its output.  
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4.5 Transcriptional Effects of REST in Mouse 
Embryonic Stem Cells 

Aside from methylation, we have  characterized gene expression as a functional 

consequence of REST deficiency. In general, RNA-seq analysis revealed very 

similar global gene expression in the presence or absence of REST in mouse 

embryonic stem cells (Figure 3.4A). We do not observe any differences in 

expression signatures associated with pluripotency (Figure 3.4C). Together with 

the normal stem cell morphology, we therefore find no evidence for reduced 

pluripotency of REST deficient mouse embryonic stem cells. We cannot 

substantiate an earlier report in this direction (Singh et al., 2008). 

The transcriptional changes in Rest ko cells are largely occurring at genes with 

nearby REST binding (Figure 3.4A). The transcriptional response at those 

putative REST target genes is unidirectional and positive. Transcriptional 

changes are mostly occurring within genes of lower expression in wild type cells. 

These observations are in agreement with expected primary transcriptional 

effects of a repressor like REST (Chong et al., 1995; Schoenherr and Anderson, 

1995). On the other hand, this analysis  illustrates that the mere absence of a 

neurogenic repressor is not sufficient to drive pluripotent cells towards the 

neuronal lineage. Similarly, transcriptional effects are mostly specific to REST 

target genes, but overall not dramatic.  

Due to the difficulties of enhancer-promoter assignments, I have so far mostly 

described effects of proximal REST binding. A comprehensive delineation of 

transcriptional impacts of distal REST binding is still lacking. Improvements in 

enhancer-promoter interaction maps would be a prerequisite for this analysis. 

Ultimately, the functional role of distal hypomethylation in transcriptional 

regulation remains to be addressed. Moreover, it would be interesting to 

investigate the potential redundancy in REST’s N- and C-terminal repressor 

recruitment. Transcriptional analysis of REST re-expression mutants could 

potentially even help to reveal functions of distal hypomethylation. 
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Figure 4.1 | Proposed transcription factor mediated effects on DNA methylation 
Certain transcription factors like REST have the ability to bind methylated, non-accessible 
target sites. Upon binding, cofactors are recruited, nucleosomes become positioned and 
binding sites undergo demethylation. The hypomethylated region adjacent to the REST 
motif proved to be TET dependent. This large chromatin remodeling of the binding site 
could enable downstream effector binding.   
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  Chapter 5

Material and Methods 

 
Experiments and analyses have been conducted by Juliane Schmidt, unless 

otherwise stated. Significant individual contributions by others are stated in 

italics.   

 
5.1 Published Data Sets Used in Analyses 

Sample name 
GEO 
Accession  Experiment 

Cell 
type Publication 

ES_159_rep1 GSM778487 RNA-seq (total) mESC Stadler et al., 2011 
ES_159_rep2 GSM778488 RNA-seq (total) mESC Stadler et al., 2011 
NP_159_rep1 GSM778489 RNA-seq (total) mNP Stadler et al., 2011 
NP_159_rep2 GSM778490 RNA-seq (total) mNP Stadler et al., 2011 
TN_159_rep1 GSM778491 RNA-seq (total) mTN Stadler et al., 2011 
TN_159_rep2 GSM778492 RNA-seq (total) mTN Stadler et al., 2011 
159_WG Bis-seq GSM748786 Bis-seq (WG) mESC Stadler et al., 2011 
159_WG Bis-seq GSM748787 Bis-seq (WG) mESC Stadler et al., 2011 
Tetwt_Bis-seq GSM1372647 Bis-seq (WG) mESC Lu et al., 2014 
TetTKO_Bis-seq GSM1372649 Bis-seq (WG) mESC Lu et al., 2014 
Mnase GSM1004653 Mnase-seq mESC Teif et al., 2012 
Dnmtwt_DNase-I_rep1 GSM1657364 DNase-I mESC Domcke et al., 2015 
Dnmtwt_DNase-I_rep2 GSM1657365 DNase-I mESC Domcke et al., 2015 
DnmtTKO_DNase-
I_rep1 GSM1657366 DNase-I mESC Domcke et al., 2015 
DnmtTKO_DNase-
I_rep2 GSM1657367 DNase-I mESC Domcke et al., 2015 
hMeDIP_rep1 GSM978374 hMedDIP-seq mESC Domcke et al., 2015 
Input Chip_rep1 GSM671103 ChIP-seq mESC Arnold et al., 2013 
Input Chip_rep2 GSM747545 ChIP-seq mESC Stadler et al., 2011 
Input Chip_rep3 GSM747546 ChIP-seq mESC Stadler et al., 2011 
REST_rep1 GSM671093 ChIP-seq mESC Arnold et al., 2013 
REST_rep2 GSM671094 ChIP-seq mESC Arnold et al., 2013 
REST_rep3 GSM671095 ChIP-seq mESC Arnold et al., 2013 
GFP * ChIP-seq mESC Yu et al., 2011 
SIN3A GSM698700* ChIP-seq mESC Yu et al., 2011 
SIN3B GSM698701* ChIP-seq mESC Yu et al., 2011 
RCOR1 GSM698697* ChIP-seq mESC Yu et al., 2011 
RCOR2 GSM698698* ChIP-seq mESC Yu et al., 2011 
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RCOR3 GSM698699* ChIP-seq mESC Yu et al., 2011 
SIN3A (abcam) GSM611196 ChIP-seq mESC Williams et al., 2011 
SIN3A (sc) GSM611197 ChIP-seq mESC Williams et al., 2011 
RCOR1 GSM845235 ChIP-seq mESC Whyte et al., 2012 
TET1 GSM659799 ChIP-seq mESC Wu et al., 2011 
TET2 GSM1023124 ChIP-seq mESC Chen et al., 2013 

 

Sample name 
GEO 
Accession  Experiment 

Cell 
type Publication 

HDAC1 GSM687277 ChIP-seq mESC Whyte et al., 2012 
HDAC2 GSM687279 ChIP-seq mESC Whyte et al., 2012 
BRG1 GSM896923 ChIP-seq mESC 

 H3K4me1_rep1 GSM747542 ChIP-seq mESC Stadler et al., 2011 
H3K4me1_rep2 GSM594577 ChIP-seq mESC Creyghton et al., 2010 
H3K4me2 GSM686995 ChIP-seq mESC Lienert et al., 2011b 
H3K4me3 GSM594581 ChIP-seq mESC Creyghton et al., 2010 
H3K27ac GSM594578 ChIP-seq mESC Creyghton et al., 2010 
H3K27me3_rep1 GSM686992 ChIP-seq mESC Lienert et al., 2011b 
H3K27me3_rep2 GSM686993 ChIP-seq mESC Lienert et al., 2011b 
H3K27me3_rep3 GSM686994 ChIP-seq mESC Lienert et al., 2011b 

 

Table 5.1 | Overview of published data sets used throughout the project. * Raw 
data files were not deposited on Geo, but were accessed on: 
http://genome.crg.eu/~rjohnson/cofactor.chipseq/summary.txt, 
http://genome.crg.eu/~rjohnson/cofactor.chipseq/raw_chipseq_data.tar.gz 

 
5.2 Cell Culture 

I used 159 ESCs (background 129S6/SvEvTac) for benchmarking of Amplicon 

Bisulfite sequencing. All other experiments were performed with previously 

described Rest wt and Rest ko cells (Arnold et al., 2013; Jørgensen et al., 2009a) 

or REST mutant expressing clones. I cultured mESCs as previously described 

(Bibel et al., 2007; Mohn et al., 2008). In brief, cells were cultured in Dulbecco’s 

Modified Eagle Medium (Invitrogen), supplemented with 15 % Fetal Calf Serum 

(Invitrogen), L-Glutamine (Gibco) and Non-essential amino acids (Gibco), beta-

mercaptoethanol (Sigma) and homemade leukemia inhibitory factor (LIF). Cells 

were trypsinized with 0.05% Trypsin-EDTA (Gibco), neutralized with cell culture 

medium and pelleted prior to plating. Cell culture plates were coated with 0.2 % 

gelatin beforehand. Cells were passaged every second day and ESC medium 

was exchanged every day.  
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5.3 Generation of REST Re-expression Cell Lines 

Murine REST cDNA was cloned into the pCDNA6-CAG-V5-MCS-IRES-

BlasticidinR (promoter: CAG, N-terminal tag: V5, resistance: Blasticidin) plasmid 

for stable expression in Rest ko cells. Full-length REST contained the entire 

REST protein (1 – 1082 aa), NTE-DBD positions 1 – 407 aa of REST, DBD 

positions 154 – 407 aa of REST and DBD-CTE positions 154 – 1082 aa of REST. 

All proteins therefore expressed a common N-terminal V5 epitope tag. For control 

cells, Rest ko cells were transfected with the empty expression plasmid. All 

expression plasmids were randomly inserted into the mouse genome. In brief, 50 

μg of the respective pCDNA6 plasmid were linearized with FspI (New England 

BioLabs), precipitated with ethanol and resuspended in TE buffer. Four million 

cells were electroporated with the plasmid using the Mouse ES Cell Nucleofector 

Kit (Amaxa). Selection of cells was started two days after transfection with 5ug/ml 

Blasticidin (Invivogen) and continued for 10-14 days. Individual clones were 

expanded and tested for expression by Western Blotting probing with a V5 

antibody (R960-25, Thermo Fisher Scientific). Three clones of each re-expressed 

REST construct were chosen based on their highest protein expression in 

Western Blotting. Further experiments were carried out on three clones per 

construct (Amplicon Bis-seq) or one clone (ChIP-seq, NOMe-seq) per construct. 

Amplicon Bis-seq utilized cell lines: Rest wt (three biological replicates); Rest-/-

MCS c7, c8, c9; Rest-/-REST c4, c1, c5; Rest-/- DBD c4, c7, c8; Rest-/- NTE-

DBD 7c9, 7c5, 7c8 and Rest-/- DBD-CTE 5c11, 5c1, 5c9 cells (c denominates 

“clone” number; for simplicity reasons clone numbers are converted in main text 

to c1, c2, c3). ChIP-seq and NOMe-seq was performed for Rest wt, Rest-/-MCS 

c7, Rest-/-REST c4, Rest-/- DBD c4, Rest-/- NTE-DBD 7c9, Rest-/- DBD-CTE 

5c11 cells (for simplicity reasons clone numbers are omitted in main text).  

 

5.4 Amplicon Bisulfite Sequencing 

The experimental amplicon Bisulfite sequencing approach was developed by 

Arnaud Krebs and Juliane Schmidt. The initial bisulfite (Table 5.2) primers were 

designed by Arnaud Krebs using customized Pearl and R scripts.    
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Bisulfite primers were designed for amplicon sizes between 200 – 400 bp and 

primer melting temperatures between 55 °C and 58 °C (Table 5.2). Desalted 

oligonucleotides were ordered (Microsynth). Genomic DNA was isolated from 

cells with the QIAamp DNA Mini Kit (Qiagen). Extracted DNA was treated with 

20ug/ml RNase A and incubated for 30 min at 37 °C. DNA concentration was 

measured on the Nanodrop ND-1000 (ND-1000 Spectrophotometer, Witec AG). 

Bisulfite conversion was performed with the EpiTect Bisulfite Kit (Quiagen) 

according to the manufacturer’s protocol. In brief, 2ug of genomic DNA, 3.2 pg 

unmethylated lambda DNA and 3.2 pg pre-methylated T7 DNA were set up for 

conversion. Three conversions were pooled per sample for subsequent PCR. 

Bisulfite PCR was performed with 0.05U/ul AmpliTaq Gold polymerase (Thermo 

Fisher Scientific), 0.4 uM forward and reverse primers (Microsynth), 1 X PCR 

buffer, 5% DMSO, 1.5mM MgCl2 and 0.15 mM dNTPs (Thermo Fisher Scientific). 

PCR was performed on a 96-well format (Bio-Rad) with one primer pair per well 

according to described settings (Table 5.3).  PCR products were pooled per 

sample at equal volume and purified with Agencourt AMPure XP beads 

(Beckman Coulter) and concentration measured with Qubit dsDNA HS Assay Kit 

(Thermo Fisher Scientific).  

Next-generation sequencing libraries were prepared from 20 ng pooled bisulfite 

PCR product using the Next ChIP-seq Library Prep Master Mix Set for Illumina 

(New England BioLabs). Up to twelve samples were multiplexed in one MiSeq 

sequencing run using NEBNext Multiplex Oligos for Illumina (New England 

BioLabs). According to the manufacturer’s protocol, samples were end-repaired, 

dA-tailed and adaptor ligated. Ligated fragments were size selected with 

Agencourt AMPure XP beads (Beckman Coulter) and amplified for twelve PCR 

cycles using the NEBNext High-Fidelity 2X PCR Master Mix (New England 

BioLabs). Quality control of the amplified libraries was performed with the Agilent 

High Sensitivity DNA kit (Agilent technologies) on the Bioanalyzer 2100 (Agilent 

technologies). Libraries were quantified using the Qubit dsDNA HS Assay Kit 

(Thermo Fisher Scientific) and pooled at equimolar ratio. High-throughput 

sequencing was done on the Illumina MiSeq platform. I performed 150 bp paired-

end sequencing, using the MiSeq v2 reagent kit 300bp PE (Illumina). Libraries 

were spiked in with 10% PhiX Sequencing Control V3 (Illumina) and a 13pM 

library was sequenced.    
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Region Forward Sequence Reverse Sequence 
lambda TGTGTTGGTTGGAAGAGGTT ACTATCACTCTTCTCCTCCTCT 
lambda TGTTGTTGGTTGATTTTGATGAG TCCTCTTTCAACTCTACCACA 
lambda TTGGATGTATTGGAGAAGTATGAT CCACCATACTAATAATCAAATCTAACA 
T7 AGTGAGGGTATTGATTTTGAGT ACCTTAAATCTATCACTCAACAAATTC 
T7 GGGATGGTGAGTTTGTTGAA CCTAATACATCTACAACTACCTCAT 
T7 TGATTAGTTGAAGGATTGGAAGT TCCCCATCAAACATAAAACCA 
FMR AGTTGTTAGGATTTGAATTTTGGT CCTCTACTCCTTCTTTCCTAATACA 
FMR AGGATGGATGTGTTATGTTTTAGT AAATCTACCTTTCCTTCCAACA 
FMR TTTTATTGATTGTTATGTGGTGTTTT ACAACTCCTCTTCTCCAACA 
FMR AGATGTTTGTTTAGTTTTGGGTT CCAAAACCCTAACAATCCCC 
FMR GGGAGGTAGGGGTAGTAAGA ACACACACACACACACAATA 
FMR AGAGATTGGTGGGTTGGATT ACCACCACAAAACAAATACCT 
FMR GGGAAGTTGAGGTAGGTAGG CAACCAACCAACCAAAACCT 
FMR GGGTTTTGTAGGGTGTGAGA CCACTACCACATCACAATTCC 
FMR AGTGGAGTGGTGTAGAGGAT ACCTTAAACCTCTCTCAAAACA 
UMR GGTTTTGATGGTTGAGGTGT TTCCCAATCCCCATTTCTCC 
UMR AGGATTGTTTGGGATGGAAAA CAAACTCAACCCAACCAACC 
UMR AGTTAAAGAATGAAATTGAAGTTTGAA TCCTCTTCATTTTCCCCATCT 
UMR AGGGATTAGTAGGAAAGGAGTT CACCTTCCACCCCTCTATTA 
UMR AGGTATGAGAGTTAGAAATTAAGAGG AACAACTATACCCACAAATCTCT 
UMR GTTTTGGTATTTAAGAAAGGTTAGGG AATTCCCCAACCATTCACCT 
UMR GGGATTGTTGGGAGGGATAG CCAAAACAACCAAAACTACACA 
UMR AGGAGTTAATGAGGGAGAATAAGA AAACCCCTCCTCCAAAACTC 
UMR AGTTTTGGTTAATGAAGTAGGAGA CCCTCATTCCTAACCCCAAT 
UMR TGGAGGGGAAAAGGGAAAAT ACACAACAACTACATCAACTAAACT 
UMR AAGGTTTTGAGGTAATTGAGTGA TCCCATCTATCTCCTCCACC 
MUMR GTTGTTAGGGTTAGGTTTTGATT TCCTATTACTCCCAACAATACCA 
MUMR TGGGGTAGAAAAGTTGTTTAGT ACCACCAAACATAACACACA 
MUMR TGTGGGAAAGGTAGTAATAAAATAGA AACCAACAAACTATCTCATACCA 
DMR GATTTGGTGGTTGGGAGTTG AAACTAAACAAACCACCTCAAAA 
DMR GGTTTTAGAAAGTTGTTTTATTTTGGG TTCACATCAAAACAACACCTCA 
DMR AGATGGTGATAGGGGAGAAAA TCACCCAAATTCAATACCTCAA 
ES GGTGGAGGTGGTTTAAAGGT TACCCAAAACCACCCTAACC 
ES TTTAAGATAAGTTGTTGTTGGGTT TCCTAACCAAAATCCTAAATACCT 
ES TGGGATTTGAGATTGTATTAGTTAGG CAAAACAAATCCCTATCCTCTAAC 
ES GGGGTTGGGTAATAGATGGT ACAATCACACATCAAACCCT 
ES TTGTTATTAAGTTGGAGTGGGT CCATCCACTTATCTCCCACA 
ES GGTAGAGTGTTTTAGTTAAATTAAGGG AACTACCATCCATCCACTCC 
ES AGTGTTTAGGTGTATATTAGGAGGT ACAAAACCCTACCTACTCCT 
ES AGGGAGATGATAGATTAGGTGAT ACCTTCCACTATCCCTACTCA 
ES ATTATGTGAGTTAAGATGGGTGT ACATAAACTTACTTAACCTTATACCCA 
NP GGGAGGTAGAGTTGGATTAGTAAA ACTCCCTATTACCAACTACAATTT 
NP TGAGTGGTTTTGTTTGTGAGG ACTCCCAAACTTTCTTCTATCAC 
NP TGTTGGAAGTTGATATATTGTAGTTGA ACCTCAAACTCAACTCACACT 
NP TGGTTTTAGTTTAAGAAAAGGAAAGT TTCACTTCATTTACTCCTCTCTT 
NP TTGGAGGGAGTAGGGGAG ACCCAATCAACAATATTACATATCCA 
NP GGTTGAGTTTAAATAGAGGTTAGGG ACTTCTATTTCCACTAAACCTACA 
NP AGAGTAAGGTTTTGAGGTGAGT CCCAACCTCTTAACTTCCCA 
NP TGATGGGAGAGAAAGAGTGAG ACTCTCCAATTCATTTAATAAAACTCT 
NP AGGTTATTTTAGAGGTTTGTTAGGT ACATCACAAACCCTTTTCAAAA 
NP TGTGAGAAGGTAAGAGGTGTG CCTATCAAACTAACCAACTACCT 
NP AGGTAGTTGGTTAGTTTGATAGG ACAAAACAAAACAATACCAACCA 
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Table 5.2 | Primer sequences for amplicon bisulfite sequencing. Table lists primers 
that were used for all amplicon bisulfite sequencing experiments. Methylation region 
types are named are as follows: REST: REST-LMRs (LMRs with REST binding), CTCF: 
CTCF-LMRS (LMRs with CTCF binding), lambda: lambda control, T7: T7 control, FMR: 
fully methylated region, UMR: unmethylated region, MUMR: methylated UMR, DMR: 
differentially methylated region, NP: neuronal progenitor-specific LMR, ES: embryonic 
stem cell-specific LMR 

NP TGGTTGAGTAATGAGATAGGTTT ACCCCATAATTATCTCAAATCTCA 
CTCF TGTTTTGGTATGAAAGTTTTGGT CCTCAACCTAACCTAAACCCA 
CTCF AGTTTTGTTTTGTATTTGGTTGTTAA ACTCAATCATTTCCATTCCAAAA 
CTCF TGGGGAGGGATGTGGTATAA ACTTCACTTCCACCTAAAACTT 
CTCF TGGGAGAGGAAGTGTGTTTT ATCAACAACCACCTCCAAAA 
CTCF AAGGTAAGTTTGATTTAGAGAATTGA ACCACTATCCAAACCCAAACT 
CTCF AATAGTAGAGGTGGATTTGATTATAGA CAAACCACACTAAACCTCACA 
CTCF GGTTATGTTATTGTAGTGAGTGGT ACTCTCAACAACCAATACTCCA 
CTCF GGTTATGTTATTGTAGTGAGTGGT ACTCTCAACAACCAATACTCCA 
REST TGTAGTTTGGAATTAGAAGTGTTATT CTCTAAATCTAAACTCTCTATTCAACA 
REST AGAGAGTTGAGATTAGAGGGGA ACTCAACTCCACAACCAAAC 
REST TGTTAGGAGTGTAATAGTTAAGTGG ACCAAAATTCAAACCCCAACA 
REST GGGGTAGTAAGATAAATAGTAGGGA TCTAACTACATAACCTCAAACCAA 
REST AGTGTTGGTAGTAGGTATTGGT ACCTCTAATAACAAAATTACTCAACA 
REST TTTAGGATTAGGGATAGTAGTAAAGTT ACCTTCCAACTCCCAAACAT 
REST GAATTGTAGGGAAAAGGTGAGT ACACCTCAAATTTCAACACCA 
REST AAGTTTGTTAAAATGAGATTAGGATTG ACCTATTATAAACTCCAACCTACAA 
REST AGGATGGTGTTGAAAATTGTTATT CCCTACTTATAATACTCCTTAAACAAA 
REST TTGGGGAAGGTTTGTTGGTT CTCTCTCAACCTTACTTCCAAAA 
REST GTGGAGATAATTGTTTTAGTGTTTGA ACCACAACTAACATTCCCCA 
REST TTGGGGAAGGTTTGTTGGTT CTCTCTCAACCTTACTTCCAAAA 
REST TGTTGTATTTTGGTTTAGTGGTTTG ACACCTAAACTTTCAATCAACCA 
REST TGGTTAGGGGTAAGGTTGTG AACCACAAACCCAACAATCC 
REST AGAATTGTAGGGAAAATGTGAGT CCACACCTCAAATTCCAACA 
REST GTGGAGATAATTGTTTTAGTGTTTGA ACCACAACTAACATTCCCCA 
REST GGAATGGTTTTGGTTGAGGT CCAATACCTACCAAACAACCA 
REST TGTGTGAGGTTTGGTATGTAGT AATAACACCACACATCAACCT 
REST TGAGATAAGGTTAGTATTATGGATAGT ACTAATTTCTTAACTACATCACCAACT 
REST TGTATTTTGGGGATTTTAGGTAGG TCCTCATAACAACCCAAAACT 
REST GGGATGGTGGTTGTTTGTTA ATCTACCCAAACCTCCTCCT 
REST TGGATAGTAGGATTTGGGTTTGT ACAACCTAACAAACATCAATTCCA 
REST TTGTTTAGGGAGGGGATTGG CCCCAACCCTATAAACAAACA 
REST GATAGTGTGGGGAGTGGATT AACCATACCTCCAAACTTTACA 
REST AGGTTTATGGGTTGGAAGTTT AACACCACAACATCTCAACC 
REST TGTAGTGATTTTAGGATTTTGAGTGT TCAATAAACTCTCCTACAAAATAAACT 
REST TGTGTGAGGTGTAATGTGTG ACTACACAAACAAAACCCAACA 
REST AATGGGAAAGTAAGGTGAAGG TCACTTCAACAAACTTTCCCC 
REST AGGGTAGAATGATTGTTTTAGTGT TCTAAACTCTTAATACCTACCCAAAC 
REST AGGAGTATTTGGTTTGGAGTGA ACTTTCATACACTTCCCACATTT 
REST TTTTAAGGTTGGAAGAGTGAAAGT ACTTCAATCCAACCATCCTCC 
REST GTTGATAGTGGATGTAGTTAAAGGT ACCCAAACAAATAAATCAAACCT 
REST AGATAAATTAGGGAGTGAAGGGA AAAACTCTAACCACCACACCT 
REST TGTTTTATGGAATATTTGGGTTATGT CAACCAACCATCCAACTAACA 
REST GTTTGGTTGGGGTAAAGTTAGT AACCAAAATCATATCACAAATCCA 
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PCR cycle T [°C] t [min:s] Cycle number  
1 95 09:00 1 
2 95 00:30 

20   55 to 51* 00:30 
  72 00:30 
3 95 00:30 

36   51 00:30 
  72 00:30 
4 72 07:00 1 
5 4 hold 1 

 

Table 5.3 | Bisulfite PCR settings. *reduce Tannealing by 0.2°C every cycle 

 

5.5 Amplicon Bisulfite Sequencing Analysis 

Analysis was performed by Juliane Schmidt. Arnaud Krebs set up the initial 

computational pipeline for Amplicon Bisulfite sequencing analysis. The 

subsequent AmpliconBiSeq package was mainly developed by Altuna Akalin.    

Analysis of amplicon bisulfite sequencing experiments was performed with R 

version 3.3.0 (R Core Team (2016). R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. 

https://www.R-project.org/.), using the Bioconductor package QuasR_1.12.0 

(Gaidatzis et al., 2015; Langmead et al., 2009) and AmpliconBiSeq_0.1.17 

(Akalin, A., AmpliconBiSeq, GitHub repository, https://github.com/BIMSBbioinfo/ 

AmpliconBiSeq).  

In brief, FASTQ files were aligned within QuasR using Rbowtie v1.12.0 

(parameters: -m 1 --best --strata) (Langmead et al., 2009). The July 2007 Mus 

musculus genome assembly (NCBI37/mm9) provided by the National Center for 

Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/genome/ 

guide/mouse/) and the Mouse Genome Sequencing Consortium 

(http://www.sanger.ac.uk/Projects/M_musculus/) was used for all future analyses. 

Raw alignment statistics and quality control were performed within QuasR. 

Conversion calculation of unmethylated lambda and pre-methylated T7 external 

spike-in DNA was performed within AmpliconBiSeq. Further data processing was 
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performed within AmpliconBiSeq, where individual reads were filtered for at least 

80% conversion efficiencies (derived from non-CpG methylation percentage per 

read). Methylation was calculated from reads passing filter and with a minimum 

coverage of 50 reads per CpG. Methylation averages were calculated for single 

CpGs or over the covered amplicon windows. Jaccard similarities and meta-

methylation profiles were called within AmpliconBiSeq with expected variance 

settings of 90 %. Further data visualization was performed within R version 3.3.0. 

The methylation heatmap (Figure 3.12) was created with the R package NMF 

(Gaujoux and Seoighe, 2010). 

  

5.6 RNA-seq Analysis 

Cell sample preparation was done by Juliane Schmidt. The sequencing was done 

by the lab of Michael Stadler and the data was analyzed by Michael Stadler.  

Total RNA-seq was performed for four biological replicates of Rest wt and Rest 

ko cells (Arnold et al., 2013; Jørgensen et al., 2009a). Data alignment and 

analysis was done within QuasR (Gaidatzis et al., 2015; Langmead et al., 2009). 

RNA-seq signal was quantified as reads per kilobase of exon per million mapped 

reads (rpkm) and a pseudocount of 1 was added. REST targets were defined as 

genes, where at least one REST ChIP-seq peak is localized within a window of 

10 kb of the corresponding TSS.    

 

5.7 REST Motif Insertions 

The experiment was designed by Arnaud Krebs with collaboration with Juliane 

Schmidt. Both performed the experiments. Arnaud Krebs performed the 

methylation analysis. 

REST’s position weight matrix (PWM) was downloaded from JASPAR 2010 

(Portales-Casamar et al., 2010) and used as a reference to derive the sequence 

matching the maximum score motif. For the control motif, the sequence was 

iteratively randomized (10,000 times) and the sequence with a minimal predicted 

binding strength, while maintaining CG composition was chosen for insertion. 

Pairs of oligonucleotides were ordered for the REST motif and control motif and 
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annealed. The receiving construct was designed based on a previously 

characterized REST-LMR (Stadler et al., 2011). The underlying sequence was 

exchanged against random E.coli DNA, while CpG positions were maintained. 

The annealed REST motif and control oligos were cloned into the middle of the 

E.coli fragment and inserted into the beta globin locus of mESCs as previously 

described (Lienert et al., 2011a). Amplicon bisulfite sequencing was performed 

for mESCs as previously described (Chapter 5.4). The Bisulfite PCR was 

performed with primers flanking the E.coli construct. Sequencing was done on 

the Illumina MiSeq platform. Data analysis was performed using customized 

scripts in Perl and R.          

 

5.8 ChIP-seq of REST Re-expression Cells 

Chromatin immunoprecipitation (ChIP) was performed for one clone of each 

individual REST mutant re-expression cell line (Rest-/-REST c4, Rest-/-DBD c4, 

Rest-/-NTE-DBD 7c9, Rest-/-DBD-CTE 5c11; for simplicity reasons clone 

numbers are omitted in main text). The protocol was carried out as previously 

described (Weber et al., 2007).  

Cells were cross-linked in medium with 1% formaldehyde for 10 min at room 

temperature. Formaldehyde was quenched by 150 mM glycine and washed twice 

with cold PBS. Cells were harvested in cold PBS, pelleted and resuspended in 

cold Buffer 1 (10 mM Tris pH 8.0, 10 mM EDTA pH 8.0, 0.5 mM EGTA, 0.25% 

Triton X-100) and incubated on ice for 5 min. Cells were pelleted and 

resuspended in Buffer 2 (10mM Tris pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 200 

mM NaCl) and incubated on ice for 5 min. Cells were re-pelleted and 

resuspended in lysis buffer (50 mM HEPES/KOH pH 7.5, 500mM NaCl, 1mM 

EDTA, 1% Triton X-100, 1x Protease Inhibitor cocktail (Roche)) and incubated on 

ice for an hour. Chromatin lysate was sonicated on a Bioruptor (Diagenode) for 

35 cycles (high setting, 30 sec on, 45 sec off).  

100 ug sonicated chromatin was used for subsequent immunoprecipitation. 

Chromatin was pre-cleared for an hour with Dynabeads Protein A (Invitrogen), 

blocked prior with BSA and tRNA. 5% of pre-cleared lysate was used as an input 

control. Remaining lysate was incubated with 5ul of V5 antibody (R960-25, 

Thermo Fisher Scientific) rotating overnight at 4°C. The next day, lysate was 
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incubated with 30 μl Dynabeads Protein A (Invitrogen) for three hours. Beads 

were washed in subsequent 5 min rounds: twice lysis buffer and once DOC buffer 

(10mM Tris Ph 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% DOC, 1 mM EDTA). 

Chromatin was eluted in buffer (1% SDS, 100 mM NaHCO3). Reverse-

crosslinking of chromatin was performed overnight (50 μg/ml RNase A, 30min at 

37°C; 200 μg/ml Proteinase K, 3h at 55°C, overnight at 65°C). The next day, 

DNA was extracted by phenol/chlorophorm, precipitated in ethanol and 

resuspended in 40 ul TE buffer.  

qPCR was performed for REST binding sites and negative controls using SYBR 

Green PCR Master Mix (Thermo Fisher Scientific). Measurements were 

normalized to input controls and negative controls. Up to ten ChIPs were pooled 

to generate libraries for high-throughput sequencing. Sequencing libraries were 

prepared according to manufacturer’s protocol (Next ChIP-seq Library Prep 

Master Mix Set for Illumina, New England BioLabs) and sequenced on the 

Illumina HiSeq (50 bp, single-end).   

 

5.9 ChIP-seq Analysis of REST Re-expression 
Cells 

Analysis of ChIP-seq experiments was performed with R version 3.3.0 (R Core 

Team (2016). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. https://www.R-

project.org/.), using the Bioconductor package QuasR_1.12.0 (Gaidatzis et al., 

2015; Langmead et al., 2009). In brief, FASTQ files were aligned within QuasR 

using Rbowtie v1.12.0 (parameters: -m 1 --best --strata) (Langmead et al., 2009) 

against mouse genome assembly mm9. Raw alignment statistics and quality was 

controlled within QuasR.  

Reads were shifted by 75 bp and quantified in 200 bp windows over predicted 

REST motifs and normalized to the mapped library size in million. Peaks were 

called with MACS-1.4.2 (Zhang et al., 2008) using standard settings and 

providing a common input control.  Venn diagrams were produced within the 

Bioconductor package ChIPpeakAnno (Zhu et al., 2010).   

 



  
Chapter 5 Material and Methods 

109 
 

5.10 SIN3A ChIP-qPCR 

ChIP was performed as described above (Chapter 5.8), using 10 ul of SIN3A 

antibody (K-20, sc-994, Santa Cruz Biotechnologies). Primer sequences are 

listed below (Table 5.4).  

 
Region Forward sequence Reverse sequence 
REST site a CACCTGGCCTCTCTTCTCTC CAACGTGGTCCCTACAAAGC 
REST site b TCAGTACCATGGACAGCGTT GCTGGCCAGTTCAAGAAGAC 
REST site c AGGATGTCACTCCTGTTGGG GAGCTACACCCTACCACCAG 
SIN3A site a CAGACAGACACCTACCCCTG GCGTTGCTAGGAGAGAAGGA 
SIN3A site b CCCGGGACAGGACTGAAG CGCCGCTTACCTCTGTTAAC 
SIN3A site c CAAGGCACAGCACGGAAG CGCATTGCCTGTCGTCATTA 

 
Table 5.4 | Primer sequences for SIN3A ChIP-qPCR. Primer regions are REST sites, 
i.e. REST binding sites with expected SIN3A enrichment. In contrast, SIN3A sites are 
enriched for SIN3A but not for REST.  

 

5.11 Test of NTE-DBD Interaction Mutant after 
Transient Transfection 

Point mutations were introduced into the N-terminal part (1 – 153 aa of REST) of 

the NTE-DBD construct directed by high conservation. The following mutations 

were introduced between positions 40 – 80 aa of REST (conserved amino acids 

in grey, mutations in red):  

 
Wild type ELAAPQLIMLANVALTGEASGSCCDYLVGEERQMAELMPVG 

Mutant  ELAASQGIMGANVNLTGEASGSCCDYLVGEERQDAARMPRG 

 

Plasmids expressing NTE-DBD and NTE-DBDmutant were transiently 

transfected into Rest ko cells. GFP was co-transfected visually inspect 

transfection efficiencies. Transfection was done using Lipofectamine 2000 

(Thermo Fisher Scientific) according to manufacturer’s protocol. High (protocol’s 

recommended DNA amount) and low amounts (10% of protocol’s recommended 

DNA amount) of plasmids were used during transfection. Transfected cells and 

Rest ko cells were subjected to SIN3A and V5 ChIP-qPCR the next day (Chapter 

5.10, Chapter 5.8).  
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5.12 NOMe-seq 

The initial NOMe-seq protocol was optimized and established in the laboratory by 

Arnaud Krebs. Experiments and analyses were performed by Juliane Schmidt 

and Arnaud Krebs together.  

NOMe-seq was performed for one clone of each REST re-expression cell line. 

The protocol was based on previous publications (Kelly et al., 2010; Wolff et al., 

2010). In brief, cells were trypsinized, washed with cold PBS and 250,000 cells 

were resuspended in 1 ml lysis buffer (10mM Tris pH 7.4, 10mM NaCl, 3mM 

MgCl2, 0.1mM EDTA, 0.5% NP-40) and incubated for 5 to 10 min on ice.  Next, 

cells were centrifuged for 5 min, 3000 rpm at 4°C and the supernatant discarded. 

Nuclei were resuspended in 250µl cold wash buffer (10mM Tris pH 7.4, 10mM 

NaCl, 3mM MgCl2, 0.1mM EDTA). Samples were again centrifuged for 5 min, 

3000 rpm at 4°C and supernatant discarded. Nuclei were resuspended in 94.5µl 

1X M.GpC buffer. Samples were treated  with GpC methyltransferase as follows: 

94.5 µl nuclei, 20 µl 10X M.GpC buffer, 6 µl 32 mM SAM, 90 µl 1 M sucrose, 50 

µl GpC methyltransferase (M.CviPI, 200 U of 4U/ul, New England BioLabs), 34 µl 

H2O. Nuclei were incubated for 7.5 min at 37°C. 300 µl stop solution (20 mM 

Tris-HCl, pH 7.9, 600 mM NaCl, 1% SDS, 10 mM EDTA) was added to the final 

reaction. Samples were incubated with 200 µg/ml proteinase K at 55°C for 16 h. 

DNA was isolated by phenol/chloroform extraction and ethanol precipitation. 

From this step on, the protocol followed the regular amplicon Bis-seq steps 

(Chapter 5.4). Bisulfite primers were designed over REST binding sites and 

control sites (Table 5.5).  

Analysis of NOMe-seq was performed within R version 3.3.0 (R Core Team 

(2016). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. https://www.R-project.org/.), using the 

Bioconductor package QuasR_1.12.0 (Gaidatzis et al., 2015). The only difference 

to regular amplicon Bis-seq is the additional methylation quantification over 

GpCs. GpCpGs were eliminated from both, CG and GC, methylation analyses 

due to unambiguity of the calls. 
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Region Forward sequence Reverse sequence 

lambda TGTGTTGGTTGGAAGAGGTT ACTATCACTCTTCTCCTCCTCT 

lambda TGTTGTTGGTTGATTTTGATGAG TCCTCTTTCAACTCTACCACA 

T7 AGTGAGGGTATTGATTTTGAGT ACCTTAAATCTATCACTCAACAAATTC 

T7 GGGATGGTGAGTTTGTTGAA CCTAATACATCTACAACTACCTCAT 

UMR AGGATTGTTTGGGATGGAAAA CAAACTCAACCCAACCAACC 

UMR TGGAGGGGAAAAGGGAAAAT ACACAACAACTACATCAACTAAACT 

ES AGGGAGATGATAGATTAGGTGAT ACCTTCCACTATCCCTACTCA 

CTCF TGGGAGAGGAAGTGTGTTTT ATCAACAACCACCTCCAAAA 

REST TGTAGTTTGGAATTAGAAGTGTTATT CTCTAAATCTAAACTCTCTATTCAACA 

REST GATAGTGTGGGGAGTGGATT AACCATACCTCCAAACTTTACA 

REST AGGGTAGAATGATTGTTTTAGTGT TCTAAACTCTTAATACCTACCCAAAC 

REST AGATAAATTAGGGAGTGAAGGGA AAAACTCTAACCACCACACCT 

REST GGAAGATAGGAGATGGGTGTT TCCCTAACTTCTAATCCTCTATCT 

REST GTGATTGTTAAGAAGAGGTAGTTTT AAAACACCCATCTCCTATCTTC 

REST GGAGAGAGGTTTTGAGTTTAATTTT AAAACACTCCATATCTTCTTATCAAA 

REST AGATAGAGGATTAGAAGTTAGGGA CACCATATAAAATTAAACTCAAAACCT 

REST TGAGTGTGGATGATTAAGAAGAAG CCTCAATTCCTCACTTTTCAATATAAA 

REST TTTGGATTAGATAGTAGGAGATTTAGA CACCTTCTTCTTAATCATCCACA 

REST GAAGATTAGAAGAGGGTGTTTGA TCTAAATCTCCTACTATCTAATCCAAA 

REST TTGGTTTATAAAGTGAGTTTTAGGAT ACCCTCTTCTAATCTTCTAATCACA 

REST TGTGGGATAGTGATTTATGGGA AAACCCTCCTCTCCAATCTC 

REST TGGAAGGTTATTTTGGGGTTTAG CCATTCCCTATCTATCCACTCC 

REST GAGATTGGAGAGGAGGGTTT TTCTTACTTTTCATTCCTTCTAAACT 

REST AGTGTGAGGGATAAAATTAGGGA CTATAACCCTCTCAATAAAATATTCCA 

REST AGTTTAGAAGGAATGAAAAGTAAGAA TCCTTCCAATCCAAATATAAAACTCT 

REST GGTAATTTTGGATTTGAGAATTTAGGA AAATACCCTTCCCATAAATCACT 

REST GGTGGAAGATTAGGGTGTGA TCTCAAAACTCATAAACTCAAAACT 

REST ATTTGGATTGTTAATTTGAGTGGA CACAACAAACAACTCACTCAA 

REST TGGTATGGTTTAGTATGGATTAGTG CACCCTAATCTTCCACCTTATCT 

REST GGTGGAAGATTAGGGTGTGA TCTCAAAACTCATAAACTCAAAACT 

REST ATTTGGATTGTTAATTTGAGTGGA CACAACAAACAACTCACTCAA 

REST TGGTATGGTTTAGTATGGATTAGTG CACCCTAATCTTCCACCTTATCT 

REST GGTGGAAGATTAGGGTGTGA TCTCAAAACTCATAAACTCAAAACT 

REST TGGTATGGTTTAGTATGGATTAGTG CACCCTAATCTTCCACCTTATCT 

REST GGGATATAGGTGGAAGGTGTATA CACACCTAATAACTCATTCACTCA 

REST TGTTTGGTTAAAGTTTAATTTGGAAA TCACTTATCCCACACCACATAA 

REST GAGTTGTGGGTATATGGAATTAGT CCTAAACCTTACCAACCTAATATCTAA 

REST GGATGTTTATTTAGATATTAGGTTGGT ACAAATTTACTAAATATACACCTTCCA 

REST AGATAGAGGGTTAGTTAGGAGAGA CCACAAAATTAACAAAATCCCAAATTA 

REST GGATTTTGAGTTGAAGTAGTGGATT TCATCCCTAAAATAAAACCCACAA 

REST TGGGTTTTATTTTAGGGATGAGG AACACAAAACCCCACTTAATAATAA 

REST GAGATGGTGTAGGAGAGAAATTT AACCAAATCCTATCCCTAAAATAAAA 
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REST GTTTGATTTATATAAAAGAATGGGAGG CAAATTAAATTTCTCTCCTACACCA 

REST AGAATGATTGTTTAAGGGATTGGA CAATAATCACCTCAATATCACCCA 

REST AGATGAGAAAATTGAGGTTTAGATG TCCAATCCCTTAAACAATCATTCT 

REST ATTATTTGTAATGGGATTTGATGTTTT AAAACCTAAATCCCACCCCT 

REST AAATTATAAGGGAGGAGAGAGGA CTCCATTTCCTTACTAATCCAATCA 

REST TGTTAAATATGGGAAGTTTGGTTT ACCATATCTATTACTCCATTTCCTT 

REST TGAGTGGAAATTTATGGTTAGGT AAACATCAAATCCCATTACAAATAATT 

REST GGGTGGGGATGAATAGGTTT CCACTATCATCCCAACAATCT 

REST AGATTGTTGGGATGATAGTGG ACTTCCTAATAATAACCCACATCAATA 

REST TTGGGGATAGTTTAAATTATGAGAAAA CCTATTCTAACAATACAAACCCAAAA 

REST TGGGATAGGTTATTTATTATTTTGTGT TCTCTAAACACTAAAACAATCATTCT 

REST GAATTTTGGGTTTGTATTGTTAGAATA CCTCTCTAAATAAAACTACTACCCATA 

REST TGAGTTTTATTGTGGGTAATTGGA TCACCTATCTCAATTCTCTTTCCT 

REST TTTTGGGTGGGAATTTTGTTTT TTAAATTCCCACCCTTATTACAAAA 

REST GTTTGTAATGGGTTATTTAAATGGAGT AACACCAAAATTCCAATTACCC 

REST TGTTTTGGTTGAGAAAAGAGATAGT CCTCTCATAAAACACTATCTTTCTATC 

REST AGTTTTGGATAAGATGAATTTGAGT ACTCCATTTAAATAACCCATTACAAAC 

REST TGTAATAAGGGTGGGAATTTAATTTT AAACTCCATTTAAATAACCCATTACA 

REST AGTATAGTAGTTAAGGGTGATTTTGA ACAAAACCACCCAATCTCAA 

REST TTAGATAGTTGTTTTAGTTAGGGTTTT CCTTCAAAATCACCCTTAACTACT 

REST TGGTTTATAGAGTGAGTTTTAGGATAG AAAACCCTAACTAAAACAACTATCTAA 

REST TTTGTGATAGGAAGAGATAGATTGA TCAAACACTTAACTAATATCCCCT 

REST TGTAGGAGAGGAATATTTAAAAGGG TCTATCAATCTATCTCTTCCTATCAC 

REST TTGATGGAGGAGGAGTGATT CACTAATCCTCAAACTACCCCA 

REST GGGTATAAGATAGTGTGAAGTGATTT ATCACTCCTCCTCCATCAAA 

REST TGGGGTAGTTTGAGGATTAGTG CACCACAACATTCCATATCTATCTAA 

REST GGATGATTGTGTTGGTAAAGAATT TCAACAATTCCACATCCTTCTAAA 

REST TTTGGAGAGGGATTATGGGG AAAATCCATCCCCTTTCCCT 

REST AGAGTTATAGGGAAGGATTTAAGAAA ACCTAATACTAAACCTACCCCAAAT 

REST TGTGAGATTTTGAAGGATAGATAGG TTTCTTAAATCCTTCCCTATAACTCT 

REST TTGTTATTGTGGGTGGAGGG CACTCAAACTAACAAAACCCCA 

REST TGTGGATTTTAGTTTTGGGGTATT CCCCTCCACCCACAATAA 

REST TGATGGGGTTTTGTTAGTTTGA TCTACCAAACACCTCATTAAAACT 

REST AGTGGGTAGATATTGGGGTTATT TCTCTCTCTCTCTCTCTCTCTATATA 

REST GTTTTGTTAGTTTGAGTGAGTGTT TTACTAATAACCCCAATATCTACCC 

REST GGAAGGGTATTTTGGGATTTGG TCCAATTCCCCACTATCCAC 

REST GGAGTGGATAGTGGGGAATT AAAATCCTCCTTCCTACCTCA 

REST GGAAGGGTATTTTGGGATTTGG TCCAATTCCCCACTATCCAC 

REST GGAGTGGATAGTGGGGAATT AAAATCCTCCTTCCTACCTCA 

REST AGAGTTTAAAGGAATTAGAAAGAGTGA TCCCAAAATACCCTTCCATCT 

REST AGAGATTGGAGTTTTAGGGGT CCTCCAATCTCCAATCTCATCT 

REST TGGAGGAATTAGAGATTTAATGGAG ACCCCTAAAACTCCAATCTCT 

REST TGTGTTATTGTGTTTGTTTGTGAAT ACTTAAACACCTAATCCTCCTCT 
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REST GGGTGAAAGGGGAATTTTGA CCACACTCCAATCACACTAAAA 

REST GGGATGAGAATTTTGGGAAGAG CCAAACCCACCAATTTCCTAA 

REST TGTTTGGAGTTTGGTTTAGTAGG AAACCCTAAAATCTCACTAACCA 

REST TGGTTAGTGAGATTTTAGGGTTT CAAATATCAACCTCAAAACATCTCA 

REST GGAGAGATTTATTTAATTTTGGGATTT CCTTCCCTCCAAAATCTTCTAT 

REST TTTGTGGTGGTGGGAGATAA AACCCAAAATCTCCACTCCC 

REST AGGAGGGAGTGGAGATTTTG ACATCCACTAAATCATCTCCTATAA 

REST AGATTGGTAGATATAATTATGGGAGG ATTAAACATCTTCCTTCCATTCAAA 

REST GGGAGTTTAGGGATGGATTGTT CCCAAATTATATCATCTCTTCTCTTTT 

REST TTGGGGTGGGTATTAGAATTTT AAAATTAATCCTACAACACTACCATT 

REST TTAGGATATTTGAGAAAGTTGAGTG AAAACTTAATACAAATTCCTCCCC 
 
Table 5.5 | Primer sequences for NOMe-seq. Table lists primers that were used for 
targeted NOMe-seq experiments. Methylation region types are named are as follows: 
REST: REST-LMRs (LMRs with REST binding), CTCF: CTCF-LMRS (LMRs with CTCF 
binding), lambda: lambda control, T7: T7 control, UMR: unmethylated region, ES: 
embryonic stem cell-specific LMR 

 

5.13 Kinetics of REST Binding Site Methylation after 
Transient REST Transfection 

Rest ko cells were transiently transfected with full-length REST expressing 

plasmid. Transfection was performed with Lipofectamine 2000 (Thermo Fisher 

Scientific) according to manufacturer’s instructions. Cells were harvested at 8h, 

24h and 48h after addition of the liposomal DNA complexes to cells. GFP was co-

transfected to visually inspect transfection efficiencies. Genomic DNA was 

isolated from cells and amplicon Bis-seq performed and analyzed as described 

above (Chapter 5.4).  

 

5.14 Random Forest Model to Predict Methylation 
Levels of Distal REST Binding Sites 

The analysis was done in R version 3.3.0 (R Core Team (2016). R: A language 

and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. https://www.R-project.org/.) using the package 

randomForest_4.6-12 (Liaw and M. Wiener (2002). Classification and Regression 

by randomForest. R News 2(3), 18--22.).  
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The following data sets were used for the analysis: GSM748786, GSM748787, 

GSM1004653, GSM978374, GSM671094, GSM671095, GSM698700, 

GSM698701, GSM698697, GSM698698, GSM698699, GSM611196, 

GSM611197, GSM845235, GSM659799, GSM1023124, GSM687277, 

GSM687279, GSM896923, GFP (Table 5.1).   

A random forest model was built to predict average methylation over 100 bp 

windows around bound REST motifs. Only occupied distal (further than 2kb from 

annotated TSS) REST motifs were included in the prediction. Several quantitative 

and categorical predictors were used. In brief, ChIP-seq experiments for REST 

and its direct and indirect interactors were used as quantitative predictors. ChIP-

seq signal was quantified over 500 bp windows around distal bound REST motifs 

and normalized to mapped library size. Overlap with genomic features was 

treated as a categorical predictor (repeat overlap: within 500 bp of annotated 

repeat, gene overlap: within 500 bp of annotated gene). In addition, I calculated a 

nucleosome positioning score based on the following calculation: 

log2(mean(MNase reads(-165 bp – -115 bp of REST motif center), MNase 

reads(115 bp – 165 bp of REST motif center))+10)- log2(MNase reads(-25 – 25 

bp of REST motif center)+10). A high score therefore indicates high positioning of 

nucleosomes at plus one and minus one position around the REST motif. I used 

80 % of the data to train the random forest model (parameters: mtry= 23, ntree= 

1000) and the remaining data as a test set. Variable importance evaluation was 

done within the randomForest package.  
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List of Abbreviations 
 

aC 5-carboxycytosine 

5fC 5-formylcytosine 

5hmC 5-hydroxymethylcytosine 

5mC 5-methylcytosine 

aa Amino acid 

ADD ATRX-DNMT3-DNMT3L  

Amplicon Bis-seq Amplicon bisulfite sequencing 

BDNF Brain-derived neurotrophic factor 

CGI CpG island 

ChIP-seq Chromatin immunoprecipitation followed by sequencing 

CRISPR Clustered regularly interspaced short palindromic repeats  

CTCF CCCTC-binding factor 

DBD DNA-binding domain 

DNA Deoxyribonucleic acid 

DNMT DNA methyltransferase 

DSBH Double-stranded beta-helix  

ENCODE Encyclopedia of DNA Elements  

ERV Endogenous retrovirus 

ES(C) Embryonic stem (cell) 

FMR Fully methylated region 

GFP Green fluorescent protein 

HDAC Histone deacetylase 

HID Histone deacetylase interaction domain 

HMM Hidden Markov Model 

ID Interaction domain 

KLF4 Krueppel-like factor 4 

LIF Leukemia inhibitory factor 

LMR Low-methylated region 

LSD1 Lysine-specific histone demethylase 1 

MBD Methyl-binding domain 

mESC Mouse embryonic stem cell 



  
List of Abbreviations 

116 
 

mNP Mouse neuronal progenitor 

mTN Mouse terminal neuron 

NMR Nuclear magnetic resonance  

NOMe-seq Nucleosome Occupancy Methylome-sequencing 

NRF1 

NRL 

Nuclear respiratory factor 1 

Nucleosomal repeat length 

NRSF Neuron-restrictive silencing factor 

PAH Paired amphipathic helix 

PCR Polymerase chain reaction 

PIC Pre-initiation complex 

PMD Partially methylated domain 

PRC2 Polycomb-repressive complex 2 

PWM Position weight matrix 

QuasR Quantify and annotate short reads in R 

RCOR REST corepressor 1 

REST RE1-silencing transcription factor 

RNA-seq RNA sequencing 

SELEX Systematic evolution of ligands by exponential 

enrichment  

SRA SET and RING finger associated 

TALE Transcription activator–like effector 

TBP TATA-binding protein 

TDG Thymine DNA glycosylase 

TET Ten-eleven Translocation 

TF Transcription factor 

TKO Triple knock out 

TSS Transcription start site 

UMR Unmethylated region 

 

 

Protein names are in capital letters irrespective of species and gene names are 

in italics, non-capitalized. 
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