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Abstract  
Enhancers and promoters are DNA sequences whose physical proximity, through chromatin looping, 

is a necessary condition to initiate gene transcription. Functional chromatin interactions are limited 

by topologically associating domains (TADs), structural regulatory units of the genome that constrain 

enhancer-promoter crosstalk. Recent studies have elucidated that CCCTC-binding factor (CTCF) reg-

ulates TAD and loop formation. However, it remains unclear whether CTCF is indispensable to me-

diate enhancer-promoter interactions and to achieve precise spatiotemporal patterns of gene expres-

sion during development.  

  

To investigate this, we systematically deleted CTCF-binding motifs at the Epha4 locus in mice using 

CRISPR-Cas9 and evaluated the effects on chromatin organization and gene expression in vivo. We 

focused on two CTCF sites associated to an enhancer-promoter interaction that occurs during mouse 

limb development. Analysis of genome architecture showed that CTCF binding site deletions induce 

a complete depletion of enhancer-promoter interactions. Analysis of Epha4 expression levels revealed 

that while the enhancer-promoter loop is disrupted, up to 50% of physiological expression levels are 

retained.  

 

Our results suggest that the baseline proximity generated by TADs can be sufficient to fail-safe ex-

pressional output during development. Previous research on TADs has stressed their insulating prop-

erties - highlighting their function of restricting enhancer-promoter contacts over TAD boundaries. 

Our results stress an additional function of TADs in supporting enhancer-promoter communication 

and in sustaining developmental gene expression. 
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Zusammenfassung 
Enhancer und Promotoren sind DNA-Sequenzen, deren physische Nähe durch Chromatin-Schleifen-

bildung eine notwendige Voraussetzung für die Einleitung von Gentranskription ist. Solche Enhancer-

Promoter Interaktionen werden durch topologisch assoziierende Domänen (TADs) eingeschränkt. 

Neuere Studien haben gezeigt, dass der CCCTC-Bindungsfaktor (CTCF) die TAD und Chromatin-

Schleifenbildung reguliert. Es bleibt jedoch unklar, ob CTCF unverzichtbar ist, um Enhancer-Promo-

ter-Interaktionen zu vermitteln und präzise räumlich-zeitliche Muster von Genexpression während der 

Entwicklung zu erzielen. 

 

Um dies zu untersuchen, haben wir mit CRISPR-Cas9 systematisch CTCF-Bindungsmotive am E-

pha4-Locus bei Mäusen deletiert und die Auswirkungen auf Genexpression und Chromatin-Architek-

tur in vivo ausgewertet. Wir konzentrierten uns auf zwei Bindungsmotive, die mit einer Enhancer-

Promoter-Interaktion verbunden sind, welche während der Entwicklung der Extremitäten der Maus 

auftritt. Die Analyse der Genomarchitektur zeigte, dass die Deletionen der CTCF-Bindungsstelle eine 

vollständige Erschöpfung der Enhancer-Promoter-Interaktionen induzieren. Die Analyse der Epha4-

Expressionsniveaus zeigte, dass während die Enhancer-Promoter-Schleife unterbrochen ist, bis zu 

50% des physiologischen Expressionsniveaus erhalten bleiben.  

 

Unsere Ergebnisse deuten darauf hin, dass die durch topologisch assoziierte Domänen (TADs) er-

zeugte Basisfrequenz an Enhancer-Promoter Kontakten ausreicht, um eine bestimmte Menge an ex-

pressivem Output zu erzielen. Frühere Forschungen über TADs haben hauptsächlich ihre isolierenden 

Eigenschaften betont - und ihre Funktion der Einschränkung von Enhancer-Promoter-Kontakten über 

TAD-Grenzen hinweg hervorgehoben. Unsere Ergebnisse unterstreichen eine zusätzliche Funktion 

von TADs bei der Unterstützung der Enhancer-Promotor-Kommunikation und bei der Aufrechterhal-

tung von Genexpression in der Entwicklung. 
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1.  Introduction 

1.1 Gene regulation 
While most cells in a multicellular organism share the same genomic information encoded in 

deoxyribonucleic acid (DNA), it is the differential interpretation of this information, in a cell-specific 

manner, that allows organisms to evolve into their stunning complexity. The capacity to up-regulate 

and down-regulate expression of a gene in the correct tissue at the correct time, enables organisms to 

undergo cell specialization. Gene regulation can occur during every step of the process of a coding 

DNA sequence being converted into a functional protein (Figure 1-1).  Transcriptional regulation is 

set at the very beginning of this process. As this work focused on the mechanisms of transcriptional 

regulation, the following shall give a broad overview of the key players involved.  

 
Figure 1-1: Levels of Gene Regulation (Molecular Cell Biology of the Cell, Alberts, pp373, 2016)  

1.1.1 Cis-regulatory elements  

The human genome is to over 98% made up of non-protein-coding sequences. The notion that these 

parts of the genome are mere “junk DNA“ has been overcome, as their functional significance has 

been elucidated (1). Cis-regulatory elements (CREs) are non-coding DNA sequences involved in the 

transcriptional regulation of genes. They were termed cis, based on the latin prefix cis (“on this side”), 

because regulation and transcription occur within the same DNA molecule. They display a high degree 

of evolutionary conservation and mutations within their sequences are associated with disease (2), 

indicating their functional importance. Promotors, enhancers and insulators are all CREs, performing 

differentiated tasks in a complex network of transcriptional regulation. CREs possess DNA motifs, 
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functioning as binding sites for trans-regulatory elements (TREs) and it is the interplay of the two, 

which orchestrates the correct spatiotemporal expression of genes.  

 

1.1.1.1 Promoters 

Promoters are DNA sites where transcription is initiated. They are located upstream of their 

corresponding genes, flanking the 5‘ end of the transcription start site (TSS). Promoters are 

characterized for containing DNA binding sites for diverse transcription factors (TFs) (see section 

1.1.2). Such binding sites may be general (e.g. TATA box) or promoter-specific. Further, they possess 

binding sites for RNA polymerase II (RNAPII) – the enzyme which in eukaryotes transcribes mRNA 

from the gene body. The binding of the transcription machinery, including  RNAPII, initiates 

transcription and thus it is the affinity of the transcription machinery to the promoter, which 

determines the level of transcriptional output. Affinity to the promoter is regulated by TFs and distal 

enhancer elements. In many cases, the physical interaction of a distal enhancer with its target promoter 

(the mechanisms of which are discussed in section 1.2.3) is a necessary condition for the 

transcriptional machinery to be activated (3). In addition, the binding of different TFs may increase 

or reduce the affinity of RNAPII to the promoter. Therefore it is the interplay of these various 

mechanisms, which at the promoter is computed into a level of transcriptional output  (4). Several 

promoters can compete for shared distal enhancers, resulting in alterations of gene expression levels 

and in some cases disease (5, 6).   

 

1.1.1.2 Enhancers 

Enhancers are DNA sequences that are capable of increasing the transcriptional response of genes. To 

achieve this, enhancers must physically interact with their target promoters(7). With few 

exceptions(8), enhancers exert their function on promoters located on the same chromosome and can 

therefore be considered as CREs. In most cases, they are referred to as distal regulatory elements, as 

the linear genomic distance separating them from their target promoters may involve several kilobases 

(Kbs), or even megabases (Mbs) in extreme cases (9, 10). However, in the current scientific discourse 

there is no clear definition of when an enhancer is distal or proximal.  

 

The mechanisms directing an enhancer to its target promoter are still under active research. Enhancer-

promoter interactions can be facilitated by orchestrated chromatin folding (see section 2.2), thus 
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establishing looping structures connecting enhancers with their target promoters in a direction 

independent manner. At the same time enhancers located in close linear genomic distance to  

promoters seem to be able to activate them, if not constrained by insulators, without coordinated 

chromatin folding, but simply based on the stochastic probability of interaction given by proximity 

(11) (7). Enhancers possess transcription factor binding sites and the binding of TFs drives enhancer 

activity.  At promoters, enhancers initiate the binding of further TFs, leading to a decondensation of 

chromatin, allowing the transcription machinery to bind and thus initiate transcription (12).  

Enhancers tend to be highly tissue specific. For example, in the Sonic hedgehog (Shh) locus several 

enhancers orchestrate the correct spatiotemporal expression of Shh  in the brain, but only the singular 

ZRS enhancer drives Shh expression in the limb (10).  

Genes that are key to cell specialization and cell identity typically associate with clusters of enhancers, 

generally referred to as super-enhancers (13). Individual enhancers within a super-enhancer tend to 

act upon associated promoters in an autonomous and additive form (14). However, also non-additive 

behavior of enhancers has been demonstrated: Enhancers can multiply each other’s activity (15, 16), 

work together to repress ectopic expression in neighboring regions (17, 18)  or operate together in 

hierarchical systems (19).    

Another example of how enhancers can act non-additively is enhancer redundancy. Especially 

developmental genes regularly associate with both more proximal and more distal enhancers 

(sometimes termed shadow-enhancers) which exhibit overlapping or identical patterns of activity (20). 

Studies in Drosophila have demonstrated that redundant enhancers are essential in maintaining a 

stable transcriptional output under variable environmental conditions (17, 21) and may further play a 

role in fine-tuning gene expression patterns (22). Recently, a series of enhancer deletions in mice 

demonstrated the importance of redundancy in maintaining phenotypic stability  (23). Even though 

these studies show the importance of enhancers for precise and robust gene expression, other studies 

have demonstrated that, at least in mammals, enhancers are less conserved and evolve faster than 

promoters (24). It is thus assumed that quick changes within enhancer-landscapes also enable 

evolutionary adaptation of gene-expression within shorter time-frames.  

 

 

1.1.1.3 Insulators  

Insulators are defined as CREs that insulate a gene from other genomic elements which can affect its 
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transcriptional output. To date, two molecular mechanisms have been identified by which insulators 

can exert their function. Firstly, insulators may act as barriers that can block the condensation and 

decondensation of chromatin (25). Secondly, and more importantly for this work, insulators can 

interfere with enhancer-promoter interactions, when located between such elements (25). In 

mammals, the only known insulator to date is the protein CTCF, which binds frequently across the 

genome (see section 2.2.4). Intriguingly, CTCF does not strictly function as an insulator, but also 

mediates proper 3D-chromatin folding. CTCF facilitates enhancer-promoter contacts just as much as 

it restricts them (26). The most established model explaining this dualistic function of CTCF is the 

model of loop extrusion (section 2.2.4). 

 

1.1.2 Trans-regulatory elements 

Trans-regulatory elements are encoded proteins involved in the regulation of transcription, often 

referred to as transcription factors. TFs bind to short, 6-12 base pairs (bp), highly conserved sequences 

of CREs and, as stated above, it is the interplay of these two classes of elements that orchestrates the 

spatiotemporal expression of genes with precision. TF binding motifs can be found on both enhancers 

and promoters. Enhancers often possess clusters of many TF binding sites, allowing for the binding 

of simultaneous TFs and thus an almost unlimited repertoire of combinatorial possibilities (27). The 

integrated information of a whole network of TFs may determine the output of a single enhancer, 

therefore enabling the high specificity of spatiotemporal activation of enhancers (28).  

 

The binding of TFs to enhancers can be regulated at different levels (27). Firstly, the expression of 

TFs can be up- or downregulated, influencing the transcriptional response of enhancer elements. 

Secondly, the binding affinity of TFs to enhancers can be modulated by other TFs or by the level of 

chromatin accessibility, which in turn is also regulated by another class of TFs: pioneer factors(29). 

Pioneer factors bind to enhancers initially, reorganizing chromatin, increasing chromatin accessibility 

and allowing the recruitment of additional TFs that are required to drive enhancer activity.  

 

1.1.3 Histone modifications and chromatin accessibility 

The most basic unit of chromatin architecture in eukaryotic organisms is the nucleosome. It consists 

of approximately 147 bp of DNA wrapped around an octamer of histone proteins(30). Nucleosomes 

are set at the core of the compact packaging of DNA, allowing a linear strand of approximately 2m to 
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fit into a nucleus of only 10µm diameter. Nucleosome packaging is seen as a dynamic system of 

chromatin accessibility, inseparably linked with transcriptional regulation. The general theory behind 

this states that histones are competing with TFs for chromatin occupancy (27) - histones reduce 

chromatin accessibility by packaging it tightly, thus preventing TFs from binding. Indeed, there is 

evidence that the binding of TFs correlates well with nucleosome depleted regions (27). Further post-

translational modifications of histones are crucial for this dynamic system of accessibility.  

 

Specific histone modifications correlate highly with the function of the DNA associated with that 

same histone. Enhancers correlate with a monomethylation on lysine 4 of histone 3 (H3K4me1); 

promoters and actively transcribed gene bodies correlate with a trimethylation on lysine 4 of histone 

3 (H3K4me3); active enhancers and active promoters show an increased frequency of acetylation on 

the 27th lysine of histone 3 (H3K27ac) (31, 32) and repressed regions are with increased frequency 

trimethylated on the 27th lysine of histone 3 (H3K27me3). Enhancers, in particular,  exhibit highly 

variable patterns of histone modification during development and in adult tissues. This is indicative 

their central and dynamic role in cell specialization (33, 34). However, it remains unclear whether 

histone modifications are cause or consequence of specific enhancer function. Nevertheless, enhancer 

marks, as detected by chromatin immunoprecipitation techniques, constitute a powerful tool for the 

identification of enhancers and other CREs (35).  

 

1.2 Genome architecture 
As described above, nucleosomes are a core unit of DNA packaging and, at the same time, histone 

modifications are linked to DNA accessibility and cis-regulatory functions. Furthermore, enhancer 

activity is dependent on physical enhancer-promoter interactions. Thus, the mechanisms regulating 

and building genome architecture can be considered a fundamental aspect of transcriptional 

regulation.  

 

1.2.1 Chromosome conformation capture methods  

In 2002, Dekker et al. published a groundbreaking method termed chromosome conformation capture 

(3C) (36). Sparked by this initial work, the past 14 years have seen a rapid development of ever more 

sophisticated, 3C-derived methods (37). Chromosome conformation capture methods are employed 

to generate frequency and proximity-based interaction maps of DNA-DNA contacts. The approach is 
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common for all C- methods: nuclei from sample cells are fixed in vivo, with formaldehyde. 

Consequently, all protein-DNA and DNA-DNA interactions, present in a sample of cells at the time, 

are preserved by cross-linking. In order to evaluate with which frequency interactions occur, DNA is 

cut using a restriction enzyme and fragment ends are re-ligated, creating hybrid molecules of 

interacting genomic regions. At this point, the information about any 3D interactions is stored in a 2D 

library; the three-dimensionally interacting pair of DNA sequences is now aligned on a single-DNA 

strand.  

 

To read out the information stored within this library, the frequency of ligation events of non-

neighboring DNA sequences has to be determined. In the original 3C approach, this is done by 

designing two site specific primers, PCR amplifying and quantifying the result. Therefore, 3C only 

yields results about the frequency of interaction of two chosen viewpoints at a time. In combination 

with high-throughput sequencing, the original “one-to-one“ approach was improved to allow for the 

generation of high resolution, high-throughput, genome-wide DNA-DNA contact maps. One variant, 

termed 4C-seq (38), allows for the evaluation of interactions of one genomic region (viewpoint) with 

all others (“one-to-all“).  

 
Figure 1-2: Schematic summary of the HiC protocol. (39) 

 

A more powerful approach, denominated HiC (40), generates “all-to-all” contact maps,  detecting any 

possible interaction happening in the cell nucleus (Figure 1-1). In HiC, fragment ends resulting from 

restriction enzyme cutting are biotin labeled. Then, DNA is purified, shared and biotin pull-down 

performed. By this, hybrid molecules containing information of interacting genomic fragments are 
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enriched in the generated libraries. After pulldown, adapters are added to either side of the ligation-

junction, paired-end sequencing is performed and reads are mapped back to the genome as 

interactions.  

 

A common limitation of HiC is the resolution of the detected interacting fragments, determined by the 

frequency of cutting sites of the restriction enzyme that was employed during library preparation. As 

every possible pairwise interaction is evaluated, sufficient coverage to confidently detect significant 

interactions comes at great sequencing efforts. Such efforts could be minimized by pooling genomic 

reads in genomic bins of various size (binning), but at the cost of decreasing the resolution of the 

detected interacting fragments. When Lieberman-Aiden et al. (40) first published their HiC protocol 

in 2009, they could not get resolution under 1Mb using approximately 10 million paired-end reads. 

There are two approaches to overcome the “low resolution” problem: Firstly, by increasing 

sequencing depth  or, secondly, by an enrichment of fragments that cover a region of interest (41-43). 

The latter is used in the Capture HiC (CHiC) approach (applied in this work, see section 3.2.1). In 

CHiC, RNA baits are used to enrich for a genomic region of interest, thus allowing for an affordable, 

in depth sequencing of a selected region(44). 

3C-derived methods have two major advantages and one disadvantage in comparison to traditional 

microscopy based works on genome architecture (37, 41). Firstly, they are considerably higher in 

resolution - Capture HiC can currently be performed at a resolution of up to 1kb. Secondly, 3C-derived 

methods provide the possibility of a  systematic and genome-wide approach to chromatin architecture. 

They yield information not about a single locus or a single cell, but about the architectural 

conformation of entire genomes and of thousands of cells at a time. This strength is at the same time 

the greatest weakness of 3C methods; the generated results only ever represent an average of a whole 

population of cells at a selected time point and caution has to be taken when interpreting results in 

relation to dynamic systems and occurrences on a single-cell level. HiC data are visualized in contact 

matrixes as shown in Figure 1-2. The genomic region of interest is aligned along the x-axis. A point 

of interaction between two DNA sequences is represented as a pixel drawn in at a 45° angle from the 

two interaction regions. The number of reads (interactions) is represented by the color intensity of the 

pixel.  
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Figure 1-3: Contact matrix visualization of HiC reads. Exemplary contact matrix visualization of HiC reads. 
Each pixel represents the interaction of two 10kb regions. Consequently, the resolution of this data set is 10kb. The 
encircled area indicates a pixel as the visualized interaction of the two genomic regions marked by the arrows. Intensity 
of red correlates with intensity of interaction between genomic fragments. 
 
1.2.2 Topologically associating domains (TADs) 

An important finding of 3C-derived methods was the existence of Topologically Associating Domains 

(see Figure 1-4). In a randomly organized genome, it would be expected that interaction frequencies  

are dependent on the linear genomic distance from a viewpoint. However, HiC studies revealed a 

segmentation of genomes into megabase sized units - 800kb on average  (45) -  with higher frequency 

of contact than is to be stochastically expected in a randomly organized genome (46-48). This higher 

frequency of contact is the most basic characteristic of these self-associating domains termed TADs. 

Further, they are characterized by a steep drop-off of interaction between two separate units, which 

implies the existence of a physical boundary, that insulates two adjacent TADs. TADs are relatively 

invariant across different tissues (45, 49) and strongly conserved across species – indicating their 

evolutionary importance (45). However, more recent studies performed on single cells using both 

imaging and 3C-based methods have revealed that cell to cell variability of TADs is higher than 

previously thought (50-54).   

The functional implications of TADs are still a matter of lively scientific discussion, however, there 

is thorough evidence for a functional role, highlighting the importance of TADs in transcriptional 

regulation. TADs can be seen as insulated units of cis-transcriptional regulation, within which long-

range enhancer-promoter contacts are facilitated and interactions beyond TAD boundaries are 
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constrained (55). First evidence for this function stemmed from a study showing correlations between 

gene expression patterns of genes located within the same TAD (56). Further genome wide studies 

have shown that enhancer-promoters contacts are very frequently located within TADs  (57-59)  and 

enhancers’ range of action correlate well with TAD boundaries (60). Functional studies have 

delineated the functional importance of TADs in promoting appropriate gene expression during 

development and in disease (47, 61-68). Particularly important for this thesis, is the work by Lupianez 

et al. 2015, in which structural variations (i.e., deletions, inversions, duplications) affecting boundary 

elements at the Epha4 locus, causes ectopic enhancer-promoter rewiring, leading to aberrant gene 

expression and congenital disease. Following studies confirmed that proto-oncogenes can be activated 

through TAD breaking rearrangements driving the development of T-cell acute lymphoblastic 

leukemia, This finding highlights the implications of TADs in cancer (69).  

 

In addition to their insulting function, there is also evidence that TADs can mediate enhancer-promoter 

contacts over long genomic distances as proposed by Symmons et al. 2016 (70). Using a series of 

chromosomal rearrangements in the Shh locus in mice, Symmons at al. demonstrate that 

rearrangements altering only intra-TAD distances do not affect gene expression. On the contrary, 

TAD-disrupting inversions affect enhancer-promoter contacts in a distant-dependent manner.  

 

In summary, it is proposed that TADs serve the dualistic function of insulating enhancers and 

promoters from ectopic interactions while at the same time facilitating physiological enhancer-

promoter contacts over large genomic distances.  

 

1.2.3 Long-range interactions (loops) 

As explained in section 2.1.1 it is generally assumed that an enhancer and its target promoter must 

physically interact to yield a transcriptional output, even if located at considerable linear genomic 

distances. Analyses of high-resolution Hi-C maps revealed the existence of chromatin loops, focal 

points displaying a high degree of interaction (42, 71). These loops often connect distal enhancers 

with promoters on an intra-TAD level (72), although they are also observed at the summit of TADs, 

connecting boundary regions (see Figure 1-4). Recent studies performing live measurement of 

enhancer-promoter proximity could show a close correlation between enhancer-promoter interaction 

and transcriptional output (3), although other live-cell imaging studies have disputed this claim (73, 
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74).  

 

 
Figure 1-4: Exemplary HiC map of a TAD and long-range interactions (loops).  

TAD shows self-associating properties (high contact frequency within TAD) and insulation at boundaries (steep contact 
frequency decline across boundary). Loop 1: Long-range chromatin interaction (displayed by higher contact frequency) 
of two regulatory units located within the same TAD. Loop 2: Long-range chromatin interaction (indicated by higher 
contact frequency) between TAD boundary elements.  
 

When compared with TADs, these intra-TAD or sub-TAD interacting loops seem to represent a more 

dynamic system, being less conserved across both different tissues and species (42, 57, 75). The 

working model for incorporating the functions of such distinct genomic features is that TADs 

represent a more rigid, tissue invariable framework for transcriptional regulation by defining distinct 

units of interaction. Within TADs, a more dynamic system of tissue and time-point specific loops 

coordinates the spatiotemporal formation of enhancer-promoter contacts and thus regulations the 

transcriptional output. However, it remains unclear if TADs and loops are entirely different entities 

or merely the same phenomenon of looping observed on different levels of magnitude. Indeed, the 

mechanisms proposed to establish the formation of TADs and loops are largely identical (see section 

2.2.4) (76). Further, looping structures may be present without there being any transcriptional output 

(67, 77). This highlights that physical enhancer-promoter contact is required but not necessarily 

sufficient to drive gene expression, as it might be influenced by many additional elements acting in 

trans.  

TAD

Loop

Loop

Boundary

1

2
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1.2.4 CTCF and loop extrusion  

Chromosome conformation capture methods provide valuable insight into 3D organization of 

genomes, but yield no information about the mechanisms driving the formation of the observed 

architecture. Numerous evidence position the CCCTC-binding factor (CTCF), a DNA binding protein 

comprised of 11 zinc finger units (78), as a crucial player in the formation of genome architecture. 

ChIP-Seq studies have shown a vast and ubiquitous distribution of CTCF binding across the genome 

(79) and a drastic enrichment of CTCF binding at TAD boundaries (46). The latter indicates the 

insulating function of CTCF (see section 2.1.1.3) which is further stressed by functional studies, 

showing that deletion or depletion of CTCF binding results in  dramatic loss of TAD boundary 

function and increased inter-TAD interactions (61, 80-82). Seemingly contradictory to the insulating 

properties of CTCF, many studies suggest an enrichment of CTCF binding at enhancers and promoters 

and highlight CTCFs importance in facilitating formation of enhancer promoter contacts (61, 83, 84).  

 

CTCF can dimerize in vivo, highly influenced by the orientation of its DNA-binding motif (83). 

Chromatin loops can generally be observed between CTCF binding motifs of convergent orientation 

(39). To date,  the best model for incorporating this seemingly dualistic function of insulation and 

contact facilitation is the loop extrusion model (39, 76, 85). The computationally derived model 

proposes that loops are formed by the binding of two heterodimer Cohesin-CTCF complexes. The two 

binding units move along the chromatin strand in opposite directions, thus extruding a DNA loop 

behind them. Extrusion ceases when a heterodimer reaches a convergently orientated CTCF binding 

site, but continues otherwise. Therefore, loops would be preferentially formed between two CTCF 

binding sites of convergent orientation. This model of convergent CTCF site orientation is well 

supported both by genome wide correlation studies (42, 86, 87) and by functional studies (39, 88, 89).  

 

1.3 The EphrinA4 (Epha4) locus and its regulatory landscape  
The Epha4 gene encodes for a tyrosine kinase receptor of the family of Ephrin receptors and it is 

functionally implied mainly in the development of the nervous system (90). During development 

Epha4 is expressed in the limb – in mice it facilitates correct motor-axonal pathfinding into the dorsal 

section of the developing limb bud. Homozygous Epha4 knockout mice lack motor-neuronal 

innervation of the dorsal hindlimb, displaying peroneal muscular atrophy and absence of the peroneal 



 
21 

nerve (91). 

 

1.3.1 Architecture and expression  

The Epha4 locus (Figure 1-2) is located on the long q-arm of chromosome 1. It is comprised of a 

large, over 2Mb TAD, containing only the single gene Epha4 (Chr1:77.368.039-77.517.240). The 

centromeric side of the locus is characterized by a vast gene desert containing a few identified cis-

regulatory elements. The most important of which - for this work at least - is a set of limb enhancers  

(Chr1:77.368.039-77.517.240). ChIP-Seq tracks for CTCF binding in E11.5 limb buds show the 

presence of a binding site adjacent to the described limb enhancer cluster, another near the Epha4 

promoter and the presence of a cluster of binding sites both at the centromeric and telomeric TAD 

boundary. These ChIP-Seq binding sites cover CTCF binding motifs with distinct orientations. The 

possible involvement of these CTCF binding sites in the spatial organization of the locus architecture 

is highlighted by the HiC data in Figure 1-2 which show: (1.) a loop between the convergently-

orientated CTCF sites of the limb enhancer cluster and the Epha4 promoter , (2.) a sharp drop off of 

contact frequency surpassing the centromeric and telomeric boundary elements, (3.) an increased 

contact frequency or loop between both boundary elements, the centromeric boundary element and 

the enhancer cluster and the centromeric boundary element and the Epha4 promoter.  
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Figure 1-5: Characterization of the Epha4 locus. A RefSeq Gene track from UCSC browser, ChIP-Seq tracks 
for H3K27Ac (active enhancers), H3K4me1 (CREs in general), CTCF and a Dnase hypersensitivity signal (open 
chromatin mark) are aligned with the HiC map of the Epha4 TAD in E11.5 mouse limb buds (provided by Dario Lupianez 
and Ivana Jerkovic). The orientation of CTCF sites is indicated by arrows below the CTCF ChIP-Seq track. Thus the 
crucial regulatory elements within the Epha4 TAD are labeled: B = TAD boundary; E = distal limb enhancers; C = CTCF 
site flanking limb enhancer cluster; P = promoter of Epha4 (CTCF site flanking the promoter not labeled but visible in 
ChIP-Seq CTCF track below).  
  

1.3.2 The Paired Box 3 (Pax3) locus 

On its telomeric side the Epha4 TAD is flanked by a smaller TAD that contains the gene Paired Box 

3 (Pax3). Pax3 encodes a TF involved in the development  of numerous tissues including the nervous, 

muscular and cardiovascular system (92). Mutations affecting the PAX3 gene associate with several 

phenotypes (Waardenburg Syndrome) including limb malformations. ChIP-Seq tracks in E11.5 

mouse limb buds indicate the presence of convergently-orientated CTCF binding sites at both 

boundaries of the Pax3 TAD, as well as a centromerically-orientated CTCF binding site upstream of 

the Pax3 promoter (Figure 1-2).    

 

1.3.3 Pathogenic Structural Variations at the Epha4 locus  

Structural variations (SV) are generally defined as mutations larger than one kb. They can be 

categorized into balanced SVs, as translocations and inversions for which the copy number of the 

affected sequence is not altered, and unbalanced SVs, such as deletions, duplications and insertions 

which are consequently also referred to as copy number variations (CNVs). Structural variations are 

associated with disease (93) although in many cases the implied causality of this remains unknown 

(94). In 2015, Lupianez et al. created mouse models with large SVs in the Epha4 locus that have been 

found to be associated with cases of familiar limb malformations in humans(61). Using these models, 

they determined the underlying causality between the described SVs and the corresponding limb 

malformations observed in these patients. In all studied cases, the SVs affected Epha4 TAD 

boundaries and disrupted the spatial organization at the locus. The disruption of the insulating function 

of the TAD led to an ectopic rewiring of Epha4 limb enhancers to genes that were physiologically 

located in an adjacent TAD. As a consequence, ectopic gene expression in developing limbs was 

observed, which resulted in pathological phenotypes that matched those observed in families with 

analogous mutations. The most important case for this thesis is from a patient affected by 

brachydactyly (shortening of fingers). The patient carried a 1.5 Mb deletion including parts of the 

EPHA4 TAD, the gene itself, and the boundary that separates it from the adjacent PAX3 TAD (see 
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Figure 1-2). In the corresponding mouse model, the deletion (Pax3 DelB/DelB) caused an ectopic rewiring 

of the cluster of Epha4 limb enhancers with the Pax3 promoter, leading to an ectopic expression of 

Pax3 in the limb (observed at stage E11.5). As a consequence, Pax3 recapitulated the expression 

pattern of Epha4 and caused the brachydactyly phenotype.   

 
Figure 1-6: TAD disrupting pathogenic structural variation at the Epha4  locus. A: Low resolution HiC 
map of the Epha4 TAD and its surroundings. Gene names are aligned below. B: Three different deletions observed in 
unrelated families with brachydactyly phenotype are indicated and phenotype of two patients shown. (61) 
 
 
1.4 Objective of this work 
The function of TADs, as insulating units controlling gene expression, and the involvement of CTCF 

in TAD formation and function has been thoroughly investigated. However, the presence of CTCF is 

not exclusive of TAD boundaries, but also associated with intra-TAD loops. Such loops are generally 

associated with enhancers and promoters, suggesting a possible involvement of CTCF in mediating 

these functional contacts.  

 

To investigate this, we used the CRISPR-Cas9 system to create homozygous deletions of CTCF 

binding sites in mice and test their functional consequences in vivo. First, we tested the integrity of 

the Epha4 TAD by deleting three CTCF binding sites flanking loop anchor points, individually and 

in combination. Second, we studied the role of CTCF binding in the phenotypes observed on the 

Pax3DelB/DelB background, where a TAD boundary deletion leads to ectopic Pax3 activation and 
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brachydactyly. For this purpose, we deleted CTCF-binding sites associated to the pathogenic 

interaction between Epha4 enhancers and the Pax3 gene. In both cases, we evaluated effects on 

genomic architecture and gene expression. 

 

The results presented here facilitate our understanding of the general principles of 3D chromatin 

organization in mammals, as well as their functional implications during development and in disease.  
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2. Methods  

2.1 Generating structural variations using CRISPR/Cas9 
Structural variations in mouse embryonic stem cells  (ESCs) were created using CRISPR-Cas9 (95). 

The experimental strategy is summarized in Figure 2-1.  

 

Figure 2-1: Time plan for creation of mouse models containing SVs using CRISPR-Cas9. The protocol 
spanning over 10 weeks is explained in detail over the following methods section from 2.1.1 – 2.1.5. (95) 

 

2.1.1 Vector cloning 

Target cells were transfected with a PX459 vector containing a U6 promoter for RNA polymerase 

binding, the coding sequence for the pSpCas9 enzyme (Cas9 enzyme from Streptococcus pyogenes), 

a puromycin resistance gene and two Bbs1 restriction enzyme sites, in between which the desired 

gRNAs desired was cloned.  

2.1.1.1 Guide design  

Single gRNAs were designed using the “design tool“ on http://benchling.com. Guides were designed 

to have a length of 20 bp and low off-target potential, based on the scoring system of the design tool. 

Only guides with an off-target score above 50 and an on-target score above 60 were selected. Each 

gRNA was designed to have a  G nucleotide at the 5‘ end of the gRNA, adjacent to the U6 promoter. 

If this nucleotide was not originally present in the sequence, the G was manually added to reach a 

total length of 21 bp. The complementary genomic sequence for each guide was flanked by the 

required downstream PAM sequence NGG. The corresponding sgRNAs oligo, as well as the 

corresponding reverse complementary were synthesized by an external company. Additional sequence 

overhangs “cacc“ and “caaa“ were added to the 5‘ end of the original oligo and to the 3‘ end of the 

complementary guide respectively. The gRNAs targeting the Epha4 or Pax3 promoters 

(Epha4ΔCTCF_P and PaxDelBΔCTCF_P, respectively) were designed to not interfere with promoter 
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function, based on  ChIP-Seq tracks for H3K4me3 histone modifications in the developing limb in 

E11.5 mice. For Epha4ΔCTCF_B constructs, which sought to delete a cluster of CTCF sites spanning 

2 kb within the centromeric boundary of the Epha4 TAD,  a double guide approach for CRISPR-Cas9 

induced SVs was used - as presented in Kraft, Geuer et al. 2015. 

 

Figure 2-2: Cloning of a Guide-RNA Insert into a pX459 vector. The pX459 Vector contains DNA 
sequences for the hSpCas9 protein, the tracrRNA and Guide-RNA insertion site. The U6 promotor facilitates the binding 
of RNA-polymerase III and thus of transcription. The hSpCas9 sequence is flanked by the Nuclear localization signal, 
which ensures that it is transported into the cell nucleus. The Guide-RNA Insert possesses the 3‘ and 5‘ overhangs 
complementary to the overhangs remaining at the BsbI restriction site, which are required for ligation into the vector 
(modified after (96)). 
 

 

2.1.1.2 Annealing   

Guide-RNA oligonucleotides were diluted in bidistilled water (bid H2O) to generate stock solutions 

and stored at -20ºC, according to the instructions provided by the manufacturer. 10 µl of the forward 

strand and 10 µl of the reverse strand stock solutions were mixed with 10 µl of ligation buffer (10x) 

and 70 µl of bid H2O. The mixture was placed into a preheated metal block at 95°C  and incubated 

for 15 min, followed by cool down at room temperature (RT) for 45 min.  
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2.1.1.3 Phosphorylation 

5 µl of the annealed gRNA were mixed with 2 µl T4 Polynucleotide Kinase Reaction Buffer (10x) , 2 

µl of ATO (10mM), 1 µl of T4 Polynucleotide Kinase (PNK) and 10 µl of H2O bid. The reaction 

mixture was mixed by pipetting, spun down and left to incubate at 37°C for 20 min. The mixture was 

placed at 75°C for 10 min, to inactivate the PNK enzyme.  

 

2.1.1.4 Ligation  

1 µl of the dephosphorylated PX459 vector (diluted 1:10), 2 µl of the phosphorylated oligonucleotides 

(approximately 2 ng of DNA in total), 2 µl of T4 DNA Ligase Buffer and 1 µl of T4 Ligase enzyme 

were eluted in 14 µl of H2O bid, mixed by pipetting and left to incubate at RT for two hours or  14°C 

overnight.  

 

2.1.2 Cultivating plasmid in bacteria 

2.1.2.1 Transformation 

Top10 Escherichia coli cells were taken from -80°C and left to thaw gradually on ice. 100 µl of 

bacteria were added to 10 µl of ligation solution, mixed by pipetting and left to incubate for 30 min 

on ice. To increase the plasma membrane porosity the solution was heat shocked in a water bath at 

42°C for 1 min. The solution was incubated further 5 min on ice. Than 900 µl of SOC media were 

added and the solution left to incubate for 60 min at 37°C. After 60 min the suspension was centrifuged 

for 2 min at 6000 rpm, 90% of the solution discarded, the remaining 10% mixed by pipetting and 

equally spread on a ampicillin treated agar plate. The plate was left to incubate over night at 37°C.  

 

2.1.2.2 Colony PCR 

Primers complementary to  the backbone of the pX459 vector and to the integrated guide RNA were 

aliquoted in a standard PCR master-mix and placed on a 96well plate.  Using a 10 µl pipet tip, single 

bacterial colonies were picked from the agar plate, plated and labeled on a further ampicillin-treated 

replica plate and subsequently placed into  a well containing the PCR master-mix. By shaking the 

96well plate slightly, it was ensured that sufficient bacterial template entered the PCR wells. The 

replica plate was left to incubate at 37°C overnight. The bands of colonies tested positive for the 

integrated vector were cut out for sequencing. 
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 Table 1: Pipetting scheme for colony PCR         .        Table 2: Cycler program for colony PCR 
 

Reagent  Volume 

Primer 1 (guide RNA) 0.4 µl 

Primer 2 (KolR)  0.4 µl 

dNTPs (1.25 mM)  0.5 µl 

Taq 0.25 µl 

Taq buffer (15mM)  2 µl 

Bidistilled   16.45 µl 

Total  20 µl  

 

2.1.2.3 Inoculation, glycerin stocks and plasmid isolation  

Positively tested colonies were retrieved from the replica plate and inoculated in 2 ml Ampicillin + L-

Media (1:1000) overnight. Bacteria were stored for further use at -80°C in the form of glycerin stocks: 

0.5 ml L-Media with suspended bacteria were mixed with 1 ml 80% glycerin. After successful gRNA 

integration into the vector had been confirmed by sequencing (see section 2.1.4.2) positively tested 

colonies were retrieved from the glycerin stocks and inoculated in 50 ml Ampicillin + L-Media 

overnight. The following day plasmid DNA was extracted from the inoculated bacteria using the 

“NucleoSpin Plasmid” kit (Machinery-Nagel). The plasmid DNA was eluted in 50 µl H2O bid. 

 

2.1.3 Mouse ESC-culture  

2.1.3.1 General cell culture methods 

6cm cell culture plates were covered with 0.1% gelatin and incubated at 37°C for 20 min. Afterwards, 

the gelatin was removed and the plates allowed to dry at RT for 5 min. Feeder cells were seeded on 

gelatinized plates, fed with ES media and maintained in a cell incubator at 37ºC, 5% CO2. On the next 

day,  a frozen vial of mouse ESCs was thawed and cells were seeded onto the feeder plates. mESCs 

were fed daily with ES+LIF media (10.000:1).  

Temp (C°) Time Cycles 

 96  5 min  

 96                    30 sec  

 55 30 sec    25 x  

 72 2 min  

 72 7 min  

  4    ∞  
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When splitting or freezing was necessary, mESCs were previously fed with ES+LIF for 2 h. 

Afterwards, cells were washed 2 times with PBS and subsequently detached by adding 0.1% trypsin 

and incubating for 7 min at 37°C. After trypsin was inactivated by adding 2 volumes of ES media, 

cells were pelleted by centrifuging for 5 min at 1100 rpm and resuspended in the corresponding media. 

Cell quantities were determined using a Neubauer-Zählkammer and the following equation:  

  

 

 total cell number = 

average of counted cells per quadrant   x   factor of dilution   x   104 
 (chamber factor) x 

total volume cell suspension  

 

2.1.3.2 Transfection 

Mouse ESCs were transfected with a PX459 vector containing the gRNA for the different CRISPR-

Cas9 constructs. Two days before transfection, 8x105 CD1 feeder cells were plated on a 6cm 

gelatinized plate. The day before transfection 4x105 ESCs were seeded on top of the feeder cells. After 

overnight incubation cells were washed with PBS twice and the standard media was changed to 1.75 

ml ES+LIF without streptomycin, because the antibiotic interferes with the transfection process. 

FuGENE HD and OptiMEM were allowed to reach RT for 15 min. 100 µl of OptiMEM were mixed 

with 25 µl of FuGENE HD. Further 125 µl of OptiMEM were mixed with 8 µg of a plasmid. The 125 

µl FuGENE-OptiMEM mix was added to the OptiMEM-DNA mix drop by drop and incubated at RT 

for 15 min. Finally, the total 250 µl  of transfection solution were distributed equally over a 6cm dish 

with ESCs and incubated overnight at 37°C before changing media back to ES+LIF with 

streptomycin.  

 

2.1.3.3 Selection  

The day after transfection 3x 6cm dishes of puromycin resistant DR4 cells were seeded. Two days 

after transfection, the transfected cells were plated onto DR4 plates (1:3) and selected for 48 h by 

adding 2 µg of puromycin to 1ml of standard media. After selection, the media was changed back to 
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ES+LIF and resistant clones were grown for 4-6 days.  

 

2.1.3.4 Clone picking 

One day before picking, CD1 feeder cells were seeded out on 96well plates. On the following day, the 

6cm plates with clones were washed twice and covered with 2 ml of PBS. Additional 96well plates 

with 30 µl of trypsin per well were prepared. Then, single clones were picked of the 6cm dishes using 

a 10 µl pipet and transferred to the trypsin plate. After incubating them for 10 min at 37°C, trypsin 

was deactivated by adding 120 µl ES+LIF, pipetted several times to achieve a single-cell suspension 

and transferred to the 96well plates covered with CD1 feeders. Cells were incubated at 37°C, 5%CO2 

for 2-3 further days.  

 

2.1.3.5 Split and freeze 

Once cells were grown to a sufficient density, they were detached from the plates. Two thirds of the 

cells were frozen for further use (e.g. expansion and possible aggregation if the correct genotype was 

confirmed) and one third was left to grow for several more days to extract DNA for genotyping. 

Briefly, 30 µl of trypsin per well were added and incubation occurred at 37°C for 10 min. Normal 

media (NM= 20% FCS, 80% Bicarbonate free DMEM) and freezing media (FM= 20%FCS, 20% 

DMSO, 80% Bicarbonate free DMEM) were prepared. U-bottomed 96well freezing plates with 50 µl 

FM/well were prepared. Trypsin was deactivated by adding 120 µl of NM/well. Then, 50 µl of each 

well were transferred to corresponding wells on two separate 96well freezing plates. Freezing plates 

(replica plates) were packaged in styrofoam boxes and frozen at -80°C. 150 µl of ES-LIF were added 

to the remaining 50 µl of cells. Cells were incubated for further 2-3 days and DNA was extracted for 

genotyping.  

 

2.1.3.6 Expanding and freezing of positive clones 

DNA plates were screened by PCR to identify clones with the appropriate genotype (see section 2.1.4). 

Positive clones were subsequently confirmed by Sanger sequencing, retrieved from the frozen 96well 

replica plates and expanded to reach approximately 3x106 cells. After expansion, three vials containing 

8x105 cells each were stored in cryotubes at -80°C or in liquid nitrogen for further use e.g. aggregation. 

For the freezing process, cells were suspended in 0.5 ml FM + 0.5ml NM.  
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2.1.4 Screening for positive clones 

DNA was extracted from cells, PCR genotyped and finally deletions were verified by Sanger 

sequencing.  

2.1.4.1 PCR based genotyping 

2.1.4.1.1 Primer design 

Primers were designed using the Primer3, NetPrimer and EnsembleBlat software. Two different 

approaches were applied for either the small CTCF motive deletions (1) or larger genomic deletions 

(kb-sized) incorporating several CTCF sites (2).                                   

(1) For single CTCF motive deletions a forward and a reverse primer - centromerically and 

telomerically of the gRNA binding site - were designed (see Figure 2-3). The PCR product for clones 

carrying the required deletion thereby varied in size from the wild type (wt) PCR product - it was 

between 20-200 bp smaller. Deletion size was quantified by Sanger sequencing.  

(2) For larger genomic deletions four primers were designed for every construct, allowing for the 

genotyping of deletions, inversions, duplications and wild type (see Figure 2-3) (95). 

 

 

Figure 2-3: Genotyping approach - for small CTCF motif knockouts (20-200bp) and larger structural variations. 
Primers were designed to bind at least 250 bp away from the gRNA binding site (red dotted line) and with low off-target 
potential. Two primers were designed for the deletions created using the above described single gRNA approach. Four 
primers were designed for the genotyping of larger deletions and unwanted structural variations e.g. inversions and 
duplications (duplications not shown). A wild type PCR (using primer pairs F1/R1 and F2/R2) was always performed to 
verify homo- or heterozygosity.  

 



 
32 

2.1.4.1.2 DNA isolation and genotyping PCR 

Cells in 96well DNA plates cells were washed twice with PBS. 50µl of lysis buffer + proteinase K 

(1:1000) was added per well. Lysis was performed overnight at 55°C. DNA was extracted  using a 

“Mag Attract HMW DNA” kit and the DNA extraction program provided on the KingFisher robot 

provided by Biosoft. Subsequently, clones were PCR genotyped - the pipetting scheme and cycler 

program shown in Table 3  and 4  were applied. The temperature for the annealing step in the PCR 

cycler program was adjusted according to the annealing temperatures of the designed primers.  

 

Table 3: Pipetting scheme for PCR based           . Table 4: Cycler Program for PCR based       
genotyping                                                                     genotyping   

 

      

 

 

 

   

 

 

2.1.4.1.3 Gel electrophoresis 

PCR products were evaluated by gel electrophoresis on a 2% agarose gel. Again, two different 

approaches were used for singular CTCF motive deletions and kb-sized deletions: (1) Single CTCF 

motive deletions were detected by loading samples on a 2% agarose gel and allowing a clear 

separation from wildtype bands. Using this approach, clones with deletions >20 bp could be detected. 

„Deletion PCR bands“ were consequently cut out of the gel, DNA was extracted and the deletion 

confirmed by Sanger sequencing.  (2) Larger genomic deletions could be identified as only clones 

carrying deletions would yield a deletion band in the PCR (see Figure 3-2). Subsequently, samples 

with a deletion band were genotyped for inversions and duplications. In order to assess an 

homozygosity status, positive clones were subsequently screened for wild type alleles (see Figure 2-

^ Time Cycles 

 96  5 min  

 96                    30 sec  

 55 30 sec    35 x  

 72 1 min  

 72 7 min  

  4    ∞  

Reagent  Volume 

DNA (ca. 50 ng)  1-2 µl 

10x PCR buffer  2 µl 

dNTPs (1.25 mM)  0.5 µl 

Forward Primer 0.4  µl 

Reverse Primer  0.4 µl 

Taq 0.24 µl 

bidest to 20 µl total 
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3). To minimize a possible wild type signal from CD1 feeder cells, clones and CD1 cells were allowed 

to settle on a gelatinized plate for 30 min twice, before transferring them to another well. Deletion 

bands were cut from the agarose gel, DNA extracted using a “NucleoSpin Gel and PCR Clean-up” kit 

and the deletion verified or falsified by sequencing.  

 

2.1.4.2 Sequencing  

Deletions fragments were amplified by PCR and verified by Sanger sequencing. The cycler program 

and  the sequencing protocol are summarized in table 5 and 6.  

 

Table 5: Protocol for sequencing PCR            .              Table 6: Cycler Program for sequencing  
                                                                              

 

 

 

 

 

 

 

 

2.1.5 Tetraploid aggregations 

Mutant embryos were generated from expanded clones via tetraploid aggregation(97). Aggregations 

were kindly performed by Karol Macura and Dr. Lars Wittler of the Herrmann Department at Max 

Planck Institute for Molecular Genetics (MPIMG). 8x105  mutant cells were seeded out on a 6cm dish 

covered with CD1 feeders 2-3 days before aggregation.  

 

 
2.2 Evaluating effects of genomic aberrations in distal limb E11.5 tissue 

2.2.1 Preparation of embryos and treatment of animals  

Caretaking of retransfered females was carried  at the animal facility of Max Planck Institute for 

Temp (C°) Time Cycles 

 96  1 min  

 96                    30 sec  

 50 30 sec    25 x  

 60 4 min  

  4    ∞  

Reagent  Volume 

DNA (ca. 50 ng)  2 µl 

5x sequencing buffer 2 µl 

BigDye terminator 
reaction mix  

0.5 µl 

Primer (10pM/µl) 0.4  µl 

Bidistilled H2O to 10 µl total 
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Molecular Genetics under the supervision of Dr. Ludger Hartmann. All animal procedures were con-

ducted as approved by the local authorities (LAGeSo Berlin) under license number G0247/13. 

All  experiments were performed in E11.5 distal limb tissue. Additional embryonic tissue  was 

obtained for genotyping - tail tip tissue from embryos used for qPCR and HiC experiments, amnion 

tissue from embryos taken for RNA in situ hybridization. DNA was extracted using a QuickExtract 

solution, eluted to 50 ng/µl and genotyping performed as described in section 2.1.4.1.   

 
2.2.2 qPCRs  

Forelimb distal limb tissue was obtained from E11.5 embryos, snap-frozen in liquid nitrogen and 

stored at -80°C. To ensure a correct developmental stage, embryos were staged according to tail somite 

number and only those displaying 17-20 tail somites were used. RNA was isolated from samples using 

the “RNeasy Mini” kit from Qiagen by following the instructions provided by the manufacturer. The 

corresponding cDNA was generated by using the “Superscript” kit from Invitrogen and following the 

instructions provided by the manufacturer. The total amount of RNA used for cDNA synthesis was 

500 ng. Real time PCRs were performed with SYBR Green technology. GAPDH was used as the 

reference gene for normalization. The generated data was analyzed using SDS (Applied Biosystems) 

and Excel.  
 

2.2.3 RNA in situ hybridization  

In situ hybridization was performed on E11.5 embryos using standard methodologies (98). This 

work was kindly done by Norbert Brieske of the group “Development and Disease” at the Max 

Planck Institute for Molecular Genetics. It was ensured that mutant embryos and wt control animals 

were at the same developmental stage by counting embryo somites.  

 

2.2.4 Capture HiC  

2.2.4.1 SureSelect design   
 
SureSelect RNA enrichment probes were designed over the genomic interval chr1: 71,000,001-

81,000,000 (mm9) using the SureDesign tool by Agilent. Probes were designed over the entire 

genomic region and not specifically proximal to DpnII sites, with coverage of 85%.  
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4.2.4.2 Capture HiC library preparation 

 
Distal limb tissue from forelimb and hindlimb of E11.5 embryos was dissected and pooled in 10% 

FBS/PBS.  

Disruption of tissue: FBS/PBS was aspirated and tissue resuspended in 1 ml of trypsin. Samples were 

incubated for  10 min at 37°C with pipetting every 2 min, to ensure a single-cell suspension. 

Fixation of tissue: Trypsin was inactivated by adding 4 ml 10%FBS/PBS and the solution filtered with 

40 µm cell strainer into a new falcon. The cell strainer was washed with further 5 ml of FBS/PBS and 

the solution centrifuged for 5 min at 1100 rpm. The supernatant was discarded, the pellet resuspended 

in 5 ml 10% FBS/PBS and 10 µl of sample taken for determining the quantity of cells.  5 ml of 4% 

formaldehyde (FA) solution in 10%FBS/PBS were added, the sample was mixed by inverting 5x and 

incubated on a rotating device at RT for 10 min. Fixation was stopped by transferring the sample to 

ice and by adding 1 ml of a 1.425M of glycine solution   

Lysis: Samples were centrifuged at 4°C for 8 min, the supernatant removed, samples resuspended in 

5ml cold lysis buffer and incubated on ice for 10 min. Lysis was validated by Methyl Green-Pyronin 

staining. Samples were centrifuged for 5 min at 2000 rpm at 4°C, the supernatant removed and sample 

pellets resuspended in 360 µl H2O.  

Digestion: 60 µl of 10X restriction buffer and 15 µl 10% SDS were added to the samples, which were 

then incubated in a thermoblock at 37°C for 1 h at 900 rpm. 150 µl of 10% Triton-X 100 were added 

and incubation continued for 1 h. 600 µl restriction buffer and 400U restriction enzymes were added 

and incubation performed for 4 h at 37°C at 900 rpm. Further 200U of restriction enzyme were added 

and incubation continued overnight. On the next day  200U restriction enzyme were added and 

samples incubated for further 4 h.  

Ligation: Digestion efficiency was validated by gel electrophoresis. Afterwards, restriction enzymes 

were inactivated by incubating for 20 min at 65°C. Ligation was performed by adding 700 µl ligation 

buffer, 7 ml H2O and 50U T4-DNA-Ligase and by incubating at 16°C overnight.  

De-crosslinking: 30 µl of Proteinase K were added and samples were incubated overnight at 65°C. 

On the next day, 30 µl RNAse A were added and samples incubated for 45 min at 37°C. 7 ml phenol-

chloroform were added, samples mixed and centrifuged for 15 min at 3750 rpm. The aqueous phase 

was subsequently transferred to new 50 ml tubes and 28 µl glycogen (5 mg/dl), 1.5 ml 2M NaAC (pH 
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5.6), 35 ml 100% ethanol and 7 ml H2O were added. Samples were incubated at -80°C overnight. On 

the next day, samples were centrifuged at 4° for 20 min at 8350 rpm. After removing the supernatant, 

10 ml of cold 70% ethanol were added. Samples were centrifuged at 4°C for 15 min at 3300rpm. The 

supernatant was removed and pellets allowed to dry at RT. Pellets were dissolved in 150 µl 10mM 

Tris pH 7.5 and stored at -20°C. 

Capture: Samples were next sheared using a Covaris sonicator (duty cycle: 10%, intensity: 5, cycles 

per burst:200, time 6 cycles of 60 s, set mode: frequency sweeping, temperature 4° - 7°C). Adaptors 

were ligated to the sheared DNA and amplified according to instructions provided by Agilent. The 

library was hybridized to our designed SureSelect RNA probes and indexed for sequencing following 

Agilent instructions (100bp paired-end mode). The capture part of the CHiC protocol was kindly 

performed by Myriam Hochradel of the Max Planck Institute for Molecular Genetics sequencing 

facility. 

 

4.2.4.3 Capture HiC analysis  

Bioinformatic analysis was kindly performed by Robert Schöpflin of the Department of 

Computational Molecular Biology, Max Planck Institute for Molecular Genetics. Library sequencing 

was performed paired-end. The HiCUP pipeline v0.5.8 (99) (nofill: 1, format: Sanger, without di-tag 

length restriction) was used for mapping paired-end sequencing results and for filtering for unique 

and valid di-tags. The pipeline applied Bowtie2v2.2.6 (100), referencing to the genome mm9. For 

DelB mutants a customized genome file was applied. Juicebox command line tools (42, 101) were 

next used for binning and normalizing (KR normalization). Capture performance enriched for a 

genomic region of 10Mb, resulting in three different regimes of CHiC maps: (i) enriched vs. enriched, 

(ii) enriched vs. non-enriched and (iii) non-enriched vs. non-enriched. Only di-tags for regime (i) were 

considered for binning and normalization. Di-tags were filtered for the enriched genomic region and 

all coordinates were shifted by the beginning of the enriched interval. Accordingly, files in the 

Juicebox command line tool were set to only include the size of the enriched regions. The minimum 

MAPQ for importing was set to 30. After binning and normalizing, coordinates were returned to their 

original values. 
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3. Materials  
3.1 Devices and software 

Table 7: Devices  
 

Device Description Manufacturer 

Acio Cam 
Binocular 
Centrifuge  
 
 
 
Incubator  
Gel documentation 
Heating block  
Neubauer cell chamber 
Petri dishes for aggregation 
Pipets  
Pipetboy  
Scales   
Spectrometer  
Thermal Cycler 
UV-Chamber  
Vortex  
Water bath  
 

MRC5 
MZ 12 
Biofugepico 
3417R 
RC-Superspeed 
Megafuge 1,0 Heraeus 
HEPA Class 100 
Easy Win 32 
Ori-Block OV3  
0,0025 mm  
633102 
 
acu  
PB303-S/PH 
ND-100 
2720 
 
Microspin FV-2400 
2008 series  

Zeiss 
Leica 
Thermo 
Eppendorf 
DuPont Instruments Sorvall 
Thermo 
Thermo 
HeroLab 
Techne 
Marienfeld 
Greiner 
Eppendorf  
ISS Intgra Bioscience  
Mettler Toledo 
NanoDrop 
AB Applied Biosystems 
HeroLab 
Lab4you 
GFL  

Table 8: Software programs 
   

Program Use of program 

ApE Plasmid Editor  
Axio Vision 4.6  
Benchling.com  
DNA Star Seqman 
Easy Win 32 
Endnote  
Ensemble Blat  
Inkscape 
NCBI  

Analysis of Sequencing  
Photography  
CRISPR-Cas9/gRNA design  
Analysis of Sequencing 
Gel documentation after gel-electrophoresis  
Citations  
Analysis of off-target potential of primers 
Image editing  
Database for research  
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NetPrimer 
Primer3 
UCSC  
 

Primer design  
Primer design 
Database for gRNA design, primer design etc.  

3.2 Reagents  

Cell culture reagents: ES-Media was stored at 4° C for up to 5 days. For longer periods of time ES-

Media was stored at -20°C. Freezing media was always freshly prepared. 

 

Table 9: ES-Media (with and w/o LIF)    
 

Component Volume to 625 ml total (ratio) 

KO DMEM  
100x L-glutamine (200mM) 
100x Non-essential amino acids  
ß-Mercaptoethanol (10mM) 
100x Nucleosides  
Penicillin/streptomycin (10.000 U/ml) 
Fetal calf serum  

500ml (80%) 
6.25ml (1%)  
6.25ml (1%) 
6.25ml (1%) 
6.25ml (1%) 
6.25ml (1%) 
93.75ml (15%)  

Leukemia Inhibitory Factor (LIF) 10^7 U/ml  62.5 µl (1:105)  

 

Table 10: Freezing media  
 

Reagent Volume (ratio) 

F1 Freezing Media 
KO DMEM/bicarb DMEM  
FCS 

 
8ml (80%) 
2ml (20%) 

F2 Freezing Media  
KO DMEM/ bicarb DMEM  
FCS 
DMSO  

 
6ml (60%) 
2ml (20%) 
2ml (20%) 

 

Table 11: General lab-work reagents  
 

Reagent Composition 

10x PCR reaction buffer  
 
6x Agarose gel loading buffer  

705mM Tris, HCl pH 8,8, 200mM (NH4)SO4, 
15mM MgCL2 
0,175 g Orange G, 15g Sucrose, 50ml H2O 
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Proteinase K buffer  
PBS  
 
QuickExtract (DNA extraction) 
 
TAE buffer   
  
Sequencing reagents  
 
 
 
 
Table 12: Capture HiC reagents  
 

1M Tris (pH 7), 0,5M EDTA in DEPC H2O 
2g KCl, 14,4g Na2PO4, 80g NaCl in 1l H2O 
DEPC 
17mM EDTA, 17mM Tris (pH 7,5), 170 mM 
NaCl, 0,85% SDS  
5mM sodium acetate, 0,04 M Tris, 1mM 
EDTA, pH8 
U6 primer: ACTATCATATGCTTACCGTAAC; 
ColR primer: CACGCGCTAAAAACGGACTA  

 
 

Reagent Composition 

Lysis buffer (prepared freshly and stored on ice)  
 
 
 
Ligation buffer 
 
37% formaldehyde  
 
4% formaldehyde 

500µl 1M Tris pH 7.5, 300µl 5M NaCl, 100µl 
0.5M EDTA, 50µl NP-40 (0.0528g), 115µl 
Triton X-100 (0.106g), 400 µl 25X proteinase 
inhibitors, 8.353ml H2O  
0.4M Tris pH 7.8, 0.1M MgCl2, 0.1M DTT, 
0.0083M ATP 
0.555g PFA in 1050µl 10% FCS/PBS, 15 µl 
NaOH 
594µl 37% formaldehyde, 4.9ml FCS/PBS  

  

Table 13: Reagents for qPCRs 
 

Kit Function Reference 

RNeasy Mini   
SuperScriptIII ds cDNA 
synthesis  
SYBR Green PCR Master Mix 

RNA isolation 
cDNA synthesis 
 
expression analysis  

Quiagen 74106 
Invitrogen 11917-010 
 
Applied Biosystems 4367660 
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3.3 Oligonucleotides  

Table 14: Guide-RNAs  
 

Construct name CTCF motif CTCF motif 

position 

gRNA sequence  gRNA target  

Epha4ΔCTCF_E GTGCCGACAGGGGGCGCCA Chr1:75922486-

75922504 

AAAAACTCAGTGCCGACAGG Chr1:75922477-
75922496 
 
 

Epha4ΔCTCF_P TGGCCGGCAGGTGGCGCGG Chr1:77513017-

77513035 

CATCTGGCCGGCAGGTGGCG Chr1:77513020-

77513039 

 

Epha4ΔCTCF_B TGGCCACCAGGTGGCGCCAT  

and  

TATTCTGCAGAGGGCATTAC 

Chr1:75649269-

75649287 and 

Chr1:75650312-

75650331 

GATATTAATGAGATACTTAG 

and 

GAGTTTAGTCAAAAGCTGAG 

Chr1:75648868- 

75648887 and 

Chr1:75650949- 

75650968 

PaxDelBΔCTCF_E GTGCCGACAGGGGGCGCCA Chr1:75922486-

75922504 

AAAAACTCAGTGCCGACAGG Chr1: 75922477-
75922496 

 

PaxDelBΔCTCF_P CTGCCGCCCGGCGGCGCAG Chr1:78196958-

78196976 

GGTTGCTTGACTGCGCCGCC Chr1: 78196948-
78196967 
 

PaxDelBΔCTCF_B TGGCCACCAGGTGGCGCCAT  

and  

TATTCTGCAGAGGGCATTAC 

Chr1:75649269-

75649287 and 

Chr1:75650312-

75650331 

GATATTAATGAGATACTTAG 

and 

GAGTTTAGTCAAAAGCTGAG 

Chr1:75648868- 

75648887 and 

Chr1:75650949- 
75650968 

 

 
 
Table 15: Genotyping primers  
 
Construct name Forward primer Reverse primer  
Epha4ΔCTCF_E 

Epha4ΔCTCF_P 

Epha4ΔCTCF_B 

 

PaxDelBΔCTCF_E 

PaxDelBΔCTCF_P 

PaxDelBΔCTCF_B 

GTGGGGTTCTTTCTCTTCGT 

TCCAAAAGATCCACCTTCCGT 

F1: CCAGGGATGAAGTGGAAGTG 

F2: CCTTTTTGCTGATGGGATTG 

GTGGGGTTCTTTCTCTTCGT 

CACCGGTTGCTTGACTGCGCCGCC 

F1: CCAGGGATGAAGTGGAAGTG 

GGTGAGGCTGCTGTAGTGTT 

CGTTCTCCATGACAACAACCA 

R1: AGCTCGCCTTGATGATGTGT 

R2: AGGGCGATAAAGGGATGTT 

GGTGAGGCTGCTGTAGTGTT 
AAACGGCGGCGCAGTCAAGCAACC 

R1:AGCTCGCCTTGATGATGTGT 
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F2: CCTTTTTGCTGATGGGATTG 

 

R2: AGGGCGATAAAGGGATGTT 

 

Table 16: qPCR primers 
 
Analyzed gene   Forward primer  Reverse primer  

Epha4  

Pax3 

GAPDH  

ATCAGCCGAAGACGGAGTAA 

AACCCAAGCAGGTGACAACG 

GGCATTGCTCTCAATGACAA 

ATTCTCGAACTGCCTGGTTGG  

CTCAGGATGCGGCTGATAGA 

TGTGAGGGAGATGCTCAGTG 

 

3.4 Biological materials  

Table 17: Biological materials  

 
 

 

 

 

 

 

 

Materials  Description 

ESCs  
 
 
 
Feeder cells 
 
Mice  
 
 
 
 
 
 
Bacteria 

G4 ESCs were used for the creation of transgenic ESCs; they were 
stored in liquid nitrogen; originally provided by Andreas Nagy, 
Samuel Lunefeld Research Institute, Toronto Canada  
 
CD1 feeder cells and puromycin resistant DR4 feeder cells 
 
All work with laboratory mice was done by the Animal Facility of 
the May Planck Institute for Molecular Genetics under the 
supervision of Dr. Ludger Hartmann, according to standards of 
ethics and procedures defined by local legislation through the 
LAGeSo Berlin. Bl6 mice were used for the breeding of mouse 
models. CD1 mice were used as foster animals for aggregations. 
  
Top10 E. Coli bacteria were used for plasmid harnessing by 
transformation. They were stored in glycerol stocks at -80°C.  
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4. Results  

4.1 Identification of target CTCF sites in wild type and PaxDelB ESC-lines  
This work was performed on two separate backgrounds cell lines: Firstly, a wild type G4 ESC-line 

and secondly on the PaxDelB ESC-line created by Lupianez et al. 2015.  

 

4.1.1 Identification of CTCF binding sites during limb development at the Epha4 locus  

The Epha4 locus is characterized by a 2 Mb TAD that contains the Epha4 gene (Chr1:77.368.039-

77.517.240) and a set of limb enhancers (Chr1:77.368.039-77.517.240) located in the gene desert 

centromeric of that gene. Analysis of ChIP-Seq for CTCF in E11.5 mouse limb buds revealed the 

presence of CTCF binding sites adjacent to the set of limb enhancers, near the Epha4 promoter and at 

the centromeric and telomeric TAD boundaries. HiC characterization of the Epha4 TAD revealed:  

 

(1.) insulating properties at both boundaries,  

 

(2.) a loop between the CTCF sites flanking the Epha4 promoter and the limb enhancer cluster,  

 

(3.) a loop between the centromeric boundary and the telomeric boundary,  

 

(4.) a loop between the centromeric boundary and the CTCF site flanking the Epha4 promoter (see 

Figure 4-1).  

 

DNA sequence analysis revealed the presence of CTCF binding motifs at the CTCF binding sites 

identified through ChIP-Seq, which were located at the base of the loops identified by CHiC. 

Furthermore, the orientation between looped CTCF binding motifs was convergent, thus in 

concordance with the model of loop extrusion (85). 
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Figure 4-1: CRISPR-Cas9 Epha4ΔCTCF construct design. A RefSeq Gene track from UCSC browser, ChIP-
Seq tracks for H3K27Ac (active enhancers), H3K4me1 (CREs in general), CTCF and a Dnase hypersensitivity signal 
(open chromatin mark) are aligned with the HiC map of the Epha4 TAD in E11.5 mouse limb buds (provided by Dario 
Lupianez and Ivana Jerkovic). The orientation of CTCF sites is indicated by arrows below the CTCF ChIP-Seq track. Thus 
the crucial regulatory elements within the Epha4 TAD are labeled: B = TAD boundary; E = distal limb enhancers; C = 
CTCF site flanking limb enhancer cluster; P = promoter of Epha4 (CTCF site flanking the promoter not labeled but visible 
in ChIP-Seq CTCF track below). The HiC map shows (1) the insulating properties at both boundaries, (2) a loop between 
CTCF sites flanking P and E, (3) a loop between both boundaries, (4) a loop between the CTCF site flanking P and the 
centromeric boundary. The target regions of the designed guide RNAs are indicated by the scissors symbols above the 
construct names.  
 

To analyze the transcriptional and regulatory effect of deleting CTCF binding sites at loop anchor 

points, guide RNAs were designed to target:  

 

(1.) the CTCF motif flanking the limb enhancer cluster (construct name: Epha4ΔCTCF_E)  
 

(2.) the CTCF motif flanking the Epha4 promoter (construct name: Epha4ΔCTCF_P)   
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(3.) the CTCF cluster within the centromeric Epha4 TAD boundary (construct name: Epha4 

ΔCTCF_B)  

Identified functional CTCF motifs and corresponding gRNA sequences for the Epha4ΔCTCF 

constructs are summarized in Table 14 (see section 3.3.). 

 

 
4.1.2 Identification of CTCF binding sites during limb development at the Epha4-Pax3 locus in 

PaxDelB mutants 

In 2015 Lupianez et al. described a mouse model carrying a large homozygous deletion at the Epha4 

locus (PaxDelB mutants), for which a mESC line was generated. This deletion spans 1.7 Mb 

(Chr1:76,388,978-78,060,839), including the Epha4 gene, Epha4 promoter and telomeric TAD 

boundary. As a consequence, the remaining Epha4 and Pax3 TADs are fused and ectopic loops are 

formed between:  

(1.) the CTCF site flanking the Pax3 promoter and the CTCF site flanking the Epha4 limb enhancers,  

(2.) the CTCF site flanking the Pax3 promoter and the centromeric TAD boundary of the Epha4 TAD,  

(3.) the telomeric boundary of the Pax3 TAD and the CTCF site flanking the Epha4 limb enhancers,  

(4.) the telomeric boundary of the Pax3 TAD and the centromeric boundary of the Epha4 TAD (see 

Figure 4-2).  

The rearranged TAD results in ectopic expression of Pax3 (observed in E11.5 limb buds), which 

causes a brachydactyly phenotype (61).      
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Figure 4-2: CRISPR-Cas9 PaxDelBΔCTCF construct design. A RefSeq Gene track from UCSC browser, 
ChIP-Seq tracks for H3K27Ac (active enhancers), H3K4me1 (CREs in general), CTCF and a Dnase hypersensitivity 
signal (open chromatin mark) are aligned with the HiC map of the fused Epha4-Pax3 locus stemming from E11.5 mouse 
limb buds from PaxDelB mutants (provided by Dario Lupianez and Ivana Jerkovic). The deleted section is indicated by 
the grey box labeled DelB/B. The orientation of CTCF sites is indicated by arrows below the CTCF ChIP-Seq track. The 
crucial regulatory elements within the Epha4 TAD are labeled: B = TAD boundary; E = distal limb enhancers; C = CTCF 
site flanking limb enhancer cluster; P = promoter of Epha4/Pax3  (CTCF site flanking the promoters of Epha4 and Pax3 
are not labeled but visible in ChIP-Seq CTCF track below). The HiC map shows: (1) a loop between CTCF sites flanking 
P and E, (2) a loop between the CTCF sites flanking P and the centromeric Epha4 boundary, (3) a loop between E and the 
telomeric Pax3 boundary, (4) a loop between the centromeric Epha4 boundary and the telomeric Pax3 boundary. The 
targeted regions of the designed guide RNAs are indicated by the scissors symbols above the construct name.  
 

To analyze the effect of deleting CTCF binding sites at loop anchors on the fused Epha4-Pax3 TAD 

and on ectopic Pax3 expression (for which we assume the CTCF mediated enhancer-promoter loop is 

critical), guide RNAs were designed to target: 
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(1.) the CTCF motif flanking the Epha4 limb enhancers (construct name: PaxDelBΔCTCF_E)  
 

(2.) the CTCF motif flanking the Pax3 promoter (construct name: Pax3DelBΔCTCF_P)   
 
(3.) the CTCF cluster within the centromeric Epha4 TAD boundary (construct name: 
PaxDelBΔCTCF_B) 
 

Identified functional CTCF motifs and corresponding gRNA sequences for the PaxDelBΔCTCF 

constructs are summarized in Table 14 (see section 3.3). 

 

4.2 Sequential CRISPR-Cas9 retargeting generates combinations of CTCF-motif knockouts  
A major advantage of the used CRISPR-Cas9 tool for genome engineering in ESCs is that clones can 

be targeted several time with varying constructs. We employed this strategy to delete both single and 

combined CTCF binding sites. The latter was achieved by retargeting a successfully genetically 

altered clone with an additional CRISPR-Cas9 construct. We generated the following combinations 

of CTCF knockouts:  

 

(1.) Epha4ΔCTCF_P retargeted with Epha4ΔCTCF_E          à Epha4ΔCTCF_P+E 
 

(2.) PaxDelBΔCTCF_E retargeted with PaxDelBΔCTCF_P à PaxDelBΔCTCF_E+P  
  

4.3 Identification of CTCF-motif deletions    
CTCF binding site deletions were identified and characterized to base pair resolution using PCR based 

genotyping and confirmed by Sanger sequencing (see section 2.1.4). Clones were classified as 

”positive” for the deletions (single CTCF motif deletions) if (1.) the entire CTCF binding motif had 

been deleted, (2.) the deletion was not larger than 200bp and (3.) the deletion did not overlap with 

active promoter regions (see section 2.1.1.1).  

 

4.3.1 Detection of CTCF motif deletions by PCR  

Homozygous deletions were successfully detected for all single gRNA constructs –Epha4ΔCTCF_E, 

Epha4ΔCTCF_P, Epha4ΔCTCF_P+E (shown in Figure 4-3) and for the constructs 

PaxDelBΔCTCF_E, PaxDelBΔCTCF_P and PaxDelBΔCTCF_E+P (shown in Figure 4-4).   
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Figure 4-3: PCR based genotyping of single guide Epha4ΔCTCF constructs. A slight wt signal stemming 
from CD1 feeder cells is visible for some clones. Homozygosity of all clones was later confirmed by PCR-genotyping the 
embryos generated via tetraploid aggregation. DNA for wild type controls was taken from amnion tissue of E11.5 embryos.  
(A) M:100 bp+ gene ruler; C10: PCR products of the ESC clone carrying the homozygous deletions Epha4ΔCTCF_E and 
Epha4ΔCTCF_P; wt: wild type control; het: heterozygous control. (B) M: 100 bp+ gene ruler; H8: PCR product of the 
ESC clone carrying the homozygous deletion Epha4ΔCTCF_E; wt: wild type control; het: heterozygous control. (C) M: 
100 bp gene ruler; D6: PCR product of the ESC clone carrying the homozygous deletion Epha4ΔCTCF_P; wt: wild type 
control; het: heterozygous control.     
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Figure 4-4: PCR based genotyping of single guide PaxDelBΔCTCF constructs. DNA for wild type 
controls was taken from amnion tissue of E11.5 embryos. (A) M: 100 bp+ gene ruler; H6: PCR product of the ESC clone 
carrying the homozygous deletion PaxDelBΔCTCF_P; wt: wild type control; the unspecific PCR band of 250 bp 
disappeared, when primer annealing temperature was increased to 57°C. (B) M: 100 bp gene ruler; D3: PCR product of 
the ESC clone carrying the homozygous deletion PaxDelBΔCTCF_E; wt: wild type control. (C) M: 100 bp+ gene ruler; 
PCR products of the ESC clone carrying the homozygous deletions PaxDelBΔCTCF_P and PaxDelBΔCTCF_E; wt: wild 
type controls.  
 

4.3.2 Characterization of CTCF motif deletions to base pair resolution by sequencing   

For all single gRNA constructs more than one “positive” clone (see 3.3) could be verified and 

characterized by Sanger sequencing. The following section only contains the sequencing results of 

those clones, which were after used for tetraploid aggregations.  

 

4.3.2.1 Confirmation of CTCF motif deletions using Epha4ΔCTCF constructs  

Homozygous clones carrying complete (entire sequence) CTCF motif deletions smaller than 200bp 

were verified by Sanger sequencing for all Epha4ΔCTCF constructs. 

 

A total of 7 positive clones were identified for the Epha4ΔCTCF_E construct, 5 for the 

Epha4ΔCTCF_P construct and 3 for the Epha4ΔCTCF_E+P construct. It should be noted that out of 

all the clones selected and genotyped via PCR, only a select few were subsequently genotyped by 

sequencing. Therefore the number of actual positive clones out of the 300-500 picked clones might 

have been substantially higher. No conclusions can therefore be drawn from these results regarding 
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the efficiency of the CRISPR-Cas9 constructs in deleting the target sequences. Figure 4-5 shows the 

characterization of CTCF motif deletions (base pair resolution) in the three Epha4ΔCTCF clones, 

which were subsequently used for aggregations experiments.   

 

 
Figure 4-5: Sanger sequencing results of Epha4ΔCTCF clones.  The deleted sequences are shown in brackets 
and the precise genome coordinates of respective deletions are listed above. CTCF motifs are highlighted in green and 
gRNAs are shown aligned to the genome in red. The size of respective deletions varies from 53 bp (Epha4ΔCTCF_E_C10) 
over 62 bp (Epha4ΔCTCF_E_H8) to 155 bp (Epha4ΔCTCF_P_D6 and Epha4ΔCTCF_P_C10).   
 
 

4.3.2.2 Confirmation of CTCF motif deletions using PaxDelBΔCTCF constructs  

Homozygous clones carrying complete CTCF motif deletions smaller than 200 bp could be verified 

by sequencing for all PaxDelBΔCTCF constructs.  

 

AAAAACTCAGTGCCGACAGG
AATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCTCTGCAAAGAGG

TGAGAGCCAG

EphDelP_D6:

TACTAGCCGGGCTTGGACAACCTGCCTGGCTGGCTGAGGTCTTTGTCCGTTCTGCT

CATCTGGCCGGCAGGTGGC
TTGCTCCGGGTCCGCGCGCTCCCGCATCTGGCCGGCAGGTGGCGCGGTTGGTTCA

CGTAGATACTCTGCCCCTGCTGTTTGCAAAGTGCCTCCACTCAA

EphDelE_C10
AAAAACTCAGTGCCGACAGG

CTGCATAGTTAGAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCT

Epha4   CTCF_P   D6 -  Chr.1: 77.512.965 - 77.513.119

AAAAACTCAGTGCCGACAGG
AATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCTCTGCAAAGAGG

TGAGAGCCAG

EphDelP_D6:

TACTAGCCGGGCTTGGACAACCTGCCTGGCTGGCTGAGGTCTTTGTCCGTTCTGCT

CATCTGGCCGGCAGGTGGC
TTGCTCCGGGTCCGCGCGCTCCCGCATCTGGCCGGCAGGTGGCGCGGTTGGTTCA

CGTAGATACTCTGCCCCTGCTGTTTGCAAAGTGCCTCCACTCAA

EphDelE_C10
AAAAACTCAGTGCCGACAGG

CTGCATAGTTAGAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCT

Epha4   CTCF_E   H8  - Chr.1:75.922.469 - 75.922.530  

p _

AAAAACTCAGTGCCGACAGG
AATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCTCTGCAAAGAGG

TGAGAGCCAG

EphDelP_D6:

TACTAGCCGGGCTTGGACAACCTGCCTGGCTGGCTGAGGTCTTTGTCCGTTCTGCT

CATCTGGCCGGCAGGTGGC
TTGCTCCGGGTCCGCGCGCTCCCGCATCTGGCCGGCAGGTGGCGCGGTTGGTTCA

CGTAGATACTCTGCCCCTGCTGTTTGCAAAGTGCCTCCACTCAA

EphDelE_C10
AAAAACTCAGTGCCGACAGG

CTGCATAGTTAGAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCT

  Epha4   CTCF_E+P   C10 

            CTCF_E  - Chr.1: 75.922.457 - 75.922.509 

Summary of deleted sequences only: (ctcf highlited in green)

EphDelE_H8:

AAAAACTCAGTGCCGACAGG
AAT C TAAGA A AAAC T C AC GTGCCGACAGGGGGCGCCACAGCTCTGCAAAGAGG

TGAGAGCCAG

EphDelP_D6:

TACTAGCCGGGCTTGGACAACCTGCCTGGCTGGCTGAGGTCTTTGTCCGTTCTGCT

CATCTGGCCGGCAGGTGGC
TTGCTCCGGGTCCGCGCGCTCCCGCATCTGGCCGGCAGGTGGCGCGGTTGGTTCA

CGTAGATACTCTGCCCCTGCTGTTTGCAAAGTGCCTCCACTCAA

EphDelE_C10
AAAAACTCAGTGCCGACAGG

CTGCATAGTTAGAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCT

CTCF_P -  Chr.1: 77.512.965 - 77.513.119
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A total of 5 positive clones were identified for the PaxDelBΔCTCF_E construct, 4 for the 

PaxDelBΔCTCF_P construct and 2 for the PaxDelBΔCTCF_E+P construct. Note that, as for 

Epha4ΔCTCF clones, only a selected few were genotyped by sequencing.  

 

Figure 4-6 shows the characterization of CTCF motif deletions (base pair resolution) in the three 

PaxDelBΔCTCF clones, which were subsequently used for aggregation experiments. 

   

 
Figure 4-6: Sanger sequencing results of PaxDelBΔCTCF clones. The deleted sequences are shown in 
brackets and the precise genome coordinates of respective deletions are listed above. CTCF motifs are highlighted in green 
and gRNAs are shown aligned to the genome in red. The size of respective deletions varied from 49 bp 
(PaxDelBΔCTCF_E_D3 and PaxDelBΔCTCF_E_A7) over 114 bp  (PaxDelBΔCTCF_P_H6) to 153 bp 
(PaxDelBΔCTCF_P_A7).    
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PacDelE_D3:
AAAAACTCAGTGCCGACAGG

GAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCTCTGCAAA

PaxDelP_H6:

AGCTACTGCGTCCTTTCTGGGTCTGTTGGGAGAATCGCTGAGACAGGAATGGGCG

GGTTGCTTGACTGCGCCGCC
CACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTTGACTGCGCCGCCGGGCGGCA

GGAAA

PaxDelP_A7:

GGTTGCTT
CGCTGAGACAGGAATGGGCGCACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTT

GACTGCGCCGCC
GACTGCGCCGCCGGGCGGCAGGAAACAGTGGAACAGCTGCGGAGAAACCCTCAC

TCCTACAAAAAGGCTGCTGATCACTCCTGAGGAGTAAATTAAACT

PacDelE_D3:
AAAAACTCAGTGCCGACAGG

GAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCTCTGCAAA

PaxDelP_H6:

AGCTACTGCGTCCTTTCTGGGTCTGTTGGGAGAATCGCTGAGACAGGAATGGGCG

GGTTGCTTGACTGCGCCGCC
CACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTTGACTGCGCCGCCGGGCGGCA

GGAAA

PaxDelP_A7:

GGTTGCTT
CGCTGAGACAGGAATGGGCGCACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTT

GACTGCGCCGCC
GACTGCGCCGCCGGGCGGCAGGAAACAGTGGAACAGCTGCGGAGAAACCCTCAC

TCCTACAAAAAGGCTGCTGATCACTCCTGAGGAGTAAATTAAACT

PacDelE_D3:
AAAAACTCAGTGCCGACAGG

GAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCTCTGCAAA

PaxDelP_H6:

AGCTACTGCGTCCTTTCTGGGTCTGTTGGGAGAATCGCTGAGACAGGAATGGGCG

GGTTGCTTGACTGCGCCGCC
CACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTTGACTGCGCCGCCGGGCGGCA

GGAAA

PaxDelP_A7:

GGTTGCTT
CGCTGAGACAGGAATGGGCGCACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTT

GACTGCGCCGCC
GACTGCGCCGCCGGGCGGCAGGAAACAGTGGAACAGCTGCGGAGAAACCCTCAC

TCCTACAAAAAGGCTGCTGATCACTCCTGAGGAGTAAATTAAACT

PacDelE_D3:
AAAAACTCAGTGCCGACAGG

GAATCTAAGAAAAACTCAGTGCCGACAGGGGGCGCCACAGCTCTGCAAA

PaxDelP_H6:

AGCTACTGCGTCCTTTCTGGGTCTGTTGGGAGAATCGCTGAGACAGGAATGGGCG

GGTTGCTTGACTGCGCCGCC
CACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTTGACTGCGCCGCCGGGCGGCA

GGAAA

PaxDelP_A7:

GGTTGCTT
CGCTGAGACAGGAATGGGCGCACGCAAGGGAGTGGGCTGGGGTAGAGGTTGCTT

GACTGCGCCGCC
GACTGCGCCGCCGGGCGGCAGGAAACAGTGGAACAGCTGCGGAGAAACCCTCAC

TCCTACAAAAAGGCTGCTGATCACTCCTGAGGAGTAAATTAAACT
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4.4 Generation of mutants carrying CTCF motif deletions via tetraploid aggregations    
While expanding (see 2.1.3.6), clones were monitored for two characteristic features: the speed with 

which they grew and the morphology of the growing clones. After expansion of clones, the choice of 

which clone should be used for aggregation reflected a compromise of three desirable clone properties: 

(1.) a preferably small CTCF motif deletion (so as to only impair CTCF binding and not delete 

further sequences which might be of functional importance) 

(2.) a moderate speed of growth - neither those clones which had been very slow nor those which 

had been very fast in growing during expansion were used for aggregation 

(3.) an undifferentiated morphology - clones with a round and smooth surface and clearly 

separated individual clones  

 
Clones of the different constructs used for tetraploid aggregations are summarized in Table 19.  

 

Table 18: Summary of aggregated clones  
 

Construct Number of 

positive clo-

nes 

Aggregated 

clone 

Homozygous/ 

heterozygous 

Deletion size 

(bp) 

Deletion localization 

Epha4ΔCTCF_E 

Epha4ΔCTCF_P 

Epha4ΔCTCF_P+E 

 

PaxDelBΔCTCF_E 

PaxDelBΔCTCF_P 
PaxDelBΔCTCF_E+P 

 

 

7 

5 

3 

 

5 

4 

2 

 

 

 

H8 

D6 

C10 

 

D3 

H6 

A7 

 

 

Hom. 

Hom. 

Hom. 

  

Hom.  

Hom.  

Hom.  

 

62 

155   

53 (E)  

+ 155 (P)  

            49 

114 

 49 (E)  

+ 153 (P) 

 

Chr.1: 75922469-75922530 

Chr.1: 77512965-77513119 

Chr.1: 75922457-75922509,     

Chr.1: 77512965-77513119 

Chr.1: 75922468-75922516 

Chr.1: 78196867-78196980 

Chr.1: 75922468-75922516 

Chr.1:	78196902-78197054 

 

E11.5 embryos were generated from aggregated clones to perform gene expression analyses (qPCR 

and in situ hybridization) as well as to study 3D chromatin organization (CHiC). To evaluate potential 

phenotypical effects of CTCF deletions, additional aggregations were performed on PaxDelBΔCTCF 

mutants and collected at E17.5. However, these experiments did not yield any mutant fetuses. Table 

20 summarizes the clones used for aggregations.  
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Table 19: Summary of animals obtained from aggregations  
 

Construct Aggregated clone Homozygous/ heterozy-

gous 

E11.5  E17.5  

Epha4ΔCTCF_E 

Epha4ΔCTCF_P 

Epha4ΔCTCF_E+P 

PaxDelBΔCTCF_E 

PaxDelBΔCTCF_P 

PaxDelBΔCTCF_E+P 

H8 

D6 

C10 

D3 

H6 

A7 

Hom. 

Hom. 

Hom.  

Hom.  

Hom.  

Hom.  

P 

P 

P 

P 

P 

P 

- 

- 

- 

- 

x 

x 

 

 

Table 20: Summary of animals obtained by tetraploid aggregations of the different constructs. The table does not 
indicate the quantity of animals obtained, but merely whether or not it was at all possible to obtain animals at different 
stages through tetraploid aggregations. Successful aggregations are indicated by a P. Unsuccessful aggregations are 
indicated by an x. If no aggregation attempt was made, this is indicated by a - .  
 

 

4.4 Gene expression analyses  
The aim of this work was to analyze the effects of CTCF binding site deletions at loop anchor points 

on TAD organization and transcriptional output. For the latter those CTCF sites at loops associated 

with  enhancer-promoter interactions were of particular interest. The transcriptional effects of CTCF 

motif deletions were analyzed quantitatively by qPCR and spatially by in situ hybridization.  

 

4.4.1 Altered gene expression in mutants carrying deletions of CTCF binding sites at promoters  

In wild type E11.5 embryos, Epha4 is physiologically expressed in the distal portion of the developing  

mouse limb. We analyzed potential alterations of this pattern  in three different homozygous 

Epha4ΔCTCF mutants (ΔCTCF_E, ΔCTCF_P and ΔCTCF_P+E) in developing limbs by qPCR 

(summarized in Figure 4-7).   
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Figure 4-7: Epha4  qPCR analysis in homozygous Epha4ΔCTCF mutants and wt. Results are normalized 
to GAPDH expression and wild type = 1.  Bars represent the mean of replicas, arrow bars represent standard deviation 
and circles indicate individual biological replicas. Significance was analyzed using a one-sided, unpaired t-test (n=2-3 
with 3 technical replicas each; P* <0.05, ns=not significant).  
 
 

In mutants carrying a CTCF binding site deletion near the Epha4 enhancers (Epha4ΔCTCF_E), 

Epha4 expression is not changed when compared to wild type controls. However, in mutants carrying 

deletions affecting CTCF sites at  the Epha4 promoter (Epha4ΔCTCF_P), we observed a significant 

reduction of around 50% of Epha4 expression. A similar effect is also observed in double mutants 

(Epha4ΔCTCF_P+E). 1 

 

We next analyzed the effect of CTCF binding site deletions in a PaxDelB background. PaxDelB 

mutants carry a large deletion that results in the fusion of the Epha4 and Pax3 TADs. As a 

consequence, Pax3, which is lowly expressed in E11.5 wildtype animals, is misexpressed in the distal 

portion of the limb. This is the result of an ectopic interaction of the Epha4 limb enhancer with the 

Pax3 promoter and causes a brachydactyly phenotype. We studied the effects of homozygous CTCF 

binding site deletions in limbs of PaxDelB mutants (ΔCTCF_E, ΔCTCF_P and ΔCTCF_E+P) by 

                                                
1 The results are not or not strongly significant. As they are strong in effect, the lack of significance is probably due to 
low case numbers (n=2). Further biological replicas are needed to prove significance the results.  
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qPCR. As control, results were compared with mutants of the original PaxDelB background 

(summarized in Figure 4-8).  

 

 
Figure 4-8: Pax3  qPCR analysis in homozygous PaxDelBΔCTCF mutants and wt. Results are 
normalized to GAPDH expression and DelB = 1.  Bars represent the mean of replicas, arrow bars represent standard 
deviation and circles indicate individual biological replicas. Significance was analyzed using a one-sided, unpaired t-test 
(n=1-3 with 3 technical replicas each; P** <0.0004, na=not applicable because n=1).  
 

While this analysis could only be performed in one embryo per mutant, we observed similar results 

as for Epha4ΔCTCF animals: The deletion of a CTCF binding site at the enhancer cluster 

(PaxDelBΔCTCF_E) has no noticeable effect on gene expression. In contrast, deletions of CTCF 

binding sites near the Pax3 promoter showed a 50% reduction in gene expression. However, further 

biological replicas are needed to prove significance of these results.  

 

In summary, we observed a loss of 50% of physiological gene expression in mutants carrying deletions 

of CTCF sites associated to promoters.  

 
4.4.2 Spatial gene expression patterns are largely unaffected upon deletion of CTCF binding sites 

As Epha4 is prominently expressed in the distal portion of both fore and hindlimbs at E11.5, we sought 
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to evaluate if mutants carrying CTCF binding site deletions display alterations in this spatial 

expression pattern.  To evaluate this, we performed in situ hybridization in E11.5 mutants. (As pointed 

out in the methods section this work was kindly done by Norbert Brieske.)  

  

Analysis of in situ hybridizations (Figure 4-9) revealed that the expression pattern of Epha4 is largely 

unaffected in mutants that carry deletions of CTCF sites associated to promoters or enhancers 

(Epha4ΔCTCF_P and Epha4ΔCTCF_E respectively). These results show that the reduced Epha4 

expression observed by qPCR in mutants carrying CTCF deletions at promoters is a quantitative, and 

not qualitative, reduction of gene expression.  

 

 
Figure 4-9: In situ hybridization for Epha4  in Epha4ΔCTCF mutants . Whole-mount in situ hybridization 

for Epha4 in E11.5  wild type, homozygous Epha4ΔCTCF_P and Epha4ΔCTCF_E embryos. The zoom-in highlights 

expression patterns in forelimb and hindlimb. Epha4 expression patterns are largely unchanged in CTCF mutants.   
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Next, we evaluated the effect on the spatial expression pattern of Pax3 in the CTCF mutants of the 

PaxDelB background. Although Pax3 is not expressed physiologically in the developing limb, 

PaxDelB mutants display ectopic Pax3 expression that recapitulates the spatial pattern observed for 

Epha4.  This results from Pax3 being regulated by Epha4 limb enhancers as a consequence of a large 

deletion that fuses the Epha4 and Pax3 TADs. Expression analysis by in situ hybridization at E11.5 

(Figure 4-10) revealed that the expression pattern of Pax3 is largely unaltered in mutants that carry 

deletions of CTCF sites associated to enhancers or promoters (PaxDelBΔCTCF_P, 

PaxDelBΔCTCF_E and PaxDelBΔCTCF_P+E). These results confirm that the reduced Pax3 

expression observed by qPCR in mutants carrying CTCF deletions at promoters originate from 

quantitative, and not qualitative, differences in gene expression.  

 
Figure 4-10: In situ hybridization for Pax3 in PaxDelBΔCTCF mutants. Whole-mount in situ 

hybridization for Pax3 in E11.5 wt, homozygous DelB, PaxDelBΔCTCF_P, PaxDelBΔCTCF_E and 

PaxDelBΔCTCF_P+E embryos. The zoom-in highlights expression patterns in forelimb and hindlimb. Pax3 expression 

patterns are largely unaltered in CTCF mutants.   
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4.5 Alterations in 3D chromatin organization upon deletion of promoter-associated CTCF 

sites 
Due to the prominent gene expression changes in mutants that carry CTCF deletions at gene 

promoters, we next investigated potential alterations in 3D chromatin organization by CHiC. 

Specifically, we focused on the  mutant where the CTCF binding site at the Epha4 promoter is deleted 

(Epha4ΔCTCF_P), for which we performed CHiC experiments on distal limb tissue on day 11.5. 

Figure 4-11 shows a wt HiC map of the Epha4 locus whereas Figure 4-12 shows the CHiC map 

generated from Epha4ΔCTCF_P mutants.  

 

The analysis of the wt control map revealed characterizing architectural features of the Epha4 locus:  

 

(1.)  the self-associating and insulating property of the Epha4 TAD generated by the centromeric and 

telomeric boundary; 

 

(2.) a CTCF-mediated chromatin loop (convergently oriented) between both boundary elements; 

 

(3.) a CTCF-mediated chromatin loop (convergently oriented) connecting the Epha4 enhancer and 

promoter regions (CTCF_P and CTCF_E, respectively); 

 

(4.) a CTCF-mediated chromatin loop (convergently oriented) between the Epha4 promoter region  

and the centromeric boundary; 

 

(5.) a chromatin interaction trail that connects the Epha4 promoter with the centromeric region of the 

Epha4 TAD; and 

 

(6.) no chromatin loop was detected between the CTCF binding site flanking the Epha4 enhancer 

(CTCF_E) and the CTCF sites within the telomeric boundary. 
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Figure 4-11: CHiC characterization of the Epha4  locus in wt. CHiC maps from wt E11.5 distal limb samples. 
A RefSeq track from USCS browser and a ChIP-Seq track for CTCF are aligned with the CHiC map. Functionally 
important elements of the Epha4 TAD are labeled below: B: boundary elements; E: limb enhancers; C: CTCF binding site 
adjacent to enhancers; P: promoter. A: uncommented CHiC map for better visualization.  B: CHiC map with marked 
architectural characteristics: (1) insulating properties TAD boundaries; (2) CTCF-mediated chromatin loop between both 
boundary elements; (3) CTCF-mediated loop connecting the Epha4 enhancer and promoter regions; (4) CTCF-mediated 
loop between the CTCF binding site flanking the Epha4 promoter and the centromeric boundary; (5) chromatin interaction 
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trail between the Epha4 promoter an the centromeric boundary; (6) lack of chromatin loop between the CTCF site flanking 
the Epha4 enhancer and the telomeric boundary.  
 
 

 

 

 

The analysis of CHiC mutant maps revealed specific differences in genomic architecture when 

compared to the wt control map:   

 

(1.)  the self-associating and insulating property of the Epha4 TAD generated by the centromeric and 

telomeric boundary was unchanged; 

 

(2.) the CTCF-mediated chromatin loop between both boundary elements was unaffected; 

 

(3.) the CTCF-mediated chromatin loop connecting the Epha4 enhancer and promoter regions was 

disrupted; 

 

(4.) the CTCF-mediated chromatin loop between the Epha4 promoter region and the centromeric 

boundary was disrupted; 

 

(5.) the chromatin interaction trail from the Epha4 promoter to the centromeric region of the Epha4 

TAD was lost; and 

 

(6.) contact frequency between the CTCF site flanking the Epha4 enhancer and the telomeric boundary 

is increased when compared to wild type – a new chromatin loop is formed in Epha4ΔCTCF_P 

mutants.  
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Figure 4-12: HiC characterization of the Epha4  locus in Epha4ΔCTCF_P mutants. CHiC maps from 
Epha4ΔCTCF_P E11.5 distal limb samples. A RefSeq track from USCS browser and a ChIP-Seq track for CTCF are 
aligned with the CHiC map. Functionally important elements of the Epha4 TAD are labeled below: B: boundary elements; 
E: limb enhancers; C: CTCF binding site adjacent to enhancers; P: promoter; the deleted CTCF site adjacent to the Epha4 
promoter is encircled in red. A: uncommented CHiC map for better visualization.  B: CHiC map with marked architectural 
characteristics: (1) unchanged insulating properties of TAD boundaries; (2) unaffected CTCF-mediated chromatin loop 
between both boundary elements; (3) disruption of the CTCF-mediated loop connecting the Epha4 enhancer and promoter 
regions; (4) disruption of the CTCF-mediated loop between the CTCF binding site flanking the Epha4 promoter and the 
centromeric boundary; (5) loss of the chromatin interaction trail between the Epha4 promoter an the centromeric boundary; 
(6) increased contact frequency between the CTCF site flanking the Epha4 enhancer and the telomeric boundary.  
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5. Discussion 
CTCF is a crucial player in the orchestration of genome architecture: Convergently orientated CTCF 

binding sites seem to be set at the very core of the formation of both TADs and long range contacts 

(loops) as indicated by an abundance of both functional and genome wide correlation studies (46, 61, 

79, 80). The formulation of the loop extrusion model has provided a thorough theoretical, 

computationally derived model for explaining these results (39, 85). Meanwhile, the functional 

aspects of genome architecture (and thus of CTCF) for gene regulation have stepped into the limelight 

of scientific interest: Physical enhancer-promoter interactions seem to be a prerequisite for driving 

gene expression and the mechanism by which distal enhancer elements achieve proximity to their 

promoters is deemed to be CTCF mediated looping (102). The working model for explaining the 

functional implications chromatin looping has on gene regulation therefore is:  

 

(1.) convergently orientated CTCF binding sites facilitate chromatin looping and  

 

(2.) chromatin looping facilitates the interaction between promoters and distal enhancer elements to  

drive gene expression.  

 

This works’s primary aim was to experimentally challenge this working model by deleting CTCF 

binding sites. In the following sections, I summarize the effects CTCF binding site deletions had on 

gene expression and genome architecture (section 5.1), discuss how these results can be interpreted 

(5.2) and finally reevaluate the questions poised at the beginning of this work with the obtained results 

(section 5.3).  

 

5.1. CTCF binding sites show distinct hierarchy in transcriptional control   

The effects of different CTCF motif deletions on gene expression and genome architecture were 

highly similar in experiments performed on a wild type and the PaxDelB background: In both mouse 

models a deletion of the CTCF site flanking the promoter of the gene interacting with the Epha4 limb 

enhancer cluster caused a 50% loss of expression (respectively, Epha4 in wt and Pax3 in the DelB 

background). A similar degree of reduced expression  was observed in mouse models that combined 

deletions of CTCF sites at promoters and near the Epha4 limb enhancer cluster. However, mutant 

embryos carrying single CTCF deletions near the enhancer cluster did not show significant changes 
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in gene expression levels. Therefore, the 50% reduction of gene expression observed in the double 

CTCF knockout mutants (ΔCTCF_P+E) is probably the consequence of CTCF deletions at promoters 

(ΔCTCF_P). 

  

To assess whether the observed changes in gene expression levels were the consequence of alterations 

in genome architecture  caused by CTCF binding site deletions, CHiC experiments were performed 

on samples (E11.5 limb buds) taken from Epha4ΔCTCF_P embryos. The CHiC experiments revealed 

a prominent reorganization of the Epha4 TAD with selective impairment of chromatin loops. 

Specifically, the loop associated to enhancer-promoter interaction was completely abolished. 

Furthermore, the chromatin loop between the CTCF site flanking the promoter and the centromeric 

boundary was also lost. In the absence of the CTCF_P site, however, a new chromatin loop between 

the CTCF site near the limb enhancer cluster  and the telomeric boundary appeared.  

 

So how can the presented results be interpreted? What possible flaws in the experimental setup must 

be considered? Are the results in line with the model of loop extrusion or do they contradict it? What 

questions arise from the results and what further steps would have to be taken to answer them?  

 

5.2 Interpreting changes of gene expression and genome architecture in  ΔCTCF mutants 

 
As the results of experiments performed on wt or on DelB background were highly similar, in the 

following, results summarized under the name ΔCTCF_P contain the results from mutants carrying 

CTCF deletions associated to promoters (Epha4ΔCTCF_P and PaxDelBΔCTCF_P). Those 

summarized under ΔCTCF_E contain the results from mutants carrying CTCF deletions associated to 

the enhancer cluster (Epha4ΔCTCF_E and PaxDelBΔCTCF_E). 

 

The two major questions arising from the results and the two major challenges in interpreting the 

results are the following:  

 

(1.) Why is gene expression differentially affected upon CTCF deletions at promoters or 

enhancers (see 5.2.1)?  
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(2.)  How is transcription still occurring in the absence of enhancer-promoter chromatin loops 

(see 5.2.2)? 

 

To answer these questions it first has to be pointed out that it was not formally tested whether 3D 

chromatin organization is altered in mutants carrying CTCF deletions flanking the enhancers 

(Epha4ΔCTCF_E), as no CHiC experiment were performed in these mutants. It would be expected, 

however, that the deletion of the CTCF binding site would disrupt the enhancer-promoter chromatin 

loop to a comparable extend. If indeed the loop was disrupted  and expression levels are not impaired, 

this would be an intriguing finding (possible explanations are discussed in section 5.2.2). In the 

following section, I will base the discussion on that assumption.   

 

Further, it has to be pointed out, that there is no “waterproof“ way of ensuring that by deleting CTCF 

binding sites associated to promoters, only the binding of CTCF and not promoter function itself is 

impaired. The reason for this is that as a functional unit promoters are still rather vaguely defined. In 

this work the region of active promoters was defined by ChIP-Seq tracks for H3K4me3 histone 

modifications in the developing limb in E11.5 mice. By keeping CTCF deletions at a minimal size 

and ensuring that deletions did not overlap with the H3K4me3 signal, it was sought to ensure that 

active promoters were not impaired. Still the results obtained from mutants carrying CTCF motif 

deletions flanking the promoter (ΔCTCF_P) have to be interpreted with the thought in mind, that 

promoter function impairment can at this point not be ruled out entirely but merely made unlikely.  

 

5.2.1 Compensatory sub-TAD interactions might compensate the disruption of enhancer-promoter 

chromatin loops     

 
Two alternative hypotheses might explain the gene expression differences between mutants carrying 

promoter or enhancer CTCF deletions. The first hypothesis considers to the possibility that other 

existing CTCF-mediated loops might compensate the loss of enhancer-promoter loops. In our 

Epha4ΔCTCF_P mutant we observe that not only the enhancer-promoter loop (marked as 3 in Figures 

4.11 and 4.12) but also other interactions within the Epha4 TAD are affected. Specifically, the 

chromatin loop that connects the promoter CTCF site and the centromeric boundary is also abolished  

(marked as 4 in Figures 4.11 and 4.12). Since the linear distance between the limb enhancer cluster 
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and the centromeric boundary is relatively small (150 kb vs the 2 Mb of the entire Epha4 TAD), it is 

plausible that the boundary-promoter loop might compensate for the disruption of the enhancer-

promoter loop. Since we do not expect this chromatin loop to be disrupted in ΔCTCF_E mutants, the 

drastic difference in gene expression between ΔCTCF_E and ΔCTCF_P mutants might be a result of 

this loop acting as a compensatory mechanism and buffering Epha4 expression. To formally test this 

hypothesis, a deletion at the centromeric boundary should be induced by retargeting our ΔCTCF_E 

mutants and gene expression levels subsequently be analyzed. 

 

The second hypothesis relates to the de novo appearance of chromatin loops in the ΔCTCF_E mutants. 

In these mutants the CTCF site at the Epha4 promoter remains intact and could therefore engage in a 

new loop with previously unidentified enhancers. Indeed, ChIP-Seq tracks for CTCF in E11.5 limb 

buds reveal a CTCF site approximately 450 kb downstream of the Epha4 promoter (see Figure 4.1). 

Furthermore, CHiC maps in wt and mutants limbs demonstrate that the CTCF site at the Epha4 

promoter facilitates interactions with the entire TAD (interaction trail, marked as 5 in Figure 4-11), 

potentially allowing Epha4 to “scan” its entire regulatory landscape.  ChIP-Seq tracks for H3K27ac 

show other regions displaying active enhancer marks within the Epha4 TAD that might engage in 

functional interactions in the course of this scanning process (again see Figure 4.1). These elements 

might form a compensatory interaction that could maintain Epha4 expression levels, similar to those 

observed in wt animals. To evaluate this hypothesis, CHiC experiments would have to be performed 

on the developing limb of ΔCTCF_E mutants. 

 

However, we observe similar gene expression differences between ΔCTCF_P and ΔCTCF_E mutants 

in both the wt and the DelB background. This postulates the first hypothesis as more favorable, since 

DelB mutants lack a significant portion of the Epha4 TAD and, therefore, most additional cis-

regulatory elements. 

 

5.2.2 Transcription still takes place in the absence of CTCF-mediated intra-TAD loops  

 
The chromatin loop facilitating enhancer-promoter interactions is disrupted completely in ΔCTCF_P 

mutants, as shown in the CHiC experiments (marked as 3 in Figure 4-12). The loop connecting Epha4 

enhancers and the Pax3 gene is also expected to be abolished in the deletions performed in the DelB 
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background. So how are expression levels maintained at least at 50%?  

 

A plausible explanation relates to the hypotheses presented in section 5.2.1: In  ΔCTCF_P mutants it 

seems possible, that a more proximal enhancer element compensates the loss of proximity between 

the distal limb-enhancer cluster and promoters. In ΔCTCF_P mutants this de-novo enhancer-promoter 

interaction should not be facilitated by a CTCF mediated loop, as the CTCF_P site is deleted. In 

accordance with this, HiC experiments performed on those animals show no new loop formations. It 

is, however, perfectly possible that a proximal enhancer element yields sufficient enhancer-promoter 

proximity to maintain 50% of gene expression without any looping occurring. Again there is the same 

strong objection to this argument already raised in section 4.2.2: In animals from the DelB background 

all more proximal enhancer elements possibly driving Epha4 expression are deleted by the DelB 

mutation.  

 

So how else could 50% of expression in ΔCTCF_P animals be maintained? Two further explanation 

seem possible: Firstly, in ΔCTCF_P mutants the CTCF binding site flanking the limb enhancer cluster 

is still present. When a CTCF-Cohesin complex binds to chromatin and begins extruding DNA, 

extrusion ceases at this CTCF site. Meanwhile, extrusion progresses towards the telomeric side to 

CTCF_E and allows the enhancer cluster to interact with genomic regions until reaching the next 

convergently orientated CTCF site (which in ΔCTCF_P mutants are located within the telomeric 

boundary), thus including the Epha4 promoter.  In the mutant CHiC maps (see figure 4-12), this 

interaction trail is visible as a line of increased contact frequency forming from the CTCF site 

CTCF_E up to the telomeric Epha4 TAD boundary. Therefore, in ΔCTCF_P mutants a certain degree 

of interactions  (higher than the baseline intra-TAD interaction) occur between the target promoter 

and distal limb enhancer cluster. However, since loop extrusion no longer ceases at the promoter 

flanking CTCF site, no enhancer-promoter loop is formed.  

 

However, there is a strong evidence that challenges this line of argument: If the enhancer-promoter 

proximity generated by continued loop-extrusion from CTCF_E was responsible for maintaining 

expression in ΔCTCF_P animals, then the expression levels should be further reduced when both 

CTCF sites are simultaneously deleted. However, our double knockout models (ΔCTCF_P+E) 

demonstrate that the loss in expression is similar to single promoter CTCF deletions. 
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We favor the hypothesis that TADs themselves achieve a certain amount of interaction of any  

elements contained within (as shown in section 4.1). This basic TAD-interaction profile is generated 

by the boundary elements and is unaltered by the deletion of intra-TAD CTCF sites (see figure 4-12). 

The basic contact frequency in ΔCTCF_P animals might be sufficient to maintain basal levels of gene 

expression by achieving a low level of proximity between the distal limb enhancers and promoters. In 

order to address this question ΔCTCF_P mutants should be retargeted to subsequently delete the 

boundary elements of the Epha4 TAD. 

 

Several recent studies examining the effects of CTCF site deletions on chromatin architecture and 

gene expression, have also demonstrated relative robustness of gene expression to perturbation of 

enhancer-promoter loops and TAD architecture: By engineering a series of CTCF site deletions in the 

Shh locus Williamson et al. 2019 (103) demonstrate that while CTCF deletions alter TAD architecture 

and disrupt spatial proximity of Shh to its limb enhancer, the ZRS, Shh expression patterns and 

expression quantity remains largely unchanged. Similarly, Paliou et al. 2019 delete three CTCF sites 

flanking the ZRS enhancer. While distance between Shh and the ZRS is increased, expression of Shh 

is retained at 51%, suggesting that, although maximal expression levels of Shh depend on CTCF 

mediated enhancer-promoter proximity, other mechanisms contribute strongly to long-range 

enhancer-promoter interactions and robustness of Shh expression (84). Despang et al. 2019 show that 

combining deletions of intra-TAD and TAD boundary CTCF sites at the Sox9-Kcnj2 locus results in 

complete fusion of neighboring TADs and disruption of normal chromatin architecture. Despite these 

dramatic alterations in chromatin architecture, only minor changes of gene expression and no 

phenotypic effects were observed (64). Interestingly, combining a boundary deletion with an intra-

TAD inversion did result in ectopic misexpression and a pathological phenotype, indicating the 

importance of the orientation of TAD substructure in facilitating enhancer-promoter interactions(64).  

  

5.3 Reevaluating starting questions 

 
The experiments designed and performed in this work set out to tackle two major questions: Firstly,  

to investigate the widely accepted assumption that two convergently orientated CTCF sites are a 

necessity for loop formation and, thus, for transcription driven by distal enhancer elements. Secondly, 
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to evaluate if the pathological brachydactyly phenotype observed in the Pax3DelB mouse model can 

be reverted upon further alteration of 3D chromatin organization. In the following I will evaluate what 

implications the presented results have to these outgoing questions.  

 

5.3.1 The deletion of a CTCF site associated to the Pax3 promoter is embryonically lethal  

 
We aimed to employ CRISPR-Cas9 genome engineering and our knowledge of 3D genomic 

architecture to reverse a complex pathological phenotype. The PaxDelB deletion removes a boundary 

element and rewires the Epha4 limb enhancers towards the Pax3 promoter, causing an ectopic 

expression of Pax3 in the developing limb and a brachydactyly phenotype. This work sought to 

determine whether it is possible to unwire this ectopic interaction by deleting the CTCF motifs 

flanking the limb enhancer cluster and/or flanking the Pax3 promoter, thus preventing gene 

misexpression and the corresponding brachydactyly phenotype. This experiment substantially 

reduced half of Pax3 expression in the distal limb on day E11.5 in mutants carrying CTCF deletions 

associated to the promoter (PaxDelBΔCTCF_P and PaxDelBΔCTCF_P+E mutants). Therefore, it 

seemed possible that these animals would exhibit a reversal or weakening of the brachydactyly 

phenotype.  

 

To assess the development of a brachydactyly phenotype, mice have to be at least 17.5 days old, for 

which we employed tetraploid aggregations of the corresponding mutant mESC clones. While 

embryos were viable and in reasonable numbers at E11.5, no animals could be retrieved from 

aggregations at 17.5 days or older. Therefore, it is likely that the deletion of the CTCF site associated 

to the Pax3 promoter is lethal during the developmental window between the days 11.5 and 17.5.  

 

Pax3 is a transcription factor which plays a crucial role in the differentiation of several biological 

structures, including tissues deriving from neural crest cells, cardiovascular tissue and skeletal muscle 

(92, 104). Therefore, the observed lethality might be explained by an impairment on the essential 

function of Pax3 in other organs or tissues than the limbs.  
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5.3.2 Challenging the “CTCF dogma”  

 
Convergently-oriented CTCF sites are thought to be a necessary condition for looping (42) and 

enhancer-promoter looping a necessary condition for distally controlled gene expression (83). In the 

following section, I will refer to this as the “CTCF dogma” and refer to the two parts of the dogma as 

the first and second premise. This represents a simplification of the scientific discourse about CTCF, 

loops and gene regulation but nonetheless it does not fail to grasp the general consensus of how they 

are linked.  

 

The objective of this thesis was to challenge the CTCF dogma by studying limb development at the 

Epha4 locus, CRISPR-Cas9 engineering CTCF motif deletions and, subsequently,  analyzing changes 

in genome architecture and gene expression. 

 

The Epha4 locus is a suitable model locus for pursuing these questions because:  

 

(1.) It contains a single gene, hence simplifying the analysis of gene expression data;  

 

(2.) the 3D chromatin organization architecture and its influence in gene expression were already well 

characterized (61); and 

 

(3.) the genomic extension of the Epha4 TAD (2 Mb) and the distance between the limb enhancer 

cluster and the Epha4 promoter allow to distinguish between proximity generated by looping or linear 

genomic distance.  

 

While the Epha4 locus is an intriguing model for discussing these questions, the presented results are 

of course only true for the Epha4 locus and care should be taken when generalizing from it to other 

loci. 

 

The first premise of the CTCF dogma was investigated by creating CTCF binding site deletions and 

evaluating their effect on chromatin interactions through CHiC experiments. The CHiC data obtained 

are perfectly in line with the first premise of the CTCF dogma: Deleting a convergently oriented CTCF 

sites (CTCF_P) disrupts its associated chromatin loops. Furthermore,  the increased interaction 
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frequency with all centromerically-located sequences (interaction trail) up to centromeric TAD 

boundary is also disrupted. Additionally, we observed the formation of a novel loop between  

convergently-orientated CTCF pairs (CTCF_E and those within the telomeric TAD). In summary, the 

obtained data confirm the first premise of the CTCF dogma that convergently-oriented CTCF sites are 

required for loop formation.  

 

This result is concordant with data from numerous recently published studies - including those by 

Despang et al., Paliou et al. and Williamson et al. discussed above.  

 

The second premise of the CTCF dogma was investigated by evaluating whether changes in genome 

architecture showed correlations with changes in gene expression. Gene expression data were 

analyzed in all homozygous ΔCTCF mutants but, as stated above, genome architecture was only 

analyzed in the Epha4ΔCTCF_P mutants. Gene expression data showed that disrupting the enhancer-

promoter loop within the Epha4 TAD did not lead to a complete loss of gene expression. Instead, 

different CTCF motif deletions lead to variable changes or even lack of changes in quantitative 

expression output: deletions of CTCF at promoters decreased gene expression by half, whereas 

deletions at enhancers displayed no changes in expression levels. As discussed in section 5.2.1, in 

mutants carrying a CTCF deletion associated to the enhancer, full expression levels are likely retained 

by a compensatory sub-TAD interaction between the CTCF_P site and the centromeric boundary. In 

contrast, disrupting the enhancer-promoter loop by deleting a CTCF site associated to the promoter 

reduced expression by half. As discussed in section 5.2.2, our results suggest that  in these mutants 

the base-line contact frequency within the Epha4 TAD suffices to maintain half of physiological 

expression levels.  

 

In the scientific discourse the primary function of TADs is thought to be insulation (45-48) : TADs 

are seen as insulating units, defining a cell type invariant framework. Inside TADs, a more dynamic 

system of cis-regulatory elements coordinated by sub-TAD loops is responsible for up- and 

downregulating gene expression in the correct spatiotemporal pattern. The here presented results put 

into question this this strict division of functions between TADs and loops. We show that TADs can, 

just as much as sub-TAD loops, facilitate enhancer-promoter proximity over vast genomic distances. 

The proximity generated by baseline-interaction seen in TADs is not as strong and lasting as that 
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generated by loops which can achieve a more targeted, precise and robust proximity of two sequences. 

This is highlighted by the CHiC maps shown in section 4.5 and at the same time it explains why 

baseline TAD interaction only has the capacity to preserve half of expression in animals carrying 

CTCF deletions associated to promoters (ΔCTCF_P and ΔCTCF_P+E). The here presented results 

propose a model in which TADs create the insulating framework within which sub-TAD loops may 

establish strong cis-regulatory contacts while, at the same time, TADs also preserve a certain degree 

enhancer-promoter interactions.  

 

While most studies concerning TADs highlight their insulating properties, there is evidence from other 

studies pointing towards their distance neglecting properties: In Symmons, Pan et al. 2016 it is shown 

that a regulatory sensor is ubiquitously expressed when integrated along a 840 kb distance across the 

Shh locus. Expression levels do not correlate with the linear distance to the ZRS enhancer nor to the 

Shh gene. Instead, expression correlates well with the 4C interaction signal to the ZRS. This stresses 

the point that proximity with the ZRS enhancer facilitates expression. It also highlights the fact that 

the amount of proximity generated by baseline TAD interaction suffices to drive expression in the Shh 

locus without specific contributions of sub-TAD loops. Interestingly, the sequences showing 

increased interaction with the ZRS might not be detected according to the standard algorithms - 

especially because they do not correlate with CTCF anchor points. The studies by Williamson et al., 

Despang et al. and Paliou et al. discussed above yield similar results: Developmental gene expression 

can be unaltered by disruption of CTCF mediated enhancer-promoter loops (103) or diminished to a 

degree, which is not sufficient to cause pathological phenotypes (64, 84). Accordingly, besides 

enhancer-promoter loops, other mechanisms such as the baseline interaction within TADs must 

capable of fail-saving gene expression during development. 

 

Our results poise the question whether TADs and loops are entirely different entities or merely the 

same phenomenon of loop-extrusion observed on different levels of magnitude. Evidence indicating 

that they are different architectural entities stems from studies showing that TADs are relatively 

invariant, whereas loops may vary more strongly between species and cell types (42, 57, 75). 

Furthermore, TAD boundaries exhibit strong insulating properties, while loop-anchor points do not 

(42). However, there is equally strong evidence for the similarities between loops and TADs: Firstly, 

the above referred arguments for distinguishing between TADs and loops point out their functional 



 
71 

differences but fail to point out that mechanistically they seem to be equally created by CTCF-

mediated loop extrusion. Thus, the insulating properties of TAD boundaries might merely be the 

consequence of several CTCF binding sites, with divergent orientation, clustering within small 

genomic regions. Secondly, there is evidence that some TAD boundaries are not always entirely 

insulating (70). And thirdly, the here presented results suggest that loops might also possess insulating 

properties: In mutants carrying a deletion of the CTCF_P site, a new loop between CTCF_E and the 

telomeric boundary emerges (marked as 6 in Figure 4-12). This loop could previously have been 

prevented from forming by the insulating properties of CTCF_P. Concordantly with this, Despang et 

al. 2019 report that deletion of the Sox9-Kcnj2 TAD boundary only results in TAD fusion, when intra-

TAD CTCF sites were additionally deleted (64).  

 

The results of this work support a model of gene regulation in which multiple cis-regulatory players 

may be actively involved or silent and eventually acting as  buffering mechanisms. In that sense,  

transcription can be controlled by proximal or distal enhancers. CTCF mediated loops controlling 

distal enhancers can be constitutive or facultative. Equally enhancers can be active or silent. Enhancer-

promoter proximity can be generated by high precision CTCF mediated enhancer-promoter loops or 

a lesser, more loose degree of proximity can be established by baseline TAD interaction.  

 

How complex gene regulatory networks are and how many buffering systems might exist is still 

largely elusive. In this work we have entirely focused on cis-regulatory elements and excluded trans-

regulatory elements that seem also to be highly relevant, as highlighted by recent studies. For example, 

the disruption of cis-regulatory networks by CTCF or Cohesin depletion only has a moderate effect 

on transcription (82, 87, 105, 106). Furthermore, higher order chromatin folding into A/B-

compartments and chromatin state remain unaffected by CTCF or Cohesin depletion (82, 89, 106), 

suggesting that they are controlled by CTCF-independent factors (53, 107).  These studies show that 

CTCFs role in chromosome folding is limited to a smaller genomic scale and that other factors – many 

acting in trans – might contribute to gene regulatory processes. However, the importance of TADs 

and loops is manifested by numerous studies at selected loci that show drastic effects on gene 

expression and phenotypes (19, 61, 63, 65, 68, 69). Recent advances on single cell and live imaging 

studies also suggest that TADs and loops are far less static structures than previously thought (51, 53, 

54, 108). These studies postulate that TADs and loops are transient structures - building, 
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deconstructing and rebuilding in a timespan of minutes (109), and that transient enhancer-promoter 

interactions can be sufficient to achieve transcriptional output (108).  

 

Together, these results highlight that gene regulation is highly dependent on the nature of the loci or 

the cell/tissue studied. For some loci enhancer-promoter proximity might require high-precision 

enhancer-promoter loops, whereas in others baseline TAD interaction suffices. In many, however, 

CTCF-mediated genome architecture seems to be nonessential in generating stable levels of gene 

expression. Overall, the mechanisms from which gene regulatory networks can draw are so numerous 

that they cannot be broken down to one principle. Instead it will be the tedious process of science, 

which will have to illuminate how gene regulation works at different loci, different tissues, different 

time points and different species individually – case-by-case one at a time.  

 

The here presented work improves our understanding of the network regulating and fail-saving the 

expression of Epha4 in the developing mouse limb. More globally, it highlights the numerous, vastly 

complex and intertwined principles of gene regulatory networks. The knowledge of these principles 

can be used to uncover the countless individual variations of gene regulatory networks in development 

and disease.  
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